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The proper functioning of automotive brake pads is of utmost importance to ensure the safety of passengers. Therefore, brake pad
materials must be chosen with utmost precision and care to ensure their optimal functioning for long durations. Through a
thorough literature review, it is found that the materials used currently for this purpose pose multiple discrepancies.
Therefore, it is imperative to shift our focus towards nanomaterials, as they are one of the essential novel materials in this
field. This study discusses the multiple constituents used in commercial brake pads, their role in improving and stabilizing
their operation, and their desired properties to achieve optimal functioning. Parallelly, this study also reviews some of the
potential organic and carbon nanomaterials that could prove to provide tough competition to currently utilized materials for
brake pad applications. From this review, the major future commercial brake pad materials obtained include the likes of
banana peel powder, crab shell powder, coconut fibers, stark corn fibers, metal oxide composites, metal nitride composites,
multiwalled carbon nanotubes, and hybrid nanocomposites. These materials are studied on the basis of their performance
under high-frictional force applications and analyzed by considering their mechanical, chemical, thermal, and tribological
properties. Carbon nanotube-based composites showed improved tribological and braking performances making them more
attractive than the materials in commercially available brake pads. In addition to these, the effects of usage of such
nanomaterials on the environment and health are reviewed, in order to understand the feasibility of utilization of
nanomaterials in automotive brake pad applications. From this analysis, this work suggests that there are a variety of
nanomaterials that prove to be capable of automotive brake pad applications and, with further research and technological
developments, would prove to be an asset to the automotive brake pad industry.

1. Introduction

The most integral part of any automotive system is the brak-
ing system. The vital component of the braking system is the
brake pad. Much progress has been made to improve the
performance of the brake pad. The material of the brake
pad is the area in which these advancements are made. Brake

pads are composites containing constituents such as rein-
forcements, abrasives, fillers, and solid lubricants [1]. Due
to their excellent mechanical properties and high wear resis-
tance, metal matrix composites (MMCs) are generally
encouraging for tribological applications [2]. The pads usu-
ally consist of asbestos, semimetallic, nonasbestos organic
(NAO), and low-steel, low-carbon materials [3]. Among
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the brake pad constituents, fibers are further classified into
natural and synthetic fibers based on their availability and
unavailability as readymade raw materials from nature. Nat-
ural fibers are available at low cost and also are biodegrad-
able. On the other hand, synthetic fibers like asbestos are
known for their carcinogenic effects [4]. Similarly, fillers
are also classified into two categories, i.e., organic and inor-
ganic fillers [5]. Organic fillers include cashew and rubber
dust while inorganic fillers include mica, barium sulfate,
and calcium carbonate.

The composite brake friction materials need to satisfy
several significant criteria, such as providing constant fric-
tion, high wear resistance, less noise, and damping at a wide
range of temperatures, pressures, and velocities [6]. To
obtain the optimal braking efficiency and functionality, the
transformation of relatively more extensive brake pad con-
stituents into the nanocrystalline third body is of utmost
importance [7]. Konada and Sai studied the damping
characteristics utilizing different surface treatment tech-
niques on carbon fiber (CF) [8]. The results showed that
multiwalled carbon nanotubes (MWCNTs) grafted on
surface-treated CF (3wt%) showed good damping behav-
ior and have the potential of minimizing squeal generation
during braking.

Macías et al. aimed to determine the presence of diffused
oxygen through the brake pad with the help of iron sulfide
[9]. The diffusion of oxygen is not desirable for the brake
pad as it can cause instability. This study shows how the
composite resin starts to decompose and the role of reactive
compounds in stabilizing the matrix by reducing the diffu-
sion of oxygen in the pads. This helps to improve the stabil-
ity of the coefficient of friction of the pads at high
temperatures. Qingrui et al. investigated the nonuniform
wear and shorter lifespan of sizable nonasbestos brake pads.
The brake pad was modeled and simulated on the ADINA
software, and simulations were carried out to find the effects
of radius, pressure, velocity, and temperature on the wear
characteristics of the pads [10]. Results showed that the non-
uniform distribution of temperatures and contact forces
leads to uneven surface wear of the pads, thereby reducing
the stability of the brake pads. Ma et al. analyzed the braking
performance of powder metallurgy- (PM-) based iron and
copper pads that are mated with carbon fiber-reinforced car-
bon and silicon carbide dual matrix composite (C/C-SiC)
disk brake [11]. The iron-based pads worked on the
abrasion-based wear mechanism making it suitable for brak-
ing applications.

Advancements are also being made to incorporate nano-
materials in brake pads. Ali et al. investigated how the prop-
erties of copper friction materials can be influenced using
nanosilica particles [12]. Different wt% of nanosilica SiO2
particles were used as an additive to study the effects on
the friction material’s roughness and hardness. Results show
that the addition of nanosilica leads to improved hardness
and roughness levels of the friction material by 18.1% and
5.4%, respectively. Dědková et al. introduced a nanocompos-
ite material known as kaolin-TiO2 (KATI), and it has been
used to develop an industrially available brake pad [13].
The newly formulated brake pads displayed reduced wear

rates by about 50%, hence leading to the greater durability
of the pads. Lakshmanan studies the wear characteristics of
Al/(B4C+SiC) hybrid nanocomposites [14]. Three parts
nano-SiC and one part nano-B4C were combined with Al
alloy to formulate the hybrid nanocomposite. The results
showed an 88.3% improvement to wear resistance when
compared with an unreinforced sample, making it a poten-
tial candidate to be used for brake pad applications.

Carbon nanoparticles were also utilized during the prog-
ress made in studying friction material for brake pads. As
NAO pads wear quickly, they generate excessive wear parti-
cles, which can be harmful [15]. The main reason for using
carbon nanomaterials as a friction modifier is their high sur-
face area, which enables small quantities of material,
enhancing the frictional characteristics [16]. Carbon nano-
composites possess high stiffness, good tribological proper-
ties, and minimum wear. Multiwalled carbon nanotubes
(MWCNTs) are used as friction modifiers to control and
improve the frictional properties of the composites [17].
Singh et al. discuss various properties and different process-
ing techniques for the fabrication of carbon nanotubes [18].
Effects on mechanical and tribological properties were also
reviewed. Results show that the increase in the volume frac-
tion of CNTs in a composite leads to improved strength and
resistance to wear, while also decreasing the thermal con-
ductivity and density of the composite. This indicates that
CNTs can improve the tribological properties of the pad
but with a caveat of decreased thermal conductivity. Vishal
et al. developed the bamboo-MWCNT-PEEK (polyether
ether ketone) composite with blended synthetic particles
that can be a potential friction material [19]. This composite
is formulated using a hot press sintering process. The com-
posite showed improved hardness (25%) and thermal stabil-
ity by 25°C and also shows properties suitable for braking
applications. Hekner et al. studied the Al-SiC-C composite’s
various properties and tribological characteristics during the
addition of 2 different carbon compounds [20]. The CNT’s
enhanced form of the Al-SiC-C composite leads to better
matrix formulation and consistent distribution of CNTs,
thereby increasing the stability of the composite. Gbadeyan
and Kanny developed a hybrid nanocomposite brake pad
to study its tribological and braking performance [21]. They
discuss the properties possessed by the polymer-based nano-
composite which makes it a good candidate for a brake pad.
MWCNT was utilized as a friction modifier in the nanocom-
posite to regulate the pad’s frictional performance. This
hybrid nanocomposite showed a reduced stopping distance
by about 90% than a conventional one and also showed
lower wear rates.

As put forth above, due to their favorable properties, the
widespread utilization of carbon nanomaterials in various
fields is being emphasized but, upon research, it is found that
there exists a major downside to this. These nanomaterials
pose a lot of health risks and environmental threats due to
their high levels of toxicity and high penetration capability
as discussed in Section 2.4. As a result of this, it is being
debated by scientists, scholars, and industrialists alike on
the potential of carbon nanomaterials as major alternatives
to many industrial materials used currently.
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From the review conducted, it is observed that very few
works of literature have analyzed the application of carbon
nanotubes in the brake pads, much less the main braking
performance criteria, such as the stopping distance and the
stopping time, for brake pads with carbon nanocomposites.
In the present study, through a thorough literature review
of various studies and research works, we have investigated
different nanomaterials and carbon nanomaterials and their
effect on various properties. With the knowledge gained
from the review, we have compared and listed the improve-
ments that each material has exhibited. In this work, Section
2 mainly emphasizes understanding the literature. Section
2.1 discusses the technical aspect of the brake pad. Sections
2.2 and 2.3 are aimed at providing comprehensive knowl-
edge about the current scenario of different nanomaterials
and carbon nanomaterials that are being tested as a substi-
tute for conventional asbestos material, respectively. Section
2.4 makes an effort to elucidate the potential harm that the
carbon nanomaterial poses. Section 3 presents the results
that are obtained from different works of literature, and it
is further divided into two subsections. Section 3.1 points
out the major nanomaterials and the various effects of incor-
porating them. Similarly, Section 3.2 helps to cast light on
the effect of various carbon nanomaterials. Section 4 pro-
vides the conclusions which are drawn after meticulous
study from findings of each literature. Through this review,
we aim to study the possibilities of advancement in the use
of nanomaterials in brake pads. The structure of the review
is as shown in Figure 1.

2. Understanding the Literature

This section deals with the brake pad and focuses on novel
and eco-friendly nanomaterials for commercial utilization
in the future. In Section 2.1, a discussion on the constituents
and work performance is carried out in detail. The nanoma-
terials could potentially replace currently used materials and
elucidate the segregation of constituents into various catego-
ries and their specific roles in the brake pad. This section
also discusses the primary criteria to be satisfied by the
materials to be eligible for commercial usage. Section 2.2 dis-
cusses the nanomaterials that consist of naturally obtained
materials such as palm kernel, banana peel, and crab shell,
whereas Section 2.3 discusses carbon-based nanomaterials,
which are potential competitors to current brake pad
materials.

2.1. Brake Pad. Brake pads are an integral part of all disk
brake assemblies, which convert the vehicle’s kinetic energy
into thermal energy by the action of friction, thereby stop-
ping the rotor. In order to gain a better understanding of
the work performance of a typical commercial brake pad,
the design and the constituents are shown with the help of
an exploded view in Figure 2.

The development of brake pads emerged from the idea
of disk brakes being an alternative to the drum brakes that
were earlier being used most commonly in most automotive
applications. In the 24 hours of Le Mans of 1953, the incor-
poration of brake pads by Jaguar resulted in a much better

performance than the other competitors. When this was
investigated, it was found that in comparison to the drum
brakes, the disk brakes provided much higher resistance to
brake fade, paving the way for their widespread use in the
automotive industry. Currently, there are different types of
brake pads used for disk brakes, ranging from extremely soft,
less durable, and aggressive types to extremely hard, highly
durable, and nonaggressive types, wherein the former is
mostly used in motorsport and the latter in low-power vehi-
cles. In addition to this, in accordance with the Department
of Transportation (DOT) of the USA, the brake pads are
assigned a code containing two alphabets denoting the range
of the coefficients of friction within which they lie; that is, for
understanding the basis of classification of commercial brake
pads, see Table 1. The first alphabet denotes the coefficient of
friction at cold conditions which is measured at 250F, and
the second denotes the coefficient of friction at hot condi-
tions, which is measured at 600F.

When the brakes are applied, either mechanically,
hydraulically, or electronically, the brake pads are forced to
come in contact with the rotating disk. The ensuing fric-
tional contact and consequentially the heat released result
in the wear of brake pad materials. As a result, it has been
one of the major areas of focus of scientists and industrialists
alike, and extensive research is being carried out towards the
development of novel and more efficient brake pad mate-
rials, in order to minimize wear and maximize operating life.

Brake pads are mainly composites that contain constitu-
ents such as reinforcements, abrasives, fillers, and solid
lubricants [1]. These composite polymeric materials are
expected to exhibit good mechanical strength, lightweight
features, ease of processing, thermal properties, chemical
resistance, wear, and abrasion resistance applicable for tribo-
logical purposes, which have been better elucidated for com-
prehensibility in Figure 3. Metal matrix composites (MMCs)
are generally encouraged for tribological applications due to
their excellent mechanical properties and high wear resis-
tance. Due to their high strength-to-weight ratio, light metal
matrix composites are much more encouraging [2]. The
shape and size of the microstructure and distribution of par-
ticles of the polymer act as an essential factor in the reinforc-
ing effect. The pads usually consist of asbestos, semimetallic,
nonasbestos organic (NAO), and low-steel, low-carbon
materials.

Reinforcing fibers, friction modifiers, binders, lubricants,
abrasives, and fillers are the major constituents that make up
commercial automotive brake pads [3]. The fibers are the
primary mechanical strength providers and stabilize brake
pads and act as an essential part in the reduction of the bar-
riers caused due to wrong utilization of ingredients [24].
These composite reinforcing fibers consist of two parts:
fibers that act as the main mechanical structure and protec-
tion which has lesser mechanical strength, reinforcing and
supporting the structure, and is usually called the matrix.
Composite materials consist of fibers made up of many fila-
ments whose diameters range from 5 to 15mm [25]. Fibers
are further classified into natural and synthetic fibers based
on their availability and unavailability as readymade raw
materials from nature. Natural fibers are incredibly
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advantageous for cost and environmental impacts as they
are recyclable and biodegradable.

Along with these advantages, the existence of multiple
disadvantages of synthetic fibers like asbestos, which poses
carcinogenic threats, encourages natural fibers to develop
as a suitable replacement for synthetic fibers [26]. In terms
of specific strength and modulus, natural fibers compare well
with synthetic fibers and, with development in technology,
will contend with synthetic fibers for brake pad applications
[4]. Binders hold brake pad ingredients, improve bonding
strength, and must possess high thermal stability, and rubber

crumbs are added to improve damping properties. Abrasives
help in the control of frictional properties and stabilize the
brake pads under braking conditions. Solid lubricants help
ensure proper sliding conditions and stabilize and provide
a constant coefficient of friction within the desired range
even at elevated temperatures, high loads, and high-
velocity conditions at the contact surfaces. In general, solid
lubricants are used at concentrations below 10 vol% [27].
Fillers help in cost reduction and play a significant role in
improving the manufacturing ability of the commercial
brake pads. Commercial brake pads usually contain high
amounts of fillers, often more than 85wt% [28]. The com-
monly used materials for these brake pad constituents have
been included in Table 2 for giving a better idea when com-
paring the nanomaterials discussed in the further sections.

The main aim of brake pad design engineers and devel-
opers is to extract maximum performance from the brake
pads within a limited surface area while also maintaining
mechanical integrity [24, 29]. Therefore, the composite
brake friction materials need to satisfy several significant cri-
teria, such as providing constant friction, high wear resis-
tance, less noise, and damping at a wide range of
temperatures, pressures, and velocities [6]. In general, the
wearing strain of the pad is calculated using the Archard for-
mula given by [30]:

S = C ∗D ∗ L, ð1Þ

where “S” represents the strain wear, “D” denotes the sliding
distance, “L” denotes the applied load, and “C” represents
the coefficient of wear.

In harsh braking conditions, the binder, usually a ther-
mosetting phenolic resin, loses its binding ability due to
the high frictional heat generated [31]. The periodic dissipa-
tion and accumulation of the heat cause cumulative adhe-
sion of wear particles, possibly inhibiting further wear [32].
It renders unpredictable damage to the surface resulting in
the improvement or deterioration of the braking efficiency.
The resultant debris formed due to the wear is known as
the third body, mostly made up of iron oxide from the disk
brake and some other constituents of the pad. To obtain the
optimal braking efficiency and functionality, the transforma-
tion of relatively more extensive brake pad constituents into
the nanocrystalline third body is of utmost importance [7].
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Figure 2: Different layers of the brake pad.

Table 1: DOT friction codes for brake pads [22].

Alphabet Coefficient of friction

C <0.15
D 0.15-0.25

E 0.25-0.35

F 0.35-0.45

G 0.45-0.55

H >0.55
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Two functions are performed by the third body in general,
which are to improve the surface area of contact by the for-
mation of secondary contacts and to protect the surface
areas of contact with a fragile nanostructured film. The main
complexity of manufacturing brake pads lies in the fact that
the composition of materials has to be optimized to result in
the continuous presence of a definite and adequate amount
of third body material composed of the required nanostruc-
ture at the brake pad-disk brake interface. In addition to the
formation of such structures, many airborne particles are
generated during the braking process when the pads scrub
against the rotors and release them into the atmosphere,
which is almost indistinguishable from other particles in
the atmosphere [33, 34]. These particles could be potentially
toxic and hazardous to human health, and therefore, careful
selection of brake pad materials has to be made to ensure a
minimal number of particles are released, which are non-
toxic and nonhazardous.

2.2. Progress in Nanomaterial Utilization in Brake Pads. As
discussed in Section 2.1, the friction material of the braking
system of an automobile is considered to be one of the most
critical factors affecting the overall performance of an auto-
mobile. Before the restriction on asbestos was enforced in
1989, it was the most popular and favored commercial filler
material for brake pads because of its high thermal stability,
tendency to regenerate the surface of friction at the time of
use, high thermal resistance, high sturdiness, high flexibility,
ease of availability, and comparatively lower price. As a
result, with the unavailability of an alternative for a commer-

cial filler material with similar properties to that of asbestos,
even today, researchers are conducting extensive research in
order to obtain the optimum material. Consequently,
researchers began shifting their focus towards nanomaterials
for studies to check the feasibility of their usage in commer-
cial brake pad applications. Since nanomaterials, by defini-
tion, have extremely small external dimensions, lying
within the range of 1 nm to 100nm, often referred to as
the nanoscale, novel techniques were developed for the study
of these structures. They also have improved physical and
chemical properties as compared to conventional materials
[35]. Nanomaterials are classified into nanoparticles, nanofi-
bers, and nanosheets according to the number of external
dimensions that lie in the nanoscale. Nanoparticles are
nanomaterials that have one of their three external dimen-
sions in the nanoscale. Similarly, nanofibers and nanosheets
have two and three of their external dimensions in the nano-
scale, respectively [36]. Nanofibers can be further classified
as nanotubes that contain hollow structures and nanorods
that contain solid structures. In addition to this, nanosheets
are sometimes referred to as nanoribbons if the two larger
external dimensions have a large difference in their lengths.

Barites, mica, Allium sativum, and cashew dust are a few
of the most popular alternatives being studied for use as filler
material [5, 37]. The objective of the studies conducted has
been to prepare a copper-based material of friction for appli-
cation on a brake pad by the PM method. Moreover, in
order to examine the effects of the addition of various nano-
silica SiO2 particles as varying weight percentage concentra-
tions on the resulting characteristics of the obtained friction
material, a comparison of surface roughness and microhard-
ness is made for 4 different concentrations of SiO2. A surface
finish measuring instrument was used to measure the rough-
ness of the samples, and the hardness test was done using a
Vickers microhardness meter [12]. In another study, banana
peel and bagasse particles with other nanoconstituents were
used for the study of their frictional and wear properties for
utilization as alternative commercial friction materials. The
density was determined using the Archimedes method,
whereas optical microscopes and scanning electron micro-
scopes were utilized to examine the microstructure and
phase distribution in samples. Additionally, the pin-on-
disk method was also utilized to validate the obtained wear
and friction properties [38]. In another work on similar
lines, the phenolic resin (PF)/organized expanded vermicu-
lite (OEVMT) nanocomposite was successfully prepared by
mixing phenolic resin with modified expanded vermiculite.
X-ray diffraction and transmission electron microscopy
followed by thermogravimetric analysis were carried out to
study the structure and various properties of the nanocom-
posite. Finally, the properties and feasibility of the PF/
OEVMT-based brake pad were compared with those of the
PF-based brake pad in order to obtain the ideal alternative
nanomaterial for use in commercial brake pad applications
[39]. There are multiple steps involved in the study of the
effects of nanomaterials on the characteristics and properties
of a brake pad, all of which are depicted in Figure 4 in order
to give a general overview of the process involved, which
could prove to be useful for future studies.

Parametric
Properties of
Brake Pads 

Mechanical
Properties

Thermal
Properties

Physical
Properties

Chemical
Properties

Tribological
Properties

Wear resistance, Stable
coefficient of friction, etc. 

Corrosion resistance,
Insolubility, etc. 

Shear strength,
stiffness, etc. 

Thermal expansion
resistance, heat
dissipation, etc. 

Dimensional stability,
Porosity, etc. 

Figure 3: Parametric properties that a brake pad should
possess [23].
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Determination of the optimum composition of nano-
composites containing 1% organized expanded vermiculite
(OEVMT)+2% SiO2, 2% TiO2, and 2% ZnO was another
study’s objective. The rheological characteristic was exam-
ined by using the MSCR, LAS, DSRFn value, and SSR test,
and the CMAI value obtained was used to determine the
aging. Four samples were prepared and were critically ana-
lyzed for their efficiency and feasibility for use in commercial
applications. Fourier additionally determined resistance to
aging to transform infrared spectroscopy [40]. A nanocom-
posite material, kaolin-TiO2 (KATI), is developed in another
research work in order to improve the commercially avail-
able brake pads further. The TiO2 matrix is held in place

by kaolin, consisting of 60 weight% of TiO2 nanoparticulates
having a size of 18nm, and this composite acts as a func-
tional filler in the commercial brake pad. The AK Master
Test with a full-scale dynamometer helped describe the fric-
tion behavior under the influence of pressure, temperature,
and speed. The MTK wear test helps study the pad’s wear
behavior [13]. In this study, a comparison is made between
the mechanical properties of commercially available brake
pads and boron-mixed brake pads. Five samples, each with
a different weight percent of boron, were considered. A
Chase machine was utilized to investigate the frictional char-
acteristics in two cases. A Taylor Hobson Profilometer was
utilized to estimate the amount of wear of the disk. Optical
microscopy and SEM were utilized to examine the worn sur-
face, and the X-ray spectrum was utilized to examine the
wear debris [41]. Hybrid aluminum matrix composites rein-
forced with hexagonal boron nitride and graphene nanopar-
ticles were prepared. X-ray diffraction and SEM were used to
investigate the microstructures of the nanocomposites. The
aim was to study the influence of the varying composition
of BN and GNP-BN on the various mechanical characteris-
tics of the matrix [42]. In addition to these, the wear resis-
tance of brake pads utilizing powders of either boron,
carbide, or boron carbide was also studied to analyze their
performance concerning commercial brake pad mate-
rials [43].

Friction and wear properties under dry sliding condi-
tions were examined for aluminum-graphite-silicon nitride
(Al-Gr-Si3N4), aluminum-silicon nitride (Al-Si3N4), and
aluminum-graphite (Al-Gr) composites. A Chroma Micro
Vickers hardness tester was also utilized. The pin-on-disk
method was utilized to evaluate the sliding wear of the sam-
ples [44]. SEM was used to analyze the wear behavior and
the worn surface. 3D plots determined the influence of the
sliding distance and load concerning wear rates. An analysis
of variance test was conducted to examine the most produc-
tive process parameters influencing Al-Gr composite wear
[45]. In this study, Aluminum 6061 reinforced with three
different weight percentages of SiC and 0.5% of B4C was
studied. An ultrasonic casting process was used to prepare
the hybrid composites. The pin-on-disk method was utilized
to examine the abrasive wear of the test samples. Addition-
ally, Al/Al2O3 submicron composite materials were tested
for their tribological characteristics for a brake rotor con-
taining material made of semimetallic substances, along with
determining their Vickers hardness and density values [46].

SEM and TEM were used to investigate the microstruc-
ture of the samples [14]. Crab shell powder was used in
the development of brake pads. Thermal stability, high

Table 2: NAO brake pad constituents and standard materials.

Constituents Materials Ref. no.

Reinforcing fibers Brass, copper, steel, aramid, carbon, glass, jute, flax, hemp, kenaf, sisal, etc. [23–27]

Binders Phenolic/phenol-formaldehyde resins such as novolacs and resoles [23–27]

Abrasives Zircon, quartz, zirconium oxide, alumina, magnesia, zeolite, chromate, silicon carbide, iron oxide, etc. [23–27]

Solid lubricants Graphite, metal sulfides such as molybdenum, ferrous, copper, tungsten, strontium, antimony, etc. [23–27]

Fillers Barite, vermiculite, mineral silicates, potassium titanate, talcum, chalk, etc. [23–27]

Steps to study the effect of nanomaterials on brake
pad 

Choosing of nanomaterial

Weighing and formulation of
raw materials 

Preparation of nanomaterial
by mixing, curing, heating, 

solidifying, etc. and
incorporating in the brake

pad 

Testing the effect of the
nanomaterial by different

methods like pin on disk, chase
test, hardness test, etc 

Comparing the modified brake
pad with the commercially

available counterpart 

Figure 4: Steps to study the effect of nanomaterials on brake pads.
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hardness, density, and loss on ignition characteristics were
depicted by thermally processed CBS powder and its friction
composite. CBS powder-based friction composites depicted
higher performance, as well as standard and fade friction
coefficients. The CBS powder-based NAO2 composite is bet-
ter based on the performance friction coefficient and thermal
stability, whereas the NAO1 composite is better in the fade,
recovery rate, and wear loss [47]. Micro-nanocomposites can
also be utilized to formulate the harsh environment-resistant
triboelectric nanogenerator (TENG) that can work as a
safety warning system in brake pads by automatically giving
timely warnings and reminders for brake pad replacements
[48]. This mechanism uses the micro-nanocomposite to
make the system wear-resistant and act as a triboelectric
conduction medium.

2.3. Carbon Nanomaterials in Brake Pads. The fall of asbes-
tos as a friction material led to the rise of metallic, semime-
tallic, sintered, and NAO materials for their use in brake pad
applications. However, studies revealed that brake pads with
high metal or semimetallic content caused faster disk degra-
dation while producing excessive noise [49]. Also, although
NAO pads are softer and produce less noise, they wear
quickly and generate excessive wear particles that are
extremely harmful to the lungs [25]. Therefore, researchers
started to look towards nanoparticles as a potential source
to improve the brake pads’ tribological and wear perfor-
mance with this caveat. As a result, many nanocomposites
were developed and tested over the years and were observed
to contain many of the required properties needed for the
brake pads, as discussed in Section 2.2. These pads are often
regarded as superior to commercially available brake pads in
performance and longevity [50]. But still, researchers con-
tinue to look for other materials to improve the brake pad’s
tribological properties.

Carbon nanomaterials have a large surface area, and the
addition of small quantities of these materials can signifi-
cantly impact the frictional properties of the composites.
This is one of the main reasons for using carbon nanomate-
rials as a friction modifier in composites [16]. Composites
formed through the addition of carbon nanomaterials are
known as carbon nanocomposites (CNCs). These compos-
ites have high stiffness, good tribological properties, and
minimum wear, as they are optimal for brake pad applica-
tions. Table 3 depicts some of the CNC brake pads devel-
oped in the literature. We can conclude that carbon
nanotubes (CNTs) are the most commonly used carbon
nanomaterial to formulate these brake pads, and some of
the most common and developing methods of their prepara-
tion for commercial usage have been depicted in Table 4,
and Figure 5 depicts the setup for the electric arc synthesis
process. These have been included keeping in mind that this
may be useful for future studies and research works regard-
ing the preparation of carbon nanomaterials for various
applications.

Mainly multiwalled carbon nanotubes (MWCNTs) are
used as friction modifiers to control and improve the fric-
tional properties of the composites. MWCNTs have high
stiffness, heat resistance, good damping factors, and low

density [17, 57], making them helpful in improving the com-
posite’s thermal conductivity and mechanical and tribologi-
cal properties [21]. CNCs are prepared by mixing the resin,
binders, friction modifiers, lubricants, and abrasives in spe-
cific ratios and have been elucidated in Table 3 for providing
an elaborate overview into the prospect of many CNCs for
brake pad applications, which could be used as a base for
focusing upon in the future. Single-walled carbon nanotubes
(SWCNTs) also have the potential to be incorporated into
brake pad composites. While more testing is required to
analyze the frictional characteristics of the material, they
show significant wear resistance and can act as lubrication
to the tribological system [58].

The carbon nanosphere can also be used to formulate
CNC and hybrid nanopolymer composites as it helps to
improve the thermal stability of the friction material [54].
One other innovative CNC, a potential friction material, is
the bamboo-MWCNT-PEEK composite [19]. PEEK (poly-
ether ether ketone) is a high-performance thermoplastic
with outstanding mechanical and thermal properties making
it optimal for tribological applications. The addition of
MWCNT and synthetic diamonds in small quantities as a
double reinforcement improves wear resistance and
mechanical and thermal properties of PEEK [19].

2.4. Environmental Impacts of Nanomaterials. The rapid
development and use of nanomaterials in all industries
make them widespread and a potential solution to many
of the current technical difficulties faced by the industries.
However, consistent use of these materials leads to signif-
icant accumulation and can harm humans and the envi-
ronment. Nanomaterials are known for their large
surface area to volume ratio, leading to many molecules
in the same area. With the increase in the number of mol-
ecules, there is a significant increase in the accumulated
intrinsic toxicity of the material. The toxicity of the mate-
rial depends not only on size and shape but also on its
other physical and chemical properties. And due to their
small dimensions, they get absorbed quickly in many bio-
logical systems leading to their accumulation, especially
the materials with low solubility, which can stay in the
system for a longer duration [60, 61].

Engineered nanoparticles play a major role in the degra-
dation of the environment. When these particles interact
and bind with the naturally present nanoparticles or soil
particles, these particles aggregate, which is not easily
degraded. Figure 6 depicts the process of how the engineered
particles disperse, react, and accumulate to affect the envi-
ronment, in order to provide awareness on the potential
effects of the widespread utilization of carbon nanomaterials.
Studies have shown that this leads to a decrease in the fertil-
ity of the soil [62]. For example, carbon 70 fullerenes and
multiwalled nanotubes (MWNTs) reduce rice yield, while
CNTs exposed to wheat make them vulnerable to pollutants
present in the ecosystem [60]. Engineered nanoparticles can
be released into the atmosphere during the production of
nanomaterials, manufacturing of products utilizing nano-
materials, and use of products containing nanomaterials
[63]. Formulation of nanomaterials is also an energy-
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Table 3: Various carbon nanomaterials used for brake pad applications.

Research purpose
Carbon

nanomaterial
used

Composition
of brake pad
friction
materials

Testing
methodology

Material characterization
Ref.
no.

To analyze the tribological
performance of CNT containing brake
friction material

CNT

Vol (%):
(i) Resin (15%)
(ii) Kevlar
(10%)
(iii) Barite
(0%)
(iv) Zircon
(5%)
(v) Graphite
(10%)
(vi) CNT
(60%)

(i) Krauss-type
tester
(ii) 1/5-scale brake
dynamometer

(i) Thermal conductivity (W/mK)
0.653
(ii) Specific wear rate 1:7 ∗ 10−3 m
m3/Nm @ 100°C
(iii) COF ≈ 0:51

[16]

To study the damping behavior of
carbon and glass under the effects of
surface treatments

MWCNT

Wt (%):
(i) Carbon
fiber (4%)
(MWCNT-F
grafted)
(ii) Glass fiber
(HNO3

treated) (34%)
(iii) Phenolic
resin (50%)
(iv) Zirconium
silicate (5%)
(v) Graphite
(2%)
(vi) Barium
sulfate (2%)
(vii) Rubber
powder (3%)

(i) FFT analyzer
(ii) FTIR analysis
(iii)
Thermogravimetric
analysis

(i) Sample S3 (HNO3-treated GF
34wt% and MWCNT-F grafted on
CF 4wt%)
(ii) Weight loss 0.202mg
(iii) Damping ratio 0.064

[51]

Tribological behaviors of the Al-SiC(n)
hybrid composite with carbon addition

MWCNT

Wt (%):
(i) CNT (1%)
(ii) Aluminum
(83.4%)
(iii) Silicon
carbide (15.6)

(i) Dry sliding wear
tests
(ii) SEM and EDS

(i) 100m at 25°C (RT) & 250m at
450°C (HT)
With CNT:
(i) Avg. cross-section of the wear
track (mm2):
RT = 0:027 ± 0:001, HT = 0:372 ±
0:001
(ii) Wear rate (mm3/Nm):
RT = 0:002
HT = 0:009
(iii) COF:
RT = 0:63 ± 0:052
HT = 0:79 ± 0:12
(iv) Surface roughness (μm):
RT = 1:4
HT = 13:5
(v) Hardness GPað Þ = 1:61

[52]

Influence of short carbon fiber on
carbon nanotubes as a friction material
for brake pads

MWCNT
Wt (%):
(i) Epoxy resin
(89.9%)

(i) Pin-on-disk wear
test (ASTM G-99)
(ii) SEM

Epoxy+CF (10wt%)+0.1wt. CNTs
(i) Wear rate = 3:45mm3/Nm · 10−6
(ii) COF 0.32

[53]
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Table 3: Continued.

Research purpose
Carbon

nanomaterial
used

Composition
of brake pad
friction
materials

Testing
methodology

Material characterization
Ref.
no.

(ii) Short
carbon fiber
(10%)
(iii) MWCNT
(0.1%)

(iii) Compressivemodulus GPað Þ =
1:87
(iv) Compressive strength MPað Þ =
1:88
(v) Hardness = 37:5HB

Study of the biobased hybrid
nanocomposite as a friction material
for brake pads

Carbon
nanospheres

(CNS)

Wt (%):
(i) Graphite
nanoparticles
(0.3%)
(ii) Epoxy
resin (98.7%)
(iii) CNS
(0.2%)
(iv) Stainless
steel
nanoparticles
(0.8%)

(i) Dynamic
mechanical analysis
(ii)
Thermogravimetric
analysis

BHN 6:
(i) Compressive strength = 3557:3
MPa
(ii) Impact strength kJ/m2� �

= 3:3
[54]

Development and analysis on low-
friction hybrid nanocomposite friction
materials for brake pads

MWCNT

Vol (%):
(i) Epoxy resin
(86.7%)
(ii) Carbon
fiber (10%)
(iii) MWCNT
(0.3%)
(iv) Graphite
nanopowder
(3%)

(i)
Thermogravimetric
analysis
(ii) Dynamic
mechanical analysis
(iii) Differential
scanning
calorimetry
(iv) Inertial
dynamometer test

HC6:
(i) Compressive strength MPað Þ =
988
(ii) Compressivemodulus GPað Þ =
1:709
(iii) Mean shear strength = 1:250
MPa
(iv) Impact strength kJ/m2� �

= 8:7
(v) Hardness = 35HV
(vi) Water absorption = 0:01%
(vii) Oil absorption rate = 0:1%
At 21.6m/s:
(i) Wear rate g/Nmð Þ = 4:47 ∗ 10−8
(ii) COF = 0:399

[55]

Impact of nanoclay and CNTs on
friction performance of nanofilled
hybrid fiber-reinforced phenolic
composites

MWCNT

Wt (%):
(i) PF (15%)
(ii) Barium
sulfate (50%)
(iii) Kevlar
fiber (2.5%)
(iv) Nanoclay
(1.375%)
(v) MWCNT
(1.375%)
(vi) Graphite
(2.25%)

(i) Krauss-type
tester

NCT-1:
(i) Water absorption %ð Þ = 1:74
(ii) Shear strength Kgfð Þ = 925
(iii) Compressibility %ð Þ = 1:16
(iv) Impact strength Jð Þ = 0:162
(v) HardnessHRR = 107
(vi) COF performance μpð Þ = 0:39
(vii) Wear gð Þ = 7:8

[56]

Tribological performance of polymer
hybrid nanocomposite brake pads

MWCNT

Wt (%):
(i) Epoxy resin
(83.8%)
(ii) Carbon
fiber (15%)
(iii) MWCNT
(0.2%)
(iv) Graphite
nanopowder
(1%)

(i) Inertial
dynamometer test

HC6 @ 21.6m/s:
(i) COF = 0:40590246
(ii) Stopping distance = 1:75 s

[21]
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intensive process requiring a large amount of water, energy,
and chemicals.

Brake pads, upon constant use, tend to wear and release
debris into the atmosphere, and this debris can be harmful
depending on the composition of the pads [64]. If inhaled,
brake pad debris present in the atmosphere can induce chro-
mosomal damage in natural blood situations [65], cause
inflammation to lung tissues, and change cell morphology.

Brake pads emit a significant number of airborne particles;
hence, the interactions between these particles and environ-
ments must be studied [66]. With the utilization of carbon
nanomaterials in brake pads, it becomes imperative to check
the toxicity of the wear debris released and understand the
interactions of this debris with the environment.

The main constituent of the majority of carbon nano-
composites is CNT. Due to their large surface area and high

Table 4: Common and upcoming modes of preparation of CNTs [59].

Sl.
no.

Process Brief procedure

1. Electric arc synthesis
With graphite electrodes, inert gas atmosphere, and high temperature, there is transfer and deposition of
carbon atoms/ions from the anode to the cathode as shown in Figure 5. As a result, amorphous carbon,

SWCNT, and MWCNT are formed.

2. Laser-assisted synthesis
The evacuated quartz tube with a graphite rod placed axially is heated to 1200°C and supplied with argon.
The laser is shot at the target, causing carbon atoms to get deposited on the tube walls, collected with

cooled copper fingers. As a result, carbon nanoparticles and MWCNT are obtained.

3. Resistivity vaporization
Joule heating of a graphite foil, followed by cooling of vapors, results in the deposition of the nanotube on
single-crystalline graphite and produces majorly SWCNT with traces of MWCNT, bundles of nanotubes,

and nanocones of carbon.

4. Ion-beam vaporization
Ions when bombarded with high-purity graphite in a tube at high speeds in vacuum result in the
deposition of CNT on the walls of the tube, along with traces of polyhedral carbon nanoparticles.

5. Sunlight vaporization
Sunlight concentrators vaporize graphite in a tube with the aid of a catalyst, resulting in the deposition of

SWCNT and MWCNT on the walls of the tube.

6.
Pyrolysis of
hydrocarbons

Heating of compounds such as acetylene, methane, benzene, and carbon monoxide at a certain pressure
in the presence of a catalyst such as graphite-iron compound, nickel-magnesium oxide compound, and

iron results in the formation of amorphous carbon, SWCNT, and MWCNT.

7.
Decomposition of metal

carbides
Breakdown of metal carbides by arc heating, laser ablation, or resistive vaporization results in the

formation of MWCNT.

8. Synthesis in flame
Combustion of hydrocarbons in oxygen produces CNT, much like diamonds and fullerenes, but only in

the presence of a catalyst.

9.
Electrolysis of molten

salt

Electrolysis of molten chlorides of lithium, sodium, and potassium, in the presence of carbon electrodes at
600°C, results in a sludge, which, when washed off with water and toluene, results in MWCNT being

obtained, along with particles of spheroidal and polyhedral shapes.

10. Chlorination of carbides Chlorination of carbides at silicon and tantalum at 800 to 850°C results in the formation of MWCNT.

Power supply

Base

Closed chamber

Cathode Anode

Gas inlet Gas outlet

Glass window

Precursor + Catalyst

Deposition

Figure 5: Setup for a typical electric arc heating process.

10 Journal of Nanomaterials



adsorption capabilities, CNTs also bind with other pollut-
ants in the environment. Depending on the type of pollutant
and CNT’s properties, the compound’s toxicity can increase
significantly [67]. An example would be the enhancement of
toxicity of Cu and Cd under the exposure of CNTs [68].
MWCNTs act as inhibitors in the soil by preventing biomass
and microbe activity, thereby reducing soil fertility [67].
MWCNTs are also found to damage root cells, inhibit nutri-
ent absorption, and cause DNA and chromosome deviations
in plants [69].

CNTs can also affect human systems [70]. They can
enter our bodies through windpipes and accumulate in the
lungs, causing inflammation and tumors upon extended
exposure [71]. Some CNTs behave like asbestos and can play
an active role in the development of lung cancer. Mainly
long CNTs cause mesothelioma, a type of lung cancer previ-
ously caused by asbestos exposure [72]. The toxicity of the
CNTs increases with the length of the CNTs [73]. MWCNT
shows a peculiar case of toxicity that can inhibit DNA repair
in cells [71]. With the increasing use of the CNT, it becomes
essential that the long-term effects of its accumulation on the
environment be researched to understand its effects on the
environment qualitatively and humans.

Currently, there is a lack of studies on the wear debris
released through carbon nanocomposite brake pads and its
effect on the environment. Without proper evaluation of
the types of carbon nanomaterials released through the tri-
bological actions, it becomes difficult to quantify the extent
of these materials’ effects on the environment.

3. Results and Discussions

From Table 5, we get an idea of the amount of research car-
ried out on the analysis of brake pad abrasion characteristics.
This helps in getting to know the most common tools uti-
lized for commercial brake pad testing with the help of the
studies reviewed. The setups of the typical brake pad friction,
abrasion, and hardness testing have been shown in Figures 7
and 8 in order to help comprehend the brake pad perfor-
mance testing processes. Pan and Chen proposed a three-

layer structure for the brake pad by analyzing a kinematic
model of the brake pad with six degrees of freedom [74].
The study proved that the mass and stiffness of a brake
pad played an essential role in its stability, followed by a
brake bench test to validate the results. The results showed
that the design of the three-layer structure and the slotted
design of the brake pad could effectively reduce brake squeal,
especially high-frequency squeal noise. This study helps real-
ize that even though engineers try to minimize the mass, it is
crucial to have a minimum mass limit for a brake pad to
ensure its stability and ease of operation.

Wan et al. proposed a model of COF based on rigid par-
ticles and contact mechanics [81]. This model considers the
influence of particle size and amount of reinforcing pillars,
brake pad and disk properties, and other constituents of
the pad. The results indicate that there is an increase in the
COF of the brakes relative to the disk surface topography.
This model also estimates the size of the friction film
through the incorporation of rigid particles into the model.
Through this, it can be concluded that the frictional power
of brakes increases with the size of the rigid particles. Wang
and Fu analyzed the relationship between the structure of a
brake pad and the distribution of temperature and thermal
stress on the disk brake. The modes of heat transfer consid-
ered for the transmission of kinetic energy from the brake
pad in this study were convection and radiation. In addition
to this, it involved the optimization of the brake pad struc-
ture and the arrangement of friction blocks on the brake
pad, along with temperature and thermal stress distribution
analysis for the optimized brake pad and subsequent valida-
tion by simulation. The study observed a more uniform tem-
perature distribution and a lower maximum temperature on
the disk surface, increasing the radial structural factor
accompanied by a decrease in the circumferential structural
factor. The structural program upon optimization showed
that on a brake pad with five friction blocks, the maximum
temperature and stress were 4.9% and 10% lower, respec-
tively, than that of a brake pad with seven friction blocks.
From this study, we can conclude that it is better to have
fewer friction blocks incorporated in a brake pad with higher
and lower radial and circumferential structural factors,
respectively [75].

Wu et al. conducted a study to analyze the transient
thermal and mechanical behavior of the brake pad and disk
brake system [76]. It was concluded that a steady tempera-
ture distribution state could be reached with uniform vehicle
speed and braking pressure after several braking stops. The
study also predicted that when used for speed or pressure
sensitivity application, the temperature distribution state
would oscillate and is generally caused due to chemical
changes in friction material. Eltayb and Hamdy proposed
models that constitute a robust methodology and could be
used to predict the friction coefficients and the induced
interface temperature of brake pad materials to reduce
experimental time and cost [77]. With further research and
development of this technology, this could, in principle,
drastically reduce testing time, cost, and workforce. Kumar
and Ghosh studied the wear particles originating from a
brake pad system that contribute to particulate
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Figure 6: Process of dispersion and accumulation and effects of
engineered nanoparticles.
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concentration in the urban atmosphere [1, 82]. In this study,
ultrafine and micron-sized particles along with aerodynamic
nanoparticles were measured. The investigation under vari-
ous loads and sliding velocities found that wear particles
emitted from the brake pad material varied in diameter
between 10 nanometers and 10 micrometers, categorized as
shown in Figure 9, which helps us realize the basis of classi-
fication of brake pad wear particles that could possibly result
in health hazards to the human respiratory system and harm
the environment.

Barosova et al. studied the toxic effects of the brake pad
wear materials generated during braking and released into
the atmosphere on the human lungs [15]. A full-scale dyna-
mometer was used in a controlled environment to generate
wear particles from low-metallic and NAO brake pads, and
analysis tools were applied to analyze the morphological
properties of the wear particles. This study used a human
3D multicellular model consisting of epithelial and primary
immune cells that simulated the human epithelial tissue bar-
rier and exposed it for 24 hours to nonairborne particles and
other wear fractions. This helped assess the viability, oxida-
tive stress, morphology, and inflammatory response of the
cells. The results indicated no response from the lung cells
from wear particles of low-metallic pads, whereas particles
from NAO (due to anatase) pads increased inflammatory
response, reduced viability, and altered cell morphology. In

addition to this, the study concluded that TiO2 produced
from brake pads caused increased toxicity of the wear parti-
cles. Namgung et al. studied the changes in the particle size
distribution concerning braking time under various braking
conditions [78]. The study found that the size distribution of
particles ranged from 5.6 to 560 nanometers, and under all
braking conditions, the peak value ranged between 178 and
275 nm with an absolute maximum at 200 nanometers.
The study indicated that the total number concentration of
ultrafine particles generated varied with disk speed and
brake force and thus was found to be proportional to the
contact surface temperature. Upon further investigation, it
showed that the number of ultrafine particles generated
exponentially increased when the surface temperature
reached 70°C. Therefore, they formulated the critical tem-
perature for the generation of 10-nanometer-ranged nano-
particles to be around 70°C, which was also found to be
the average temperature between the surface and inside the
disk. At higher temperatures, they observed vapors due to
evaporation and condensation, following which the vapors
cooled down quickly and underwent nucleation to form
nanoparticles, and when their concentration increased dras-
tically, they formed agglomerates through coagulation.

Zhang et al. studied the characteristics of Cu-Fe preal-
loyed powders that are atomizing with argon gas to utilize
Cu-based composites for brake pad applications [83]. They
display very high friction coefficients and friction stability
characteristics while also exhibiting reduced wear loss at
low braking speeds (<200 km/h). It exhibits an unstable fric-
tion coefficient and higher wear loss at high braking speeds
(>200 km/h). Kumar et al. analyze the properties of sintered
Cu-Sn brake pads used in harsh environments and off-road
purposes [84]. These have a low wear rate, high shear
strength, and good frictional properties. However, this mate-
rial is very abrasive, causing deformations, cuts, and pits on
the brake drums. The coefficient of friction decreases as the
temperature increases, and although this decrease is slight,
this property is not desirable on brake pads. They also
showed a more significant variation among fade and recov-
ery functions with increased usage. Ultimately, this compos-
ite has good strength but poor performance at higher
temperatures while also causing damage to the brake drums
and disks. Noda and Takei investigated the phenomenon of

Table 5: Tools used for the analysis of brake pads in different studies.

Tools used for analysis Reference

Linear complex eigenvalue analysis [74]

ABAQUS and MATLAB [75]

SAE J2522 inertial dynamometer and finite element analysis [76]

Least-squares support vector machines [77]

TSI P-Trak, GRIMM aerosol spectrometer, and scanning mobility particle sizer [1]

Dynamometer, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and Raman microspectroscopy [15]

Dynamometer, flow splitter (TSI 3708), aerodynamic particle sizer (APS; TSI 3321), optical particle counter (OPC; GRIMM
1.109), fast mobility particle sizer (FMPS; TSI 3091), and air samplers

[78]

Dynamometer Global Brake Effectiveness procedure (SAE J2522) [79]

Acoustic emission method [80]

Support frame
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Figure 7: Typical setup of brake pad friction testing.
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metal pickup in automotive disk brake pads that happens
due to the accumulation of metals on the pad surface [85].
The study indicated that most of the metal pickup happens
due to the reduction process of magnetite present in the
brake rotors, hindering brake pad performance. Therefore,
this phenomenon must be stopped to ensure the effective
functioning of automobile braking systems. Sriwiboon
et al. conducted a study to analyze the properties of two
brake pads, one based on a low-copper NAO and another
based on a copper-free NAO, both with samples of varying
porosity for friction, wear, and brake squeal [86]. The study
concluded that with increasing porosity, the hardness and
natural frequency of the brake pad decrease continuously.
Also, the study showed that as the porosity increased, the
friction coefficient and the wear decreased for the low-
copper NAO samples, whereas the friction coefficient
increased with an unchanged wear rate for the copper-free
NAO samples.

3.1. Incorporation of Nanomaterials into Brake Pads. Table 6
depicts the improvements in various parameters when dif-

ferent nanomaterials are incorporated in the brake pad, in
order to provide a quantitative view which would lead to
better comprehensibility.

Table 7 provides an understanding of the parameters on
which different nanomaterials are assessed. This table also
helps in getting to know the most commonly studied nano-
materials for future commercial brake pad applications and
could help future works to focus on improving some of these
parameters.

As the amount of nano-SiO2 is increased in the samples,
the value of hardness increases linearly. Also, the roughness
increases with an increase in the amount of SiO2 in the sam-
ple. The abrasive characteristic of SiO2 particles explains the
effect of the increase of surface roughness [12]. Optical
microscopy and scanning electron microscopy revealed the
uniform distribution of the particles in the matrix. The rela-
tive density of the samples was much higher than their com-
mercial counterparts as they exhibited minor porosity as
measured by the oil diffusion test. The highest hardness
value was exhibited by the BG5 sample (5 weight% of
bagasse). The rate of wear measured using the pin-on-disk
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Figure 8: Schematic representation of a Brinell hardness testing machine.
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Table 6: Some nanomaterials suitable for braking applications.

Nanomaterial used Improvements Reference

Wet granulated cornstalk fiber
(i) The rate of wear of wet granulated samples lowered by 26.13%–37.53%
(FG-5: 26.13%; FG-7: 35.90%; FG-9: 35.74%; FG-11: 37.53%; FG-13: 27.63%)
when compared with samples prepared by PM

[87]

Fused mullite

(i) Density reduced from 6.2 g/cc to 2.40–2.72 g/cc for three different
samples
(ii) The wear rate for the sample containing 3wt% of mullite decreased from
1 g to 0.887 g

[88]

Nanosized SiO2 particles
(i) With the addition of 9% SiO2, there was an improvement of 18.11% in
hardness & an increase of 5.4% in roughness

[12]

Phenolic resin (PF)/organized expanded
vermiculite (OEVMT)

(i) The brake pad based on PF exhibited a weight reduction ratio of 45.8%,
whereas the brake pad based on PF/OEVMT exhibited a ratio of 77.1%
(ii) For the PF/OEVMT brake pad, the coefficient of friction decreased by
only 0.05, whereas for the PF based brake pad, the value decreased by 0.24

[39]

Kaolin-TiO2 (KATI)
(i) The loss of pad thickness was 50% lower for the KATI-based brake pad
which improved the durability

[13]

Boron
(i) The coefficient of friction for the boron-based brake pad was 0.065 higher
than its counterpart

[41]

Graphene/boron nitride with aluminum
(i) Sample Al-1BN-0.15GNP exhibited an increase of 225% in ultimate
compressive strength & an 87% increase in hardness values

[42]

Aluminum-silicon nitride (Al-Si3N4) &
aluminum-graphite-silicon nitride (Al-Gr-Si3N4)

(i) For the Al-Gr-Si3N4 sample, the wear rate decreased by 25% when
compared with the Al-Si3N4 sample
(ii) There was a reduction of 15% in the friction coefficient of the Al-Gr-
Si3N4 sample when compared with the Al-Si3N4 sample

[45]

Al/SiC+B4C
(iii) Wear resistance increased by 88.32% for the sample containing 1.5% SiC
& 0.5% B4C as compared with a monolithic aluminum

[14]

Table 7: Parameters on which different nanomaterials are assessed.

Material
Parameters

Reference
Wear rate Coefficient of friction Hardness

Hazelnut shell — 0.548 92 shore D [3]

Boron dust — 0.508 95 shore D [3]

Palm kernel fiber 4:4 ∗ 10−4 g/mð Þ 0.43 2.98 HRA [4]

Bagasse ash 13 (10-7 cm/Nm) 0.55 118HV [89]

Fly ash 10 (10-7 cm/Nm) 0.62 118HV [89]

Bagasse additive (5 wt%) 1:2 ∗ 10−6 g/mð Þ 0.36 94 HB [38]

PF/OEVMT nanocomposite 0:25 ∗ 10−7 cm3/Nm 0.45 — [39]

Crab shell powder — 0.385 106 HRS [47]

Cf@RTVSR 0:62 ∗ 10−9 cm3/J 0.3414 — [90]

Banana peel powder (7 wt%) 0.064 g 0.425 — [30]

Al-Gr 0.0432mm3/km 0.35 74.6HV [45]

Al-Si3N4 2.298mm3/km 0.425 78.5HV [45]

Al-Gr-Si3N4 1.123mm3·km-1 0.345 91.3HV [45]

Al/Al2O3 composite 11 microns/km 0.375 — [46]

Cu-Sn 0.05 cm3/MJ 0.392 130.6HV [84]

Corn stalk fiber 0:3 ∗ 10−7 cm3/Nm 0.425 — [87]

Fused mullite 0.887 g 0.592 83.5 HRL [88]

Basalt fiber (15wt%) 0:23 ∗ 10−7 cm3/Nm 0.761 68 HRM [91]

Carbon fiber (0.4 wt%) 0.224 cm3/MJ 0.364 24.1 HB [92]

Recycled carbon fiber 3.8 μm·min-1 0.4 — [93]
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method revealed that BP10 samples had the highest wear
rate, whereas BP5/BG5 samples depicted the lowest values
[38]. Superior thermal characteristics of the PF/OEVMT-
based brake pad were confirmed by thermogravimetric anal-
ysis. The PF/OEVMT brake pad exhibited stable friction and
lower wear rates compared with the PF brake pad. A signif-
icant increase in wear resistance at high temperatures was
depicted by the PF/OEVMT-based brake pad [39]. Samples
containing OEVMT+TiO2 and OEVMT+ZnO improved
the resistance to thermal cracking. Sample OEVMT+SiO2
exhibited the highest rutting resistance. Sample
OEVMT+ZnO exhibited the highest cracking resistance.
Maximum resistance to aging was depicted by OEVMT+-
TiO2 followed by OEVMT+ZnO and finally OEVMT+SiO2
samples. The 1% OEVMT+2% TiO2 sample was considered
to be ideal based on various assessments [40]. The durability
of the brake pad based on the kaolin/TiO2 nanocomposite
was significantly improved compared with that of commer-
cial brake pads. The thermal stability of the brake pad based
on the KATI nanocomposite was higher when analyzed with
the help of the EDS apparatus [13]. The average value of the
coefficient of friction for a boron-based brake pad was
higher than its commercially available counterpart. Phe-
nomena of fade were more prominent in commercial brake
pads as compared to boron-based brake pads. The boron-
based brake pad was more stable than its commercially
available counterpart [41]. As superior mechanical proper-
ties were exhibited by 1 weight% boron nitride, it was chosen
to investigate the effect of graphene on the strength of the
aluminum-boron nitride-graphene (Al-BN-GNP) compos-
ite. The Al-1BN-0.15GNP composite exhibited 2:63 ± 0:01
g/cm3 density, 2.6% porosity, 58 ± 1:5HV hardness, and
260MPa of ultimate strength. Results indicated that the
Al-BN-GNP composite demonstrated very high mechanical
characteristics and is capable of industrial applications
[42]. The greater mass loss resulted from the Al-Si3N4 com-
posite when compared with the Al-Gr-Si3N4 composite. The
same was the addition of graphite which exhibited good
bonding strength and also exhibited a higher value for hard-
ness. The wear rate also decreased significantly for the Al-
Gr-Si3N4 sample when compared with the Al-Si3N4 sample.

The friction coefficient was also less in the Al-Gr-Si3N4 com-
posite, which explains less wear rates [45]. SEM confirmed
the uniform distribution of hybrid nanoconstituents. As
the content of the particles increased, the hardness of the
nanocomposites also increased. Wear resistance was signifi-
cantly improved for samples containing 0.5wt% B4C and
1.5wt% SiC compared with aluminum. The coefficient of
friction was in the expected range for all samples [14].
Except for coconut shell and coconut fiber, all fibers were
treated chemically to enhance their properties. The great
potential was exhibited by kenaf to be used as a filler mate-
rial, whereas palm kernel exhibited its capability to reinforce
the brake pad [49]. Naturally occurring coconut fiber was
studied. Four different samples containing different volume
fractions of coconut fiber were prepared and analyzed. The
parameters that were analyzed included specific gravity,
porosity, hardness, and compressive strength. Scanning elec-
tron microscopy was used to examine the microstructure of
the composite along with its constituents. High density and
low porosity were exhibited by the samples containing 5
and 10% content of the coconut fiber. The sample’s higher
strength was exhibited with 10% coconut fiber to handle
high loads and hold high compressive forces. Investigation
of the surface morphology revealed a homogeneous distribu-
tion of the fiber in the matrix [94]. The addition of nanoad-
ditives reduces the frictional vibrations caused by the humid
conditions, thereby reducing noise generated during opera-
tion [95]. This study investigated the effect of corn stalk fiber
prepared by wet granulation and used as a friction material
in brake pads. Samples containing different wt% were ana-
lyzed. The fade and recovery test results indicated that the
sample with 7wt% exhibited minimum fade ratios, maxi-
mum recovery ratios, and lower fluctuations in fade and
recovery and better resistance to wear [87]. Results indicated
that the sample containing 7wt% mullite (HC3) exhibited
the highest hardness and specific gravity, followed by the
sample containing 5% (HC2) and 3% mullite (HC1), respec-
tively. Sample HC1 exhibited the highest heat swell and loss
on ignition, whereas opposite characteristics were shown by
HC3. The highest porosity was shown by HC1, whereas HC3
exhibited the lowest porosity. Sample HC1 containing 3wt%

Table 8: Apparatus to test the tribological and thermal properties.

Parameter tested Apparatus

Wear rates & wear resistance (i) Pin-on-disk

Friction & wear characteristics

(i) Chase machine
(ii) Krauss-type tester
(iii) Dry sliding wear tests
(iv) Inertial dynamometer test
(v) 1/5-scale brake dynamometer

Characterization & visualization of surface morphology (i) Scanning electron microscope

Structural & chemical characterization (i) Transmission electron microscope

Grain size & structure (i) X-ray diffraction

Surface composition (i) Fourier transform infrared spectroscopy

Wear test (i) Reciprocating friction monitor

Thermal analysis (i) Thermogravimetric analysis
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Table 9: Carbon nanomaterials suitable for braking applications.

Research purpose
Constituents of
brake friction
material used

Inferences
Ref.
no.

Analysis of tribological properties of friction
materials pertaining CNTs

(i) Resin
(ii) Kevlar
(iii) Barite
(iv) Zircon
(v) Graphite
(vi) CNT

(i) Increased CNT content improves the wear resistance and
damping ability making it better for high performance and
vigorous use
(ii) However, with this increase, COF and thermal
conductivity decreased, which reduces the braking
performance of the materials
(iii) By manipulating the abrasive and filler content,
improving the COF of the material makes it viable for
braking applications

[16]

Analysis of damping properties of carbon and
glass fiber reinforcements under surface treatment

(i) Carbon fiber
(CF) (MWCNT-F
grafted)
(ii) Glass fiber
(HNO3 treated)
(iii) Phenolic resin
(iv) Zirconium
silicate
(v) Graphite
(vi) Barium sulfate
(vii) Rubber
powder

(i) The sample with 4% CF showed the best results under
the FTIR and FFT analyses
(ii) This indicates that 4% CF has enhanced damping ratios
and minimal weight loss with a rise in temperatures
(iii) Optimal for braking applications, mainly due to its
ability to reduce braking squeal during operation

[51]

Tribological analysis of Al-SiC(n) hybrid
composites with the inclusion of carbon

(i) CNT
(ii) Aluminum
(iii) Silicon carbide
(iv) Glassy carbon

(i) The hybrid composites displayed a stable COF of 0.6 at
room temperature, agreeing with the SAE norms
(ii) But with an increase in temperature (450°C), only the
GC composite is stable with a COF of 0.5
(iii) The Vickers indenter test revealed that the CNT
composite is 10 times harder than the regular composite
and twice harder than the GC composite
(iv) The addition of carbon nanomaterials with optimized
compositions can help supplement the tribological
properties of brake friction materials

[52]

Influence of carbon nanotubes on short carbon
fiber epoxy composites as a friction material for
brake pads

(i) Epoxy resin
(ii) Short carbon
fiber
(iii) MWCNT

(i) The addition of CNTs has drastically improved the
performance of the composite
(ii) Pads show a significant increase of 5-20% in wear
resistance than the non-CNT composite
(iii) Thermal stability is also found to increase with the
addition of CNTs while consecutively increasing carbon
fiber content

[58]

Analysis of thermal and mechanical behaviors of
biobased nanomaterial for braking operations

(i) Graphite
nanoparticles
(ii) Epoxy resin
(iii) Carbon
nanospheres
(CNS)
(iv) Stainless steel
nanoparticles

(i) Pads with CNS showed industry-standard mechanical
behavior with increased compressive strength and impact
resistance than the conventional one
(ii) CNS pads also displayed enhanced damping and
reduced wear loss, making them optimal for the braking
application
(iii) The addition of CNS to the resins also augments the
thermal stability of the pad; however, it is still less than the
conventional one
(iv) CNS has a scope in braking applications to improve
thermal stability, which is usually lacking in many carbon
nanomaterial-based brake pads

[54]

Study of hybrid nanocomposites (HNC) as a
brake pad material

(i) Epoxy resin
(ii) Carbon fiber
(iii) MWCNT

(i) HNC pads exhibited improved mechanical properties
compared to conventional brake pads, with both having
COF ranging from 0.39 to 0.41

[55]
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mullite was considered an optimal sample [88]. The study is
aimed at evaluating the potential performance of the com-
posites with different contents of basalt fibers. Bas-15 (15%
of basalt fiber) depicted the best mechanical properties.
Bas-0 and Bas-15 samples showed the optimum value for
the coefficient of friction. The sample containing 15% of
basalt fiber (Bas-15) was considered optimal based on the
tests conducted. Klapiszewski et al. studied the characteris-
tics of magnesium lignosulfonate and kraft lignin by oxidiz-
ing them for utilizing phenolic resins for producing
abrasives for commercial brake pads [96]. It was found that
when sodium peroxide and hydrogen peroxide were used as
oxidizing agents, the samples oxidized by the latter showed
more homogeneity. Out of all the samples, hydrogen perox-
ide oxidized 5% of magnesium lignosulfonate and showed
the best thermomechanical properties and therefore showed
good potential for future commercial usage.

3.2. Carbon Nanomaterials in Brake Pads. The utilization of
carbon nanomaterials to formulate a friction material for
brake pads helps to manipulate the properties of the pads
by varying the amounts of nanomaterials used [97, 98].
Given the larger surface area of carbon nanomaterials, the
addition of small quantities of nanomaterials can bring
about considerable change to the tribological properties of
the composites [99]. Many researchers utilize this property

to develop different materials and optimize materials for
the required tribological properties. The most commonly
used carbon nanomaterial includes the multiwalled carbon
nanotubes (MWCNT) and epoxy and phenolic resin matrix
and reinforcements, as seen in Table 6 [100]. Hwang et al.
tested the MWCNT-based composite, formulated through
the dry mixing method through an Eirich mixer [16] at
room temperature and molded at elevated temperatures for
10 minutes. The friction test carried out through the
Krauss-type tester showed that increasing the amount of
CNT in the composite resulted in an increase in the fric-
tional stability and strength at elevated temperatures. Abhik
and Umasankar investigated the role of carbon fiber and SiC
powder additions in improving the strength and wear resis-
tance of the brake pad composite, respectively [101]. It has
been found that with an increase in these additions, there
is improvement observed in the strength and wear resistance
of the samples, whereas a high amount of SiC leads to
agglomeration of carbides, ultimately resulting in poor per-
formance. Zhang et al. investigated the effect of the inclusion
of nanocarbon fibers in Cu-based brake pads [92]. It was
found that this has a positive effect on tribofilm microhard-
ness and resistance to plastic deformation. In addition to
this, it is found that nanocarbon fibers have higher specific
energy than graphite and, as a result, react efficiently with
iron to form cementite, thus providing more support and

Table 9: Continued.

Research purpose
Constituents of
brake friction
material used

Inferences
Ref.
no.

(iv) Graphite
nanopowder

(ii) HNC also displayed 90% lesser braking distance, pad
wear, surface temperature, and noise levels when compared
to the conventional ones
(iii) The addition of CNTs also showed an increase in COF
and a decrease in braking distance, making it optimal for
braking applications
(iv) However, further work must be carried out with regard
to the thermal stability to optimize the material

Study of the effects of nanoclay and CNT on the
tribological performance of nanofilled hybrid
phenolic composites

(i) PF
(ii) Barium sulfate
(iii) Kevlar fiber
(iv) Nanoclay
(v) MWCNT
(vi) Graphite

(i) Higher CNT and nanoclay content augmented the
frictional properties of the composite
(ii) These composites adhered to the industry norms, with
the COF ranging from 0.3 to 0.3
(iii) Having higher CNT and nanoclay content also
enhanced the composite’s thermal stability, fade, and
recovery behavior
(iv) This study shows that the addition of carbon
nanomaterials to existing composites, with proper
reinforcement and fillers, helps to improve the friction
performance of the material

[56]

To study the frictional and wear properties of
polymer hybrid nanocomposites

(i) Epoxy resin
(ii) Carbon fiber
(CF)
(iii) MWCNT
(iv) Graphite
nanopowder

(i) The COF of both HNC and conventional pads ranged
from 0.39 to 0.41, adhering to the industrial standards
(ii) HNC showed enhanced tribological performance with
shorter braking distance and time and reduced wear rates
(iii) An increase in CF content in the composite leads to
increased COF and a decrease in stopping resistance
(iv) By changing the number of constituents and
nanomaterials being added, the composite can be
manipulated to achieve the desired properties

[21]
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stability to the friction surface. Faga et al. investigated the
factors affecting the carbon nanomaterials for brake pad
applications in morphology, structural rigidity, and fric-
tional characteristics [102]. The study implied that the use
of spherically shaped materials helps in reinforcing the lubri-
cating effect, as it is easier to roll on them. In addition, it was
found that with reduced dimensions of the object used, the
friction is reduced due to the high density of particles at

the interface. On the same lines, Table 8 highlights some of
the most commonly used testing methodologies for testing
various tribological and surface properties of the brake pad
materials, obtained from the literature review.

In addition to the above, Table 9 includes some of the
most popularly studied combinations of commercial brake
pad applications with the incorporation of carbon nanoma-
terials. This could help in future works focusing on the

Measuring of epoxy resin in a beaker
and heating it to 70 degree Celsius. 01

Mixing epoxy resin, with low weight
percentage of additives (MWCNT and

graphite nanopowder) with a mechanical
stirrer at 500 rpm for a minute 

02

Natural cooling of hybrid nanocomposite
to room temperature 03

Mixing of the hybrid nanocomposite
with catalyst for curing process 04

Fabrication of hybrid
nanocomposites

Addition of short carbon fibres to the
mixture 05

Pouring of the mixture in a plastic
mold with wax-coated inner06

Step No. Process

Figure 10: Steps for the formation of hybrid nanocomposites.

Phenolic resin,
lapinus fiber, barites,

graphite, nanoclay
and kevlar pulp are

measured individually

First the powdery
ingredients, followed
by kevlar and lapinus

fibers are mixed in
a plough shear type

mixer for 30 mins with
the feeder at 300 rpm

and chopper at
3000 rpm. 

The mixture is
transferred to mould
cavities for curing at
a temperature of 155
degree Celsius and

compressive
pressure of 15 MPa

for 10 mins 

Steps for the fabrication of nanoclay composite

Post the curing
process, the mixture is
kept at a temperature
of 150 degree Celsius

for 5 hours.

The nanoclay
composite is ejected

from the mould
and the friction

surfaces are lightly
ground an gently

wiped off by
mild brushing

Figure 11: Steps for the formation of the nanoclay composite.
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studies involving future potential commercial brake pad
materials.

Gbadeyan and Kanny worked with MWCNT to create a
hybrid nanocomposite (HNC) for braking applications [21].
The HNC is formulated by mixing MWCNT, epoxy resin,
and other constituents (Table 9) using a mechanical stirrer
at 500 rpm for 60 minutes. The steps to be followed for the
production of hybrid nanocomposites for brake pad applica-
tions have been shown in Figure 10 for better elucidation
and comprehensibility, and Figure 11 shows the methodol-
ogy of formulation of nanoclay, one of the most important
emerging materials for use in commercial brake pads. The
homogeneous mixture formed is then cooled to room tem-
perature, cured, and then molded to the desired shape. The
main tribological properties of the HNC are analyzed using
the inertial dynamometer test, and then the results are com-
pared with that of commercially available brake pads. This
study showed that increasing carbon fiber content enhanced
the COF and braking distance and the overall tribological
properties. Ige et al. formulated an HNC brake pad contain-
ing carbon nanospheres by mixing the constituents (Table 9)
using a mechanical stirrer [54]. The mixture is cooled to
room temperature and then sent for curing for 14 days. This
HNC showed a uniform carbon nanosphere distribution and
high compressibility. Mainly, this HNC brake pad showed
good thermal stability. Although lower than the conven-
tional brake pad, the overall result is good as pads based
on carbon nanomaterials do not have high thermal stability.
Guo et al. investigated the characteristics and frictional per-
formance of C-C/SiC materials made from recycled carbon
fiber felt and found that they hold high potential for utiliza-
tion as alternative commercial brake pad substances [93].

An innovative carbon nanocomposite is a bamboo-
CNT-PEEK composite with synthetic diamonds. This com-
posite is formulated by the hot sintering technique, produc-
ing a homogenous mixture of the composite with high
density. Probe sonication helps disperse the bamboo-CNT
and synthetic diamonds into the PEEK matrix. The compos-
ite is analyzed, and the results depict high thermal stability
and reduced wear rates. Although the coefficient of friction
is lesser than usual, it is still applicable for braking opera-

tions. Overall, carbon nanomaterials provide freedom to
manipulate and optimize the friction material’s properties
to suit individual needs and applications, making it a viable
option for brake pads.

Another essential factor to consider with the utilization
of carbon nanomaterials in brake pads is the effect of wear
particles released during operation on the human body and
the environment. Nanoparticles accumulate and aggregate
over time, leading to harmful effects on the environment
and the human body [103, 104]. CNTs, depending on their
inherent properties, can also display this effect and have a
toxic effect on the lungs, liver, spleen, and heart [70, 105].
MWCNTs, upon acute exposure, can damage the lung tis-
sues and have harmful effects on one’s health [106, 107].
So it becomes essential to check the effects of wear particles
released into the air on the human body, especially the lungs,
as it is the main point of accumulation for this case. Even
though carbon nanocomposite pads have lower wear rates
than conventional pads, the overall accumulation of particles
can be harmful. Hence, even if carbon nanomaterials
become a viable alternative for brake pads in the future, they
will lose all their value once they turn harmful. Overall, the
major future prospects and challenges of the utilization of
carbon nanomaterials for brake pad applications obtained
through this literature are discussed in Table 10.

4. Summary and Conclusions

Brake pad materials need to satisfy several properties such as
lower wear rates, less noise, improved damping, friction sta-
bility, and thermal stability. In lieu of this, materials used in
the commercial brake pads have moved from asbestos to
complex metal matrix composites. While the use of asbestos,
metallic, semimetallic, and NAO materials is advantageous
in some aspects, none of the currently used materials exhibit
all the required properties at desired levels. For instance,
NAO brake pads generate lower noise but easily wear off,
while for the metallic brake pads, it is vice versa. Further,
studies dealing with the addition of nanomaterials such as
banana peel powder and crab shell powder in relatively small
amounts to existing composites were carried out, and they

Table 10: Future prospects and challenges of carbon nanomaterials.

Future prospects

(i) Improved wear resistance
(ii) Enhanced damping ability
(iii) Enhanced damping ratio
(iv) Minimal weight loss
(v) Stable COF
(vi) Increased thermal stability
(vii) Increased compressive strength
(viii) Increased impact resistance
(ix) Decreased braking distance
(x) Lower noise levels

Challenges

(i) Release of wear particles
(ii) Carcinogenic effect
(iii) Hard to degrade which in turn harms the environment
(iv) Soil fertility is affected
(v) Toxic compounds are released
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were found to exhibit much better performance in terms of
wear rates, durability, compressibility, COF, and weight
reduction, as depicted in Table 6.

Along the same lines, carbon nanomaterials are also
studied and analyzed for their application in brake pads.
Even a small amount (0.5-5%) of the addition of carbon
nanomaterials was found to dramatically enhance the prop-
erties of brake pads, making them a viable option. This is
because the addition of carbon nanomaterials to composites
creates a higher interfacial surface area, improving the
damping wear resistance, damping factor, and frictional sta-
bility. They were also observed to provide flexibility to
manipulate the tribological properties of the composite by
varying its constituents, thus improving their hardness, stiff-
ness, and compressibility. Also, it was found that with an
increase in carbon nanomaterial content, there is an increase
in COF, frictional stability, and wear resistance while
decreasing the thermal stability (Table 9). Additionally,
among carbon nanomaterials, hybrid nanocomposites with
MWCNT are among the leading choices for a viable alterna-
tive to commercially available brake pads for their ease of
formulation and accessibility.

Although the use of nanomaterials seems very advanta-
geous, it poses a major disadvantage that questions their fea-
sibility. With the use of brake pads made of carbon
nanomaterials, attention should also be given to the effects
of wear particles released during their operation and their
potential impact on the environment. The characteristics of
nanomaterials allow them to easily bind with other mole-
cules to form new compounds which are not easily degrad-
able. Consequently, they can reduce soil fertility, aggregate
on water bodies, and combine with existing pollutants to
form toxic compounds. In the case of CNTs, in addition to
their potential danger to the environment, they pose a major
health hazard for humans due to their toxicity. Long CNTs
are found to be carcinogenic and depict similar effects as that
of asbestos on living beings.

From the review conducted, it is observed that although
these nanomaterials are indeed emerging to be an extremely
beneficial alternative to current brake pad materials, there
still needs to be more research carried out on obtaining
and manufacturing various carbon nanomaterials for brake
pad application. In addition, there is a severe lack of research
on determining the interactions between the wear debris and
the environment. This is an important field of study requir-
ing more research as the results will decide the feasibility of
the utilization of carbon nanomaterials for future commer-
cial braking applications. Lastly, studies should also focus
on improving and optimizing the thermal stability of carbon
nanocomposites as they are still much lower than the con-
ventional brake pad materials.

Abbreviations

BG: Bagasse particle
BN: Boron nitride
BP: Banana peel particles
CBS: Crab shell
CF: Carbon fiber

CMAI: Complex modulus aging index
CNCs: Carbon nanocomposites
CNS: Carbon nanospheres
CNTs: Carbon nanotubes
COF: Coefficient of friction
DOT: Department of Transportation
DSC: Differential scanning calorimetry
DSRFn: Dynamic shear rheometer
EDS: Energy-dispersive X-ray spectroscopy
FTIR: Fourier transform infrared spectroscopy
GNP: Graphene nanoplatelets
HNC: Hybrid nanocomposites
KATI: Kaolin-TiO2
LAS: Linear amplitude sweep
MMCs: Metal matrix composites
MSCR: Multiple stress creep recovery
MWCNTs: Multiwalled carbon nanotubes
NAO: Nonasbestos organic
OEVMT: Organized expanded vermiculite
PEEK: Polyether ether ketone
PF: Phenolic resin
PM: Powder metallurgy
SEM: Scanning electron microscopy
SSR: Shear-stress relaxation
SWCNTs: Single-walled carbon nanotubes
TEM: Transmission electron microscopy
TENG: Triboelectric nanogenerator
TGA: Thermogravimetric analysis
XRD: X-ray diffraction analysis.
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