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Abstract. Today, in the fast-moving world, the focus of all automobile companies is to
increase the speed of vehicles to reduce travel time. With an increase in the speed of vehicles,
there is an urgent need for the development of friction materials suitable for high-speed
braking applications. A historical review of various materials used to date for making brake
pads and brake drum/disc is done in the present work. Asbestos was the most suitable and
widely used brake lining material, but its carcinogenic nature has forced the health and
environment agencies to ban it. Ban on the use of asbestos has forced researchers to develop
asbestos-free brake friction materials. Today, the non-asbestos organic type of brake pads is
most widely used. But, non-asbestos organic type brake pads wear out rapidly and generate
lots of wear debris. Wear debris generated from braking materials is a cause of concern to the
health and environmental agencies. So, researchers are working on developing environment-
friendly brake friction materials for all-weather high-speed braking applications. Natural fibre
or agricultural waste-based brake pads are considered as the future material for brake pads. At
the same time, cast iron was the most commonly used material for brake discs or drums.
Today, various materials such as aluminium matrix composites, carbon-carbon composites,
and ceramic-based materials are used to make brake discs or drums. However, the use of cast
iron is still preferred. Aluminium matrix composite is considered the future material for brake
discs or brake drums because of its low density and improved braking stability.
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1. Introduction

Braking is the process of stopping or deaccelerating a moving vehicle or a rotor. A system
comprising various devices or equipment used for braking is known as the braking system [1].
The braking system is one of the most important parts of any vehicle (i.e., car, bus, train,
airplane, etc.) because the braking system's failure can lead to the loss of life of many. The
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braking system works on the principle of conservation of energy. During braking operation, a
vehicle's kinetic energy is converted into heat energy by rubbing a frictional material with the
moving body other contact-less processes [2]. Based on the contact nature, there can be two
types of braking systems: direct-contact braking and contactless braking systems. Different
types of braking systems are shown in Fig. 1.

In a direct-contact braking system, a stationary frictional material is pressed against the
rotating or moving device [3]. So, due to the relative motion between the moving device
(rotor) and the stationary frictional material (pressed against the moving device), there is a
frictional force against the moving device's direction of motion. This opposing force is
responsible for the deceleration of the vehicle. Finally, the moving device stops when all the
moving device's kinetic energy is converted into frictional heat. Two main components of a
direct-contact braking system are a stationary brake pad and a device rotating with the moving
device (wheel of the vehicle) [4]. A rotating device can be a brake disc or brake drum.

In a contactless braking system, there is no direct contact between the moving device
and the braking system. Electro-magnetic devices are used for braking operation without any
physical connection with the rotating device. When magnetic flux is applied across a
conducting device, there is a generation of eddy current in the conducting material [5]. Eddy
current applies an opposing force; hence there is an eddy current heating in the material. In
this way, the rotating device's kinetic energy is converted into heat energy, and as a result, the
rotating device stops. There are various advantages of contactless braking systems over the
direct-contact braking system: high efficiency, less frequent replacement, uniform braking
force, etc. But the contactless braking system is not feasible for petroleum-fuel-based
vehicles. Also, there is a sudden failure in the contactless braking system, leading to an
accident. On the other hand, there is continuous wear of braking materials (i.e., brake pad and
brake disc/drum) in the direct contact braking system. If wear-out pads and disc/drum are
replaced regularly, then there are fewer chances of sudden failure of the braking system [6].
The brakes are applied mechanically in the direct-contact braking system; hence, the direct-
contact braking systems are more reliable than the contactless braking system. Because of the
above reasons, the use of the contactless braking system is limited.
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Cotton soaked in a bitumen solution; the first brake lining material was invented by
Herbert Frood in 1897 [6,7]. It was used for braking applications in automobiles and railways.
Later on, wood and leather were also used for braking applications in railways [8]. Then,
Frederick Willian Lanchester, the English engineer, invented the disc-brake. In disc-brakes, a
metal or composite disc is rigidly fixed to the rotating wheel, and a frictional material (brake
pad) is pressed against the brake disc. The brake disc and brake pad's engagement produces an
opposing frictional force; this force is used to deaccelerate the rotating vehicle. The invention
of the brake disc was path-breaking in the field of baking technology. In 1903 automobile
companies, i.e., Renault and Mercedes introduced a variation in the design of the existing
braking system (disc-brake) that led to drum-brake development. In the drum-brake, a hollow
cylindrical drum (metallic or composite) is rigidly fixed to the rotating wheel, and braking
pads are pressed against the drum's inner circumference. There are various advantages of
drum-brakes over disc-brakes, such as increased contact area of friction materials, cheap, and
less input force. In the present work, different materials used over the years for brake pad and
brake disc/drum are reviewed in detail in the next sections.

2. Materials Used for Brake Disc/drum

The brake disc/drum is the most important and critical part of the braking system because
70% of brake wear starts from the brake disc or drum [9]. The brake disc/drum material
should have high strength, high wear resistance, high thermal conductivity, low thermal
expansion, and high thermal stability [9]. Today there are so many different materials that are
being used for making brake discs and brake drums. These materials can be classified into
five different categories, i.e., gray cast iron, steel, carbon-based materials, aluminum-based
materials, and ceramic-based materials. Figure 2 shows the percentage use of different
materials for making brake disc/drum (science direct). Still today, cast iron and steel remained
the most preferred material for making brake discs/drums (almost 70%). The use of ceramic-
based and aluminium-based materials for making brake discs/drums is increasing.
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Fig. 2. Use of different materials for making brake discs/drums

Cast Iron. Gray cast iron was the first material used for making brake disk/drum [6,10].
Even after hundreds of years, cast iron is still one of the brake disc's preferred materials [11-
14]. In the last 100-120 years, so many different materials are developed as a replacement for
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cast iron in brake discs, but cast iron remained the most used material for brake discs [15-25].
A high preference for cast iron as a brake disc material is due to its low cost, low wear rate,
less noise, steady coefficient of friction, high thermal conductivity, long life, and sufficient
corrosion resistance [25-35]. High-carbon gray iron alloyed with molybdenum and niobium,
used as the disc material for heavy trucks and passenger cars, has low strength [35-37].
Compact graphite iron (CGI), which is being used as a brake disc in the Europium railroad,
can be a better alternative to gray iron for making brake discs [38].

One of the major issues with cast iron as a material for brake discs and brake drums is
the high density. Because of the high density, the weight of the un-sprung mass of brake
assembly is very high. The dynamics of braking are highly dependent on the un-sprung mass
[39]. High un-sprung mass is the main reason for poor brake dynamics. Because of the above
problem, researchers are working on the development of lightweight material for brake
disc/drum from the beginning so that the brake dynamics can be improved. Another problem
encountered with the gray cast iron disc is the reduction in the coefficient of friction in wet
conditions [40]. That can be a reason for the accident. So, a braking material that can work
well in both the dry condition and the wet condition needs to be developed.

Steel. Steel is another widely used material for brake disc/drum [13,17,41]. Because of
its high strength, excellent corrosion resistance, high thermal stability, and high wear
resistance, steel is used as a braking material for heavy-duty applications such as aircraft,
trains, and trucks [42-49]. Panier et al. investigated the hot spot in the 28CrMoV5-08 forged
steel (used in railways brake disc) [50]. The main reason for the hot spot generation can be the
thermal distortion due to frictional heat. So, a high thermal resistance is required in the brake
disc's material to avoid brake failure. Desplanques et al. analyzed a sintered metal matrix
composite brake pad's wear behavior against the 28CrMoV5-08 forged steel brake disc used
in railways [51]. It was observed that a third body is produced during the braking operation
and separates the brake disc and brake drum. Hence, the wear behavior is mainly dependent
on the third body formed.

Camacho et al. also investigated the wear behavior of steel brake discs against the brake
pad [52]. The third body layer formed between the brake pad and brake disc and highly
influenced the wear behavior. Wu et al. done investigated the failure mechanism of
GS24CrNiMo445V steel brake discs used in high-speed trains on snowy days. It was
observed that the hard SiO, and Fe,O3 particles included in ice were the main reason for the
abrasion of brake discs and led to the generation of swarf. So, a high abrasion-resistant
material for brake discs is required for high-speed trains to avoid failure. Zhang et al. studied
the tribological behavior of 30CrSiMoVA alloy steel against the copper-based brake pads
during emergency braking in high-speed trains [53,54]. It was observed that the copper-based
brake pads tribo-couple exhibits fading behavior [53]. Zhao et al. also investigated the similar
fading behavior of metal matrix composite brake pad against the steel disc. Xiao et al. also
observed the significant effect of the third body formed between the Cu-based brake pad and
30CrSiMoVA alloy steel on the wear behavior of tribo-couple [55].

Carbon-based Materials. Carbon-based materials are also one of the most commonly
used materials for making brake discs [56]. Carbon-based materials have very high thermal
resistance and high wear resistance. Because of its excellent thermal and wear resistance, the
carbon-carbon brake system is used mostly in aircraft and racing cars [24]. Blanco et al. stated
that the carbon-carbon brake system could be used satisfactorily for twice the aircraft landing
number compared to steel brake systems [41]. Carbon-carbon brake discs have low
coefficient friction at operating temperatures below 400°C-500°C [57,58]. To enhance the
coefficient of friction and wear resistance, reinforcements such as SiC are reinforced in the
carbon matrix to produce C-C/SiC brake discs. C-C/SiC brake discs have superior properties
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compared to the carbon-carbon brake disc, and these are used widely for making brake discs
for high-speed trains and racing cars.

Kermc et al. have done a comparative study on the thermal and wear behavior of
C-C/SiC and gray cast iron against the Metal Matrix Composite (MMC) brake pad [59]. Very
high heat was generated in the braking system consisting of a carbon-based disc and MMC
brake pad compared to the heat generated in the braking system consisting of a gray cast iron
disc. But, the friction coefficient was higher and steady in the case of a braking system
consisting of C-C/SiC-based braking.

Podratzky et al. designed and experimentally characterized the military-helicopter disc
brake [45]. It was observed that in the case of the carbon-fiber composite brake disc, the
coefficient of friction and wear rate increased with an increase in the temperature and sparks
generated. Zhao et al. investigated the metal matrix composite brake pads' wear behavior
against the steel disc and C-C/SiC disc [60]. It was observed that the brake pad's wear rate
against the C-C/SiC disc was significantly less in comparison to the wear rate of the pad
against the steel disc. So, C-C/SiC is a better material for the brake disc against the metal
matrix composite brake pad.

Aluminium-based Materials. Because of the high density of cast iron or steel, low-
density aluminium alloy-based brake disc materials are being developed to improve brake
dynamics [61]. Sallit et al. used two aluminium alloys, Duralcan (AS10G) and hyper-eutectic
alloy (AS18UNG), to make a brake disc. SiC was used as a reinforcement to enhance the
wear resistance [62]. Various post-processing effects such as annealing and aging were
investigated on the wear properties of prepared composites. Results obtained were promising,
thus leading to the development of aluminium-based brake discs and brake drums.

Jang et al. investigated the effect of reinforcement of metal fibers in a non-ashestos
organic brake pad on the wear behavior of cast-iron brake disc and aluminium-based brake
disc [63]. Aluminium-based discs were produced by reinforcing 20% SiC in A356 aluminium
alloy. The wear trend of aluminium-based disc was found out to be the same as a cast-iron
disc. The high-temperature fade resistance of the aluminium-based disc was maximum with
the copper-fiber reinforced brake pad. Shorowordi et al. used aluminium matrix composite
reinforced with 13% SiC/B,4C as brake discs [64]. The wear behavior of the fabricated brake
discs was investigated against phenolic resins-based brake pads. It was observed that a
compact transfer layer formed between the composite brake discs and phenolic brake pads
and reduced the wear rates. Uyyuru et al. also developed the aluminium matrix composites
reinforced with different weights of SiC, intending to replace cast iron in brake discs [65].
The wear behavior of aluminium matrix brake discs against polymer matrix composite brake
pads was investigated. It was observed that a tribo-layer formed due to the brake pad's
interaction with the brake disc and affected the wear behavior significantly [66].

Blau et al. investigated the wear behavior of four different combinations of frictional
materials (brake disc and brake pad) [2]. Gray cast iron, C/SiC, Al/SiC, and FesAl Alloy were
used as brake disc materials. Commercial brake pad used in trucks was used as counterparts
for gray cast iron and FesAl alloy discs, C/SiC brake pad was used as counterparts against
C/Sic brake disc, and commercial brake pads used in automobiles were used as counterparts
against aluminium matrix brake discs. The coefficient of friction obtained for aluminium
matrix composite brake disc against commercial brake pad counterpart was minimum. Hence,
the force required for braking was maximum in the case of the aluminium brake disc.

Natarajan et al. do a comparative study on the wear behavior of grey cast iron and
aluminium matric composite (reinforced with 25% SiC) brake disc against a semi-metallic
brake pad [67]. It was observed that the wear rate in the case of the aluminium matrix
composite brake disc was less in comparison to the grey cast-iron brake disc. Also, the
friction coefficient was 25% higher in the aluminium matrix composite brake disc. Natarajan
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et al. have done a comparative study on the tribological properties of aluminium matrix
composite brake drum and cast-iron drum brake [39]. It was observed that the temperature
rise in the case of the aluminium matrix composite brake drum was slightly higher than the
temperature rises in the cast-iron brake drum.

Kushal et al. investigated various aluminum-based materials' mechanical and
tribological properties to check the suitability for making brake drums [68]. It was observed
that the deformation and the temperature rise were minimum in the case of controlled
expansion aluminium alloy. So, a controlled expansion alloy can be used to make brake
drums in light-duty vehicles. Natarajan et al. also investigated the tribological properties of
aluminium-based brake drum against non-asbestos organic brake liner (consisting of
aluminium alloy insert) and asbestos brake liner [69]. It was observed that the thermal
expansion of the aluminium brake drum was higher in the case of a non-asbestos brake liner
because of the high heat generation. But the steady-state temperature was low in the case of
non-ashestos organic brake liner. Gowthami et al. have done a comparative study on the
tribological behavior of three different brake disc materials, i.e., cast iron, steel, and
aluminium alloy, used in trucks [3]. It was observed that the deformation and the maximum
temperature rise were minimum in the case of aluminium alloy brake discs. So, cast iron can
be replaced by aluminium alloy to make brake discs for trucks; by doing this, a nearly 58%
reduction in brake disc weight can be achieved.

Ceramic-based Materials. Zhang et al. fabricated a composite material consisting of a
porous ceramic mixture (56%) and aluminium alloy (44%) as a replacement of cast-iron in
brake rotors [70]. The wear behavior of the fabricated composite brake rotor against the
phenolic resin brake was investigated. It was observed that the wear rate and friction of
coefficient were high compared to the cast iron rotor. Podratzky et al. found SiC brake discs
or ceramics brake discs superior to the carbon-fiber composite brake discs for military
helicopter and other heavy-duty applications because of low wear rate and negligible spark
generation [45]. Bian et al. investigated two C/SiC/Si ceramic brake discs' tribological
behavior containing 53.1% SiC/Si and 17.7% SiC/Si in the water-spray environment [71]. A
higher coefficient of friction (0.5) was observed in ceramic brake discs containing 53.1%
SiC/Si. So ceramic brake can be used effectively in a moist environment also. Gunay et al.
reviewed the materials used in railways for brake discs and brake pads [48]. It was found out
that the cast iron and aluminium alloy-based disc brakes are suitable for low-speed trains
(speed below 200 km/h) only. In high-speed trains (speed above 400 km/h), ceramic and steel
brake discs are used because of their high thermal and wear resistance. Hence, ceramic
materials are thought to be the future materials for braking because all the countries' focus is
to develop high-speed trains and vehicles to reduce travel time. Jiang et al. investigated
SiC/Al ceramic brake disc's tribological properties against the C/SiC brake pads used in high-
speed trains [72]. It was observed that the SiC/AI-C/SiC tribo-couple is suitable for
emergency braking in high-speed trains.

3. Materials Used for Brake Pad or Brake Lining

The brake pad is the stationary friction material rubbed against the rotating brake disc or
brake drum. Some of the properties required in a brake pad are lightweight, corrosion
resistance, low wear rate, low noise, long life, and low cost [73]. Over the years, so many
materials are used for making brake pads. Some of the brake pad/lining materials are given in
Table 1 with an approximate year of first use. Asbestos is one of the most suitable materials
for brake drums, but asbestos has some health issues [64,74-76]. There are mainly two types
of asbestos, serpentine asbestos (chrysotile) and amphibole asbestos (crocidolite). It was
found that wear-out particles of chrysotile asbestos brake pads have a high carcinogenic effect
on the car mechanics who replace brake pads [77]. Hence, the use of asbestos-based brake
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pads was banned by the Environment Protection Agency in 1986. So, it becomes a challenge
for research communities to develop asbestos-free brake pads.

Bernstein et al. have done a comparative study on health issues caused by two types of
asbestos (chrysotile and crocidolite) [78]. An opposing result to previous studies was found
out. It was observed that the chrysotile asbestos does not cause lung infection on inhalation
for a short period. In contrast, crocidolite asbestos had a half-life of more than 1000 days and
caused a severe inflammatory response. The release of other heavy metals such as copper,
iron, antimony, etc., from brake pads, is also harmful to the environment [31,47,79]. So,
researchers are working on the development of eco-friendly brake pads.

Table 1. History of brake pad/lining materials [6,8]

Brake Pad or Brake Lining Material Approximate Year of Fist Use
Cast iron or steel Before 1870

Cotton or hair belting 1897
Asbestos 1908
Molded materials to replace steel or cast iron 1930
Flexible organic materials 1930
Semi-metallic materials 1950
Non-asbestos organic 1960
Carbon fibers 1991

There are mainly four types of brake pads used widely, metallic or semi-metallic brake
pads, Non-asbestos Organic (NAO) brake pads, Metal Matrix Composite (MMC) brake pads,
and ceramic or carbon-carbon brake pads [80]. The most commonly used materials for
making brake pads or brake lining are shown in Fig. 3. It can be observed that non-ashestos
organic brake pads are most widely used today because of their low cost and environment-
friendly nature.

Metallic or Semi-Metallic Brake Pads. Metallic pads consist of metal or metal alloys.
Simultaneously, semi-metallic brake pads contain a high amount of metals or metallic fibers
(20%-80%) [81]. Iron, copper, brass, and tin are the most commonly used metals. Cast iron or
steel-based metallic pads are widely used in heavy-duty braking applications such as railways,
aircraft, etc. [48]. Kukutschova et al. investigated the wear behavior and wear debris of semi-
metallic brake pads against the gray cast-iron brake disc [13]. It was observed that the wear
debris consisted of a high percentage of metals and metallic oxides. Ferrer et al. have done a
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comparative study on the tribological behavior of sintered alloy brake pad and cast-iron brake
pad against the railway brake disc [82]. The brake pad consists of iron, copper, chromium, tin,
and graphite. It was observed that the sintered alloy brake pad has an 80% higher coefficient
of friction in comparison to the cast-iron brake pad. Sintered alloy pads produce low
roughness in the brake disc in contrast to cast iron brake pads. The noise produced was also
low in the case of a sintered brake pad. VVasconcellos et al. characterized the third body layer
formed between the cast-iron brake disc against two different types of semi-metallic brake
pads [21]. Magnetite and pyrite were detected on the surface. These phases have a significant
effect on the wear behavior of brake couples. Tayeb et al. investigated the wear behavior of
four different non-asbestos semi-metallic brake pads against a cast-iron disc in a water spray
environment [24]. It was observed that the brake pad consisting high amount of steel fibers
saw a constant coefficient of friction in the water spray environment. So, the brake pad's high
metallic fiber content is better from the safety point of view, but high steel content induces
high disc wear.

20.22%
61.8%

6.74%

11.24%

B Metallic/Semi-metallic
[ Non-asbestos Organic
B Metal Matrix Composite

[ | Ceramic/Carbon-carbon
Fig. 3. Materials used for making brake pad or brake lining

Wahlstrom et al. investigated the wear behavior of three different types of brake pads,
I.e., nano-porous, low-metallic, and NAO against the cast-iron brake disc [27]. It was
observed that the wear nano-porous brake pad release 3-7 times fewer airborne particles.
Hinrichs et al. investigated semi-metallic brake pads' wear behavior against the gray cast-iron
brake disc [28]. It was observed that the coefficient of friction was erratic; this was due to the
lack of magnetite, and a high amount of cementite in the third body formed. So, the amount of
cementite should be less to obtain a stable coefficient of friction. Shupert et al. studied the
effect of brake pad wear dust originating from a low metallic brake pad on the aquatic plant
Salvinia molesta Mitchell [83]. It was observed that the wear debris could be a serious cause
of marine plant species' growth. Hendre et al. fabricated two brake pads, i.e., semi-metallic
type (metallic fibers bonded by resin) and NAO type [84]. A comparative study on the
mechanic and tribological properties of fabricated pads and asbestos-based commercial brake
pad were done. It was observed that the fabricated brake pad's mechanical properties were
higher in comparison to the asbestos-based pad. The coefficient of friction of the asbestos-
based pad was higher than the coefficient of friction of fabricated pads.



804 Naveen Kumar, Ajaya Bharti, H.S. Goyal, Kunvar Kant Patel

Non-asbestos Organic Brake Pads. Asbestos-free organic materials are the most
commonly used material for brake pads [77]. Almost 80% of brake pads used in automobiles
are NAO type. There are various contents in organic brake pads, such as a binder, fibers,
abrasives, lubricants, fire-resistant materials, and other reinforcements [18-
20,23,50,62,65,66,80,85]. The composition of a non-asbestos organic brake pad is given in
Table 2.

Effect of metallic fibers. Hoyer et al. fabricated three different NAO brake pads with
and without metallic threads [86]. The fabricated pads' wear behavior was investigated; it was
observed that the no-friction film was formed during the low-duty cycle. As the thermal
stability of NAO-type brake pads without metallic fibers is less, Yevtushenko et al.
investigated the effect of the addition of steel fibers and copper fibers on the tribological
properties of NAO-type brake pads [87]. It was observed that the temperature rise was high,
even after the addition of high thermal conductivity metal fibers. So, the addition of metallic
threads was found ineffective in reducing the temperature rise. Eriksson et al. also
investigated NAO brake pads' surface characteristics containing metallic fibers [15,88]. Jang
et al. also fabricated low copper fiber NAO brake pads containing 15 different ingredients
[16,89]. Steel fibers used in NAO brake pads are the reason for high brake disc/drum wear.
Jang et al. fabricated NAO brake pads with three different types of metallic fibers, i.e.,
aluminium, copper, steel fibers [63]. It was observed that the Cu-based brake pad saw better
fade resistance. Also, a steel fiber-based brake pad saw erratic friction due to large metal
transfer against an aluminium brake disc. Darius et al. also fabricated four different NAO
brake pads with varied compositions for light rail transit [80]. It was observed that the friction
of the coefficient was high, and the wear rate was less for the brake pad containing a high
amount of barium and iron.

Table 2. General composition of non-asbestos organic brake pad

Constituent Characteristic Name

Fiber Organic/Inorganic/Metal

Fillers Barytes/VVermiculite/clay/Iron Oxide
Abrasives Mica/SiC/Zirconium Silicate/Quartz
Binders Rubber/Resin

Reinforcements Sulfides of Copper/Lead/Antimony

Effect of processing parameters. Kim et al. optimized the process parameters to
fabricate the NAO brake pad using the Taguchi design of the experiment [90]. It was
observed that the molding temperature and molding pressure were the most influencing
parameters in the manufacturing of NAO brake pads. Optimum parameters were molding
pressure of 27MPa, molding temperature of 225°C, six-minute molding time, and six hours of
heat treatment at 200°C.
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Surface characterization. Osterle et al. studied the microstructural and chemical
changes in braking material during the braking operation [17]. NAO-type brake pad with
quartz as a major constituent was used for the study. It was observed that the third body
patches formed contain pad constituents and iron oxide from the disc. Delamination of filler
particles was the dominant wear mechanism for the brake pad. Osterle et al. also studied the
friction film and friction layer formed on the NAO-type polymer matrix composite brake pads
[11]. It was observed that a third body layer formed and separated the brake disc from the
brake pad. The third layer formed had a high influence on the wear behavior of the braking
couple. Also, constant friction in the range of 0.3-0.5 was achieved after a running time. Blau
et al. investigated NAO type brake pads' wear behavior in trucks against a cast-iron brake disc
in the water spray environment. It was observed that the coefficient of friction dropped
significantly in the wet condition. Dry friction was achieved after 1-2 sec. of sliding. Eriksson
et al. investigated the contact and wear behavior of NAO-type brake pads [91]. An NAO-type
brake pad consists of so many different materials such as polymer, metal, etc. So, there is a
high difference in the hardness of the constituent material. The high difference in constituents’
properties, a particular type of surface consisting of micron size plateaus, is formed. These
plateaus wore out and developed again during braking.

Effect of various reinforcement. Mutlu et al. investigated the effect of the addition of
boric acid on the wear behavior of NAO-type brake pads [92]. It was observed the wear
performance of brake pads improved after the addition of boric acid. Marina et al.
investigated the effect of potassium titanate on the wear behavior of NAO-type brake pads
[34]. It was observed that the wear behavior and grain pull-out reduced. Liew et al. fabricated
two types of brake pads, one with asbestos and one without asbestos, and investigated the
tribological properties of fabricated pads against the cast-iron disc. It was observed that the
non-asbestos brake pad has a stable coefficient of friction. Also, the wear resistance of the
non-asbestos brake pad was high compared to the asbestos-based brake pad and commercial
brake pad. Baklouti et al. investigated the effect of the addition of glass fibers on the wear
behavior of NAO-type brake pads [93]. It was observed that the wear rate decreases after the
addition of glass fibers. Also, thermal and mechanical strength improved. Osterle et al.
investigated organic type brake pads' tribological properties consisting of solid lubricants such
as graphite and molybdenum disulfides [94]. It was observed that the addition of solid
lubricants significantly affected the wear behavior of brake pads. Natarajan et al. have done a
cooperative study on the tribological behavior of asbestos brake liners and NAO brake liners
against aluminium-based brake drums [69]. It was observed that the steady temperature was
low in the case of NAO brake liners. But, the brake drum's thermal expression was less more
in the case of NAO brake liners because of more heat generation.

Effect of resin. Phenolic resin is the most commonly used binder in NAO-type brake
pads. But the life of phenolic resin is short, and there is shrinkage in the final material. Also,
various volatile by-products evolve during the processing of phenolic resins. So, Gurunath et
al. fabricated a new resin polymerizing by heat-induced ring-opening to replace the Novolac
phenolic resin [95]. It was observed that the performance brake pad formed from the new
resin was better than the performance of the pad formed from conventional phenolic resin.
Joo et al. studied the effect of different types of resins on the particulate emission from the
NAO type of brake pads [32]. It was observed that the wear rate and particulate emission were
low in the case of heat-resistant resin in comparison to the straight-phenolic resin. So, heat-
resistant resin is a better alternative to straight-phenolic resin for the fabrication of NAO-type
brake pads.

Environmental impact of Antimony. Uexkull et al. studied the health issue related to
antimony (Sh,Ss3), a commonly used constituent of an NAO-based brake pad [96,97]. It was
observed that the Sb released in the environment from the friction material could cause human
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cancer [44]. So, the use of Sh,S; and Sb based materials was deterred. Ertan et al. also
fabricated an NAO-type brake pad using a powder metallurgy process [12]. The wear
behavior of the brake pad consisting of 15 ingredients was investigated against the cast-iron
disc. It was observed that the density of brake pads was mostly dependent on the molding
pressure and temperature. Wear resistance of brake pads increased on increasing the molding
time. lijima et al. characterized the brake dust released from the non-steel non-asbestos brake
pad to study antimony sulfides' impact on the environment [14]. It was observed that the
Sh,S; used in the brake pad oxidized to form carcinogenic Sb,O3. Also, Sb particles released
from brake pads can be a reason for the enrichment of Sb in the environment [98].

Replacement of Copper. Copper metal fibers (5%-10%) are most commonly added in
NAO-type brake pads to increase the thermal conductivity. Also, copper fibers help in the
formation of compact third body layers. But, the release of heavy metal copper has some
health issues [33]. So, Straffelini et al. suggested some replacements for copper in a review
[99]. Graphite is suitable for replacing copper because graphite increases the thermal
conductivity and reduces the wear rate. But graphite oxidized to carbon monoxide easily at a
higher temperature, which can be because of health issues. Nature fibers can also be used to
replace copper in making copper-free eco-friendly brake pads. Mahale et al. used stainless
steel swarfs as a replacement for copper fibers in NAO-type brake pads [100]. It was observed
that the wear rate and fade resistance of stainless-steel swarf containing brake pads was
slightly higher than copper-containing brake pads. Mahale et al. investigated the effect of
plasma treatment of stainless steel swarfs on the tribological properties of stainless-steel
swarf-containing brake pads [101]. It was observed that the tribological properties improved
after plasma treatment because of better adhesion. Lyu et al. fabricated the Cu-free brake
pads, and a comparative study was done on the airborne particle generated from the copper-
containing pad and copper-free pad [102]. It was observed that the Cu-free brake pads
produced more airborne particles.

Eco-friendly Brake Pads. As the emission of asbestos, Cu, Sh, Pb, Zn, etc. to the
environment from brake pads is one of the reasons for serious health issues, so the researchers
are working for the development of eco-friendly NAO type brake pads using natural fibers
[103,104]. Asabe et al. fabricated an NAO-type brake with the addition of coconut shell
powder. It was observed that the strength and wear rate improved after the addition of coconut
shell powder. But, on further increasing the coconut shell powder content, brittleness
increased [7]. Rao et al. fabricated eco-friendly NAO-type brake pads using agriculture waste.
It was observed that the wear performance of agriculture-based brake pads was comparable to
asbestos-based brake pads and didn't have any health issues [4].

Singh et al. investigated the effect of weight fraction of aramid fibers and lapinus fibers
on NAO-type brake pads' mechanical and tribological properties [105]. It was observed that
the physical properties increased on increasing the lapinus fibers while the mechanical
properties enhanced on increasing the weight fraction of aramid fibers. Yun et al. fabricated
the eco-friendly NOA brake pad by reinforcing natural fibers in place of hazardous metallic
threads such as copper, brass, etc. The wear behavior of the fabricated pad was investigated
[106]. It was observed that the properties of natural fibers-based eco-friendly was comparable
to metal fibers-based brake pads. So, natural fibers can easily replace hazardous metallic
threads in NAO-type brake pads. Abutu et al. fabricated NAO-type brake pads consisting of
sea-shell, epoxy resin, alumina, and graphite [107]. It was observed that the steady coefficient
of friction of the fabricate pad was around 0.48. So, manufactured material was found suitable
for making automobile brake pads. Pujari et al. fabricated NAO-type eco-friendly brake pads
consisting of palm kernal shell, wheat, nile-roses, graphite, alumina, and phenolic resin [108].
It was observed that fabricated brake pads had a low wear rate, low noise, and high friction
coefficient. Tamo et al. also fabricated palm kernal shell-based brake pads and observed
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similar properties [109]. Craciun et al. investigated the effect of varying weight fractions of
aluminium metal fibers and coconut fibers (keeping weight fraction of other constituent
constant) on the tribological properties of NAO-type brake pads [110]. It was observed that
the brake pads having 10%-15% coconut fibers exhibited excellent properties.

Karthikeyan et al. fabricated non-asbestos-type brake pads using kenaf fibers and aloe-
vera fibers [73]. It was observed that the deformation in fabricated brake pad material was
higher than the deformation and stresses in asbestos-based brake pad material. So further
research is required to develop eco-friendly brake pads that can replace asbestos-based brake
pads. Lawal et al. fabricated eco-friendly NAO-type brake pads using sawdust [36]. The wear
performance of sawdust-based brake pads was comparable with the wear performance of
commercial brake pads. So, sawdust can be used to fabricate eco-friendly brake pads. Dadkar
et al. manufactured an NAO-type brake pad with the addition of fly-ash as a filler and aramids
as reinforcement [111]. It was observed that the recovery response increase after the addition
of fly-ash. Xin et al. have done a comparative study on the wear behavior of the sisal fiber-
based NAO brake pad and asbestos-based brake pad [112]. It was observed that the wear
performance of the sisal fiber-based brake pad was better than the asbestos-based brake pad.
So, sisal fiber can replace carcinogenic asbestos for making a brake pad. Zhang et al.
fabricated NAO-type brake pads consisting of Cu fiber, glass fiber, and wood fiber in place of
steel fibers [70]. Wood fiber improved the bonding between the fibers and binders.

Metal Matrix Composite Brake Pads. Asbestos based are being eliminated because of
health issues, and non-asbestos organic pads have a low thermal resistance. So, MMC brake
pads are being developed for heavy-duty applications [26,29,113,114]. Chapman et al.
fabricated a boron carbide reinforced aluminium matrix composite brake pad [115]. It was
observed that the Al/B4C has very high wear resistance; also, Al/B4C brake pads did not show
any fading behavior at high temperatures too. Kermc et al. investigated the MMC brake pad's
wear behavior against two types of brake disc material, i.e., gray cast iron and C-C/SiC [59].
It was observed that the temperature rise was very high in the case of the MMC pad used
against the C-C/SiC brake disc, but the coefficient of friction was high and steady. So the
MMC brake pad instead of the C-C/SiC brake pad can be used against the C-C/SiC brake
disc. Stadler et al. investigated the effect of the addition of SiC and graphite on the wear
behavior of metal matrix composite brake pads against the C-C/SiC brake disc [57,58]. It was
observed that the SiC reinforced MMC brake pad had a low coefficient of friction. The
coefficient of friction increased after the addition of graphite despite the solid lubricant nature
of graphite. Yevtushenko et al. studied the thermal stresses induced during braking in a brake
system consisting of a metal-ceramic brake pad and cast-iron disc [22]. It was observed that
the high heat generated during braking induce thermal stress in the brake couple. Desplanques
et al. investigated a sintered metal matrix composite brake pad's tribological behavior against
the forged steel brake disc [51]. It was observed that the third body layer formed and
influenced the wear behavior significantly. Gultekin et al. investigated aluminium matrix
composite brake drum wear behavior against the copper matrix composite brake pad
reinforced with graphite [24]. Due to copper's high thermal conductivity, heat dissipation was
better, and the temperature rise was low. Abhik et al. fabricated an aluminium matrix
composite reinforced with SiC for brake pad application [116]. Effect of weight fraction of
SiC was observed on the wear behavior of Al/SiC brake pads. It was observed that the wear
rate of Al matrix composite reinforced with 10% SiC was minimum.

Tang et al. fabricated copper matrix hybrid-composite brake pads reinforced with
graphite, MoS,, SiC, Fe, and FeCr for railways [117]. The effect of making a hole in the
middle of the brake pad was studied on the tribological behavior. It was observed that the
noise production reduced, and heat dissipation improved. Xiao et al. also fabricated copper
matrix composite pads by reinforcing graphite, MoS,, Fe, FeCr, etc. [49]. Cu-MMC brake



808 Naveen Kumar, Ajaya Bharti, H.S. Goyal, Kunvar Kant Patel

pads exhibited excellent properties, so they can be used for making railway brake pads [118].
Zhang et al. fabricated copper matrix composites reinforced with Fe, graphite, and MoS, from
brake pad applications [119]. It was observed that the coefficient of friction incredased
slightly on the addition of MoS; (2% by weight). On the other hand, the wear rate decreased
significantly (80% decrease) in comparison to the sample without MoS,. Zhang et al. also
studied the fade behavior of the Cu-MMC brake pad against the steel disc used in railways
[53]. It was observed that fading became severe when brake applied for a long time. Zhang et
al. also investigated the effect of alumina on the wear properties of Cu-MMC brake pads [54].
It was observed that the wear rate reduced, and the coefficient of friction increased after the
addition of alumina. Aluminium matrix composites can also be used for brake pads materials
[120].

Ceramic or Carbon-carbon Brake Pads. C-C or C-C/SiC brake pads are mostly used
against the C-C/SiC or ceramic brake discs [41]. C-C/SiC brake couples are light and used for
heavy-duty applications such as aircraft, trains, etc., because of high thermal and wear
resistance. The friction of the C-C/SiC friction couple is also high, so it requires a low braking
force. Fiber-reinforced Ceramic Matrix Composites (FRCMC) are also used in aircraft brake
pads [1]. Ceramic resins derived from polymer (i.e., alumina silicate and silicon carboxyl) are
used as a matrix material, while silicon carbide, silicon nitride, and alumina are used as fiber.
Podratzky et al. investigated the wear behavior of carbon-fiber composite brake couple and
silicon carbide (ceramic) brake couple [67]. It was observed that the wear rate of the carbon
fiber-based brake pad was higher than the wear rate of the ceramic brake pad. So, a ceramic
brake pad was found to be superior to the carbon-fiber brake pad.

Wang et al. investigated a carbon-based brake pad's tribological properties against the
steel rotor in a wet environment [121]. It was observed that the friction coefficient reduced by
nearly 30% in wet conditions in comparison to dry conditions; this can be a reason for the
accident. Jiang et al. investigated the graphite/SiC brake pad's tribological properties against
the SiC/Al brake disc [72]. It was observed that the graphite/SiC brake pads were found
suitable for high-speed train braking systems. Ma et al. investigated the effect of the
introduction of the ductile phase FeSi, on the tribological properties of C-C/SiC brake pads
[56]. It was observed that the wear resistance of FeSi, modified C-C/SiC brake pads was
higher than the un-modified C-C/SiC brake pads. Also, friction surface in the case of FeSi,
modified C-C/SiC brake pads was maintained even at high pressure, but in the case of un-
modified C-C/SiC brake pads, the friction layer destroyed completely.

4. Conclusions

Asbestos is a perfect material for making friction materials such as brake pads or brake lining.
But, due to its carcinogenic nature, it has been banned by the environment and health
agencies. So, researchers are working on the development of asbestos-free material for
braking applications. Non-asbestos organic materials are the most commonly used material
for making brake pads. But the thermal stability organic brake pad is low, so the use of the
NAO brake pad is limited to light-duty vehicles. In railways and airplanes, MMC or ceramic
brake pads are more suitable. As most of the countries are working to develop high-speed
trains, there is a high demand for ceramic or MMC brake pads. Emission of Sb, Cu, and other
heavy metals from brake pads/discs during braking is also harmful to the environment. So,
researchers are working on the development of eco-friendly braking material using
agricultural waste or natural fibers. For making brake disc/drum, high density cast iron or
steel is most commonly used. But heavyweight of the un-sprung rotating mass is the reason
for poor dynamics. So, aluminium matrix composite is considered a future material for brake
disc/drum because of its lightweight, high strength, and high wear resistance. The use of
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AMCs for brake drum/disc can reduce the braking system's weight, and as a result, brake
dynamics will improve.
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