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ABSTRACT: Wear of the elements of the brake friction pair and particle emission caused
by the operation of the brakes (non-exhaust emissions) is one of the biggest polluters of the
environment from traffic and a problem that needs to be solved in the coming period. The
brake pads are made of a mixture of different materials that ensure the longevity and
efficiency of the brake system. The applied materials have different wear intensities in
certain operating conditions, but wear is influenced by different factors that have been
analyzed by other authors in their research. An overview of materials in brake pads, as well
as their influence on wear and non-exhaust emission based on modern research is performed
in this paper.
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ANALIZA UTICAINIH FAKTORA NA HABANJE KOCNICA I NON-
EXHAUST EMISIJU SA OSVRTOM NA PRIMENJENE MATERIJALE U
KOCNIM PLOCICAMA

REZIME: Habanje elemenata frikcionog para koc¢nice i emisija Cestica koje nastaje radom
ko¢nica (non-exhaust emisija) predstavlja jedan od najvecih zagadivaca okruzenja od
saobracaja i problem koji je potrebno resiti u narednom periodu. Koc¢ne plocice su sacinjene
od mesavine razlicitih materijala koji obezbeduju dugotrajnost i efikasnost ko¢nog sistema.
Primenjeni materijali imaju razlicit intenzitet habanja u odredenim radnim uslovima, ali na
habanje uticu razliciti faktori koji su u analizirani od strane drugih autora u njihovim
istrazivanjima. U ovom radu izvrSen je pregled materijala u ko¢nim plo¢icama, kao i njihov
uticaj na habanje i non-exhaust emisiju na osnovu savremenih istrazivanja.

KLJUCNE RECI: koénice, uticajni faktori, materijali, habanje, Cestice

ANALYSIS OF INFLUENCING FACTORS ON BRAKE WEAR AND NON-
EXHAUST EMISSION WITH REFERENCE TO APPLIED MATERIALS IN
BRAKE PADS

Sasa Vasiljevic, Jasna Glisovi¢, Blaza Stojanovié, Nadica Stojanovic, Ivan Gruji¢
INTRODUCTION

Wear of the friction elements of the braking system leads to environmental pollution,
creating the so-called non-exhaust emission of particles, which occurs due to the wear of
two surfaces that are in contact with each other. The harmfulness of the particles formed by
the wear of brake materials is reflected in the fact that the friction elements of the brakes are
often composed of substances that are harmful to human health [1,2]. The problem and the
reason for the harmfulness is that the particles are released into the environment, and they
also contain harmful substances that a person inhales through the air [3, 4]. Some of the
materials are so harmful that their use is slowly declining in brake pads or is completely
banned such as asbestos. Asbestos is very harmful to human health, so it is no longer used in
most countries, but it also has very good tribological properties [5, 6]. It is important to note
that today we are moving towards finding alternative materials that would replace harmful
substances, and in addition to maintaining the efficiency and durability of the brake
elements. Non-exhaust particle pollutants are sources that emit particles by their wear, i.e.
wear of the contact surfaces of the elements, but do not emit particles by some combustion
process as emitted by the engine. Brakes are one of the sources of non-exhaust emission. In
addition to the wear of the brakes, non-exhaust particles are also created by the wear of
other parts and elements of the vehicle, e.g. tires, various metal assemblies such as joints,
gears, couplings, ... Today, with strict legal restrictions on exhaust emissions and the
increasing use of electric vehicles, these sources are becoming the dominant source of
particles, especially when it comes to brakes. The problem in the case of application of
friction materials, i.e. materials used for the production of brake pads, is that there may be
changes in the braking coefficient (brake efficiency), but also the intensity of brake wear
[7]- So it is very important to take care of the applied materials, but in addition, extensive
tests are necessary. The reason for this is that the brake pads as well as the disc must meet
two key requirements, and that is a high value of the coefficient of friction, but a low wear
rate of friction materials [8]. The applied materials, i.e. the composition of the brake pads
and the material from which the disc is made, have a great influence on these two key
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requirements. The conclusion is that when analyzing brake wear and particle formation,
materials have a significant impact, but it is important to note that wear is also affected by
operating conditions, i.e. different parameters and quantities that can be analyzed when it
comes to the braking process. In order to identify the influence of various parameters or
factors on brake wear, this paper reviews some of the factors that affect brake wear. In
addition, this paper presents an analysis of the most commonly used materials used in brake
pads, but also those researchers have found to be the most present in particles.

1. CHARACTERISTIC AND MOST COMMONLY APPLIED MATERIALS IN THE
COMPOSITION OF BRAKE FRICTION PAIRS

The brake pads contain different materials, each with its own specific role, so they can be
classified in several ways. With this in mind, the materials used in brake pads are divided
into several groups:

e Friction additives - which determine the friction properties of brake pads and
contain a mixture of abrasives.

e Fillers - which reduce costs and improve the workability of brake pads.
e Binder - which holds the brake pad components together.
e Reinforced fibers that provide mechanical strength [9].

When it comes to materials, today, more and more research is being done on alternative
materials that could be used in brake pads, which is present in the works of several authors.
Thus, in [10], examples of some of the materials that could be used in exchange for a longer
material that is more harmful are presented. One of the goals is that such materials have as
little harmfulness as possible, i.e. that their wear creates particles that do not have a harmful
effect on humans [11]. The properties of brake pads that are pursued in the process of
product development and achieving a quality product are: a high coefficient of friction,
favorable thermal conductivity, high thermal resistance, low mass, high resistance to wear,
low noise level, low cost, not making the damage to the brake surface of the metal element
of a friction pair, and corrosion resistance, [12]. Table 1 shows some of the natural materials
tested that could be applied in brake pads.

Table 1 Investigated alternative materials that could be used in brake pad

Reference Alternative material
Olupona et al.[13] Cocoa bean shells
Singaravelu et al. [14] Crab shell powder

Ademoh and Adeyemi [15] Maize Husks

Idris et al. [16] Banana peels

Palm kernel shells cocoa beans shells,

Olabisi et al. [17] maize husks

Primaningtyas et al. [18] Rice husk
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Lagel et al. [19]

Tannins furanic resin

Bretotean et al. [20]

Coconut fiber

Today, there are a number of materials used in friction pads. According to the source [21],
the composition of sixty-five commercial brake pads and fifteen brake discs used on motor
vehicles was analyzed. Using XRF method (X-ray fluorescence) for material analysis, the
composition of these pads was performed and Table 2 shows the elements that are part of

the brake pad material.

Table 2 Results of composition analysis of 65 brake pads and 15 discs [21]

Element | Unit Maximum | Minimum | Average Number of
samples
Materials used in brake pads
Fe %m/im | 44.7 8.4 22.7 65
Cu %m/m | 17.8 0.11 11.2 65
Zn %m/m | 18.0 0.09 4.7 65
Sn %m/m | 8.9 0.01 3.3 65
Al %m/m | 5.2 0.42 1.7 65
Si %m/m | 5.2 0.05 1.8 65
Zr %m/m | 7.1 0.00 1.2 57
Ti %m/m | 12.1 0.02 0.9 65
Sb %m/m | 8.3 0.01 2.7 29
Cr %m/m | 2.1 0.04 0.8 65
Mo %m/m | 4.0 0.00 0.8 50
Mn %m/m | 2.4 0.10 0.3 65
V %m/m | 1.7 0.01 0.3 62

Mobility & Vehicle Mechanics, Vol. 47, No. 2, (2021), pp 45-59




50 Sasa Vasiljevié¢, Jasna Glisovi¢, Blaza Stojanovic, Nadica Stojanovié, Ivan Gruji¢

Ni %m/m | 0.4 0.05 0.1 38
Bi mg/kg | 10,949 0.00 2060 65
W mg/kg | 9863 0.00 1825 65
P mg/kg | 8750 0.00 1225 65
Pb mg/kg | 53,681 0.16 1305 65
Co mg/kg | 4564 0.00 196 65
Materials used in brake disc

Fe %m/m | 93.7 92.0 92.9 15
Al %m/m | 0.9 0.5 0.6 15
Si %m/m | 2.4 1.7 2.0 15
Zr %m/m | 0.01 0.003 0.004 3

Cr %m/m | 0.3 0.1 0.2 15
Mo %m/m | 0.2 0.005 0.031 15
Mn %m/m | 0.8 0.5 0.6 15
Ni %m/m | 0.1 0.1 0.1 4

Bi mg/kg | 9.6 0.1 52 15
W mg/kg | 9.2 0.1 44 15
P mg/kg | 578.5 0.2 73.7 15
Pb mg/kg | 9.6 0.0 4.8 15
Co mg/kg | 8.3 0.9 4.7 15

When it comes to specific materials that can be found in particles, a number of authors have
tried to find and analyze, which are the dominant elements that indicate that the particles of
non-exhaust emissions originated precisely from the braking system. Thus, Table 3 shows
the materials that are characteristic of the wear of the braking system, and that can be found
in the fractions of the particles, and according to the results obtained by different authors.

Table 3 Characteristic materials in hon-exhaust source monitoring as dominant
elements in brake pairs
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Reference Material

Hulskotte et al.[21] Fe, Cu, Znu Sn

Lawrence et al. [22] Ba, Cu, Fe, Mn, Ni, Pb, Sh
Mosleh et al.[23] Al, Mg, Sb, Si, S u Cu
Bukowiecki et al. [24] Cu, Fe, Mo, Sb, Sn, Zn, Zr
Adamiec et al.[25] Ti, Crand Cu

Duong and Lee [26] Cu, Ni

Alves et al. [27] Ba, Cu

Adachi and Tainosho [28] | Ba, Ce, Cu, Fe, La, Sb, Ti, Y, Zr
Valotto et al. [29] Fe, Cr, Sb and Mo

Having in mind the existence of different elements in the brake pads, they can be divided
into several categories according to their composition in different ways. It is important to
note that one of the divisions that can be found most often, according to the content of
metals, i.e. metallic materials. Thus, according to the composition of the brake pads can be
divided into:

e metallic brake pads,

e semi-metallic brake pads,

e low-metallic brake pads,

e ashestos brake pads, asbestos-free brake pads (NOA- Non-Asbestos Organic),
e carbon brake pads,

e ceramic brake pads [30].

Metal brake pads usually contain only elemental metals and graphite as a lubricant [31].
Semi-metal friction linings are one of the most wear-resistant brake pads and therefore, the
most durable. Such brake pads contain metals that are combined with graphite and other
fillers in order to maintain their resistance to wear but also to have as little impact on the
disc as possible [32]. According to the source [33] they contain 35 to 65% of metals while
according to the source [32] they contain 30 to 70% of metallic materials while according to
[14] from 30 to 60% of metals. Low metal brake pads according to the source [35] contain
10-30% of metallic materials. According to the source [33], organic friction linings consist
of materials obtained from organic origin, such as glass, Kevlar, resin or rubber. Organic
friction linings or NAO (Non-Asbestos Organic) have replaced asbestos substances due to
health risks. These friction linings contain less than 10% metal [36], but the rest of the
friction material comes from plant-derived fibers, high-temperature resins and other
materials. These friction linings are intended for light vehicles and normal driving
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conditions and modes [37]. Ceramic friction plates are primarily made of ceramic material
with copper reinforcing fibers [33]. Fine copper fibers used in ceramic friction coatings are
applied, in order to increase their friction and thermal conductivity [32]. Ceramic brake
calipers have a longer service life and good temperature stability [35], but have the lowest
wear rate, have a favorable effect on disc wear and produce the least noise [34]. A more
detailed and clear overview of the composition of some of the brake pads is given in Table
4, where, based on data of various authors, a presentation of the composition of the brake
pads is formed.

Table 4 Division of brake pads according to the percentage of metals they
contain in their composition

Type of brake pad Reference Percentage of metal materilas
Metallic brake pads Banait et al. [31] Graphite and metals
Brigestone [32] 30 -70%

Semi-metalic  brake

1 ini 0,
pads Grigoratos and Martini [38] Up to 65%

Bonfanti[36] >50%

i ini -309
Low metal brake Grigoratos and Martini [38] 10-30%

pads

Bonfanti [36] 10-50%

Bonfanti [36] <10%

Non-asbestos organic
brake pads (NAO) Ma et al. [39] Dont contain very low
percentage of metals

2. FACTORS AFFECTING BRAKE WEAR AND PARTICULATE FORMATION

When it comes to the factors that affect the brake wear, Ausburg et al. [40] illustrated the
factors that lead to wear and thus the formation of particles. A graphic representation
according to this author is shown in Figure 1. Rudnytskyj [41] came to similar results of
influential factors, where it is stated that contact area, running-in, transfer-film, load, sliding
velocity and temperatures affects the brake wear. According to the authors [12],
the friction between friction pair elements and their wear are influenced by the complex
combination of the speed changes, temperature increase, load and braking energy.
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Figure 1 Factors influencing particle formation [40]

Based on the research [42], it was found that the wear rate of brake pads made from
different materials, but also the friction between the elements of friction pairs is mostly
influenced by the following characteristics or factors:

Braking conditions: brake pressure, initial braking speed, braking time, increase in
braking temperature, etc.,

Material characteristics: physical, chemical and mechanical friction properties, etc.,
Characteristics of friction surfaces: surface roughness, contact properties, etc.,
Operating conditions: ambient temperature, humidity, air flow and so on,

Structural parameters: shape, size and contact mode of a brake pair, etc.

The temperature at the contact surface has a significant effect on brake wear. With an
increase in temperature, there is also an increase in the wear rate of the brakes, but also an
increase in the concentration of the formed particles, as evidenced by the results of research
[43, 44]. Based on research and results [31], it was found that asbestos pads have the lowest
thermal conductivity and with the increase in the percentage of metal in the brake pads, the
thermal conductivity, so the temperature itself increases. Thus, Figure 2 shows the different
brake pads and their conductivity, where it can be seen that metal brake pads have the
highest thermal conductivity.
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Figure 2 Thermal conductivity of different brake pad types [31]

Relying on research [31], it was also found that the load or pressure in the contact surface
between the elements of brake pair has a significant impact on the wear rate, but also the
wear rate varies depending on the type of brake pad. The results are shown in Figure 3,
where it is clearly noticeable that the metal brake pads have the highest wear rate and this
increases with increasing load.
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Figure 3 Wear rate versus load for different brake pad types [31]

Similar results on the influence of load on the rate of brake wear were obtained in [45, 46]
for organic and metallic brake pads. In both cases, there was an increase in the wear rate
with an increase in brake pressure. However, according to the source [47], the wear rate of
organic brake pads is higher than in the case of wear of metallic friction pads. By road tests
according to the reference [48], three types of brake pads (organic, semi-metallic and
ceramic tiles) were studied in three test modes, and it was concluded that organic friction
pads wear the most and lose weight, while semi-metal brake pads have lost the least weight.
The characteristics of the materials themselves and the method of production of brake pads
also have a significant impact on the wear of brake pads. Thus, the porosity of the material
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and the hardness of the brake pads have a significant effect on the wear of the brake pads
and the formation of particles. When it comes to the porosity of brake pads, the more porous
the brake pads, the higher is the wear rate. This examination of the brake pads showed that
brake pads with higher hardness have a higher degree of brake wear [47]. The wear rate of
brakes is also significantly influenced by the sliding length of the brake pads on the contact
surface of the brake disc [49]. Studies [50, 51], in which organic and metallic friction pads
were used, have shown that the wear rate is influenced by the disc rotation speed, i.e. the
initial speed at which the braking process begins. In the study [52], the phenomena that
occur in the contact surface between the disc, and the friction pads were analyzed. Thus, it
was found that changing the sliding speed between the contact surfaces of the brake pairs,
and the pressure in the contact surface leads to a change in the concentrations of the formed
particles. Furthermore, the increase in pressure and sliding speed leads to an increase in the
concentration of the formed particles. Similar results were obtained in the study [53]. But,
according to the results of tests [47], it was found that an increase in the sliding speed
between the friction materials leads to a decrease in the wear rate of the material. Particle
formation also depends on the deceleration, as well as the initial velocity or rotation speed
of the disc [54]. By increasing the initial velocity and deceleration, the particle concentration
of both PM, and PM, 5 also increases. Also, in the source [54], it was proved that many
more particles are released after braking and re-accelerating the disc, bearing in mind that
then the particles are released from the friction surfaces of the brake. It has even been found
that drum brakes are more environmentally friendly, bearing in mind that the particles are
retained inside the drum, while with disc brakes, they are released directly into the
environment. Similar results were obtained in [55], where it was determined that the amount
of particles formed and the wear of the friction elements of the brake depend on the speed
and deceleration. Braking and complete stopping at a speed of 50 km/h creates 40-100%
more particles than when braking at a speed of 30 km/h. Humidity is also one of the factors
that can affect the wear rate of brake pads and discs, which was found in a study [56], where
it was concluded that with increasing humidity, the wear rate of semi-metallic and organic
brake pads decreases. However, in research [57], it was concluded that the increase in
humidity also increases the wear rate of brake pairs. It is certainly always necessary to take
into account the applied brake pads and the materials used, but still this parameter is very
important considering that it varies in operation of vehicles or brakes.

3. CONCLUSIONS

The brakes are the emitter of particles that is considered to be one of the most influential
participants in the non-exhaust emission of vehicles. The formation of particles in this case
is caused by the wear of elements of friction pair, i.e. brake disc and brake pads. The
problem is much more serious due to the fact that brake pairs often contain metals or other
materials that wear out and become part of the particles, i.e. they are in particle fractions. In
that case, with the heavy-metal content, the particles become very harmful to human health
and the environment. Brake pads often contain different elements such as Fe, Cu, Zn, Al,
Mg, Sb, Si, Ti, Cr. Such elements in brake pads are characterized as the most commonly
used materials. Bearing in mind that brake pads often contain metals, which otherwise have
a harmful effect on humans, brake pads are divided into several categories according to the
percentage of metal material in the mass of one brake pad. In order to reduce the
harmfulness of particles and brake pads, alternative natural materials that would replace
metals or some other harmful substances are increasingly being tested. Brake wear is
affected by a number of factors and quantities that occur during the braking process. The
problem is that all parameters are as complex as the braking process. A large number of
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authors have examined the influence of different parameters on brake wear rate and particle
formation. Some of these factors are the temperature in the contact surface of the friction
pairs, the pressure between the friction pairs, the humidity, the sliding speed, the sliding
length ... It is important to note that with the change of all parameters, there is also a change
in the wear rate of the brakes and the concentration of the formed particles. The applied
materials in the brake pads certainly have an important influence, so all parameters can have
a different influence depending on the composition of the brake pads.
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