‘@5 UNIVERSITA =
oo DI TRENTO In%?nastr?;ﬂngineering

XXXIV cycle

Doctoral School in Materials, Mechatronics and System Engineering

Particulate Matter Emission
Issues in Brake Systems

Ana Paula Gomes Nogueira

July 1st, 2022



Particulate Matter Emission
Issues in Brake Systems

Ana Paula Gomes Nogueira

Email: ana.gomesnogueira@unitn.it

Approved by:

Prof. Stefano Gialanella, Supervisor
Dept. of Industrial Engg.

University of Trento, Italy

Prof. Giovanni Straffelini, co-supervisor
Dept. of Industrial Engg.

University of Trento, Italy

Ph.D. Commission:

Prof. Cinzia Menapace

University of Trento, Italy

Prof. Roberta Vecchi

University of Milan

Prof. Vlastimil Matéjka

Technical University of Ostrava

University of Trento
Department of Industrial Engineering

July 1st, 2022



University of Trento - Department of
Industrial Engineering

Doctoral Thesis
Ana Paula Gomes Nogueira — 2022

Published in Trento (Italy) — by University of Trento



To Maria & Antonio

and Joao

0SS!



Abstract

Automotive brake systems are source of particulate matter (PM) emissions,
particularly in the urban areas. Several human ill-health are related with this kind of pollution.
Along tire wear, road wear and dust from resuspension, the brake wear comprises the most
relevant non-exhaust source of road traffic related emissions.

Aiming at studying the PM brake emissions, this thesis is composed of an introductory
part containing the main concepts and the state of art of the main subjects; and the
experimental part, which comprehends three investigations.

Chapters 2, 3, 4 and 5 are dedicated to the introduction part. Chapter 2 provides a
brief description of the friction and wear, as well as the fundamental principles of braking by
contact. Chapter 3 discuss the disc braking system, with particular attention to the pad
friction materials. Chapter 4 is dedicated to friction layer: the layer usually developing at the
disc/pad interface, affecting the performances of the tribological system. Finally, Chapter 5
provides an extensive discussion of the issues related to the particulate matter originated
from disc brake systems.

The experimental part is presented in the Chapters 6, 7, 8 and 9. Chapter 6 describes
the methodology applied in all the investigations. Chapter 7 investigates the PM emissions
behavior and its interaction with the friction and wear, aiming to identify the mechanism of
generation the PM emissions. A copper-containing and a copper-free commercial friction
materials were used, with particular emphasis on the effect of the scorching treatment. The
Chapter 8 is dedicated at investigating the tribological behavior and the corresponding PM
emissions in two Cu-free commercial friction materials, aiming to a better understanding the
effect of abrasive ingredients on the emissions generation. Finally, the Chapter 9
investigated the addition of natural ingredient rice husk in a new eco-friendly Cu-free brake
friction material composition, focusing the attention on the tribological and emissions
behavior. All tests were carried out using a pin-on-disc tribometer equipped with an
enclosure, especially designed for investigating the tribological properties, as well as the
airborne particles generated by contact. Low-metallic friction materials, both commercial and
laboratory-produced, were tested against cast iron discs. The tests parameters used
correspond to mild sliding conditions resembling those faced in real braking. Such conditions
are characteristic of driving in urban areas, where the expose to traffic PM is concentrated.



A specific methodology of analysis was developed, based on SEM/EDXS techniques. Using
this methodology, comparative investigations between the elemental composition of the
virgin friction materials, the worn surfaces of the friction materials and the airborne particles
collected during the tribological tests were carried out. The results point out the triboxidative
wear as the main mechanism of the PM brake emissions generation. Moreover, particles

produced by abrasive wear can be also directly emitted to the environment.
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Chapter 1

Introduction

Particulate matter (PM) is composed of liquids and solids particles dispersed in the
air, many of them harmful for the human health and for the environment. The three main
sources of these kind of emissions are: industry, domestic activities and road traffic.
Towards traffic pollution, the attention has been mostly paid to the emissions from the engine
combustion process. However, these emissions are just a fraction of the total amount
released into the atmosphere. In fact, traffic related emissions comprise exhaust and non-
exhaust emissions, indicating respectively: emissions originated from the combustion of
fossil fuels and emissions from other traffic and vehicle sources, such as tires and brakes.
The relative amount of non-exhaust emissions from each source can significantly change
accordingly to different real-world driving conditions and vehicle types. However, it is
estimated that between 15-55% of the total mass emitted from non-exhaust sources came
from the brakes of the vehicles.

Exposure to PM emissions is associated with several adverse health side-effects and
premature mortality. In recent years, health concerns related to the PM released from brakes
have attracted a significant attention, mostly due to their relatively small size and the
presence of toxic elements. As smaller as the PM are, deeper they can penetrate on the
human body. Moreover, its inflammatory capacity increases with the content of toxic
elements. The health risks associated with these kinds of particles involve increasing
tendency of lung cancer, respiratory systems inflammations and oxidative stress, with
possible damage of the DNA.

Since aplenty of regulations have been imposed to reduce the exhaust emissions
over the last decades, PM from non-exhaust sources are comparatively becoming more
prominent than the exhaust. Nowadays, the discussion concerning new regulations of PM
from brakes systems is growing up and the demand for systems producing low polluting
emissions and keeping high performance is required. However, this topic starts to be
extensively studied on last few years only; the current knowledge on the PM brake emissions

under realistic driving conditions is very limited. Furthermore, most of studies concentrate
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its attention in measure the amount of emitted particles and a lack of comprehension on the
mechanisms involving on the emissions particles formation and still remains.

This thesis aims at understanding the generation of coarse and fine PM brake
emissions, i.e., particles from 10 to 1 ym. The studies were concentrated in pairs of low-
metallic pad friction materials and cast iron discs. Most of the tested friction materials are
result of the European projects LOWBRASYS and EcoPads; projects dedicated to reducing
the PM brake emissions and eliminate the copper of the pad materials, respectively. The
tests parameters applied correspond to mild sliding conditions resembling those faced in
real braking. Such conditions are characteristic of driving in urban areas, where the expose
to traffic PM is concentrated. Particular efforts were made in developing a methodology of

analysis capable to identify the mechanisms involved in the PM brake generation.



Chapter 2

General concepts

This chapter provides a brief description of the main concepts supporting this thesis.
Friction and wear are discussed: forces involved, the real contact area and wear

mechanisms. The fundamental principles of braking by mechanical friction are also stated.
2.1 Friction

When two bodies are in contact and pressed against each other by a normal force
(Fn), a tangential force (F1) is necessary to initiate a relative motion between them. In
opposite direction of the motion is generated a friction force (Fr), caused by interactions
between the mating surfaces. Those are the main forces involved in a sliding contact, as

shown in Figure 2.1.

Motion

Figure 2.1: Representation of the forces involved in a sliding contact.

The magnitude of the tangential force (Fr) is directly proportional to the applied
normal force (Fn) through the friction coefficient (u), as given in Equation 2.1. Thus, the
friction coefficient is the ration of frictional force between two bodies and the force pressing
them together. The values of friction coefficient range from near 0 to greater than 1.

Fr = pFy (2.1)

When two bodies are in contact without movement, the tangential force is no greater

than the friction force acting in opposite direction. In this case, the relation between normal
1



and tangential forces is described by the static friction coefficient (us). However, as soon as
the relative motion starts, a lower tangential force is necessary to keep the two bodies in
reciprocal movement. In this case, the dynamic friction coefficient (ud) plays its role [1-3].

The scheme of the Figure 2.2 shows both situations.

Static region Knetic region
A 2 1

Us|
Hd

Friction coefficient

Time
Figure 2.2: Schematic of a typical friction coefficient showing static (us) and dynamic (ud)

friction coefficients.

In general, the nominal contact area does not affect the friction coefficient; however,
as the real contact area increases, the friction coefficient may also increase. In fact, the real
contact between two surfaces occurs only at discrete joints. Figure 2.3 shows a schematic
example of the real contact area between two mating surfaces. The protrusions and
depressions on both rough surfaces determine the points in which the real contact is actually
happening.

Individual
contact area

Figure 2.3: Schematic example of the real contact area between two matting surfaces
(adapted from ref.[6]).

Depending on the magnitude of the forces and the characteristics of the materials
involved, the joints are elastically or inelastically deformed, resulting in several individual

contact areas. The sum of the individual contact areas defines the real contact area [1-6].



Friction is a rather complex phenomenon and beyond the real contact area, several
aspects can also affect the friction coefficient. Adhesion is one of the most dominant and
occurring as a result of the chemical interactions between the mating surfaces. Bonds
across the interface are generated in each individual contact area. Weak bonds, for example
Van der Waals and hydrogen bonds, easily form between in contact surfaces. High affinity
of the materials can lead to stronger bonds, such as covalent or metallic. The magnitude of
these interactions is calculated by the work of adhesion, corresponding to the energy
necessary to separate two adjacent surfaces. As the chemical affinity of the materials
increases, the magnitude of the adhesive forces also increases. Table 2.1 displays values
of the work of adhesion for different materials in contact. A clear effect from the chemical
affinity between the materials is noticed. In case of sliding contact, bonds are continuously

broken and reformed at discrete points of the real contact area [1, 6].

Table 2.1: Values of work of adhesion for different materials in contact [1].

Materials in contact Work of adhesion
(J/m?)
Fe-Fe 3.00
Cu-Cu 2.20
Fe-Cu 0.83
Fe-Ag 0.29
Fe-Pb 0.23
Fe-polymer <0.2

The friction coefficient, particularly the dynamic one, can also be affected by abrasive
interactions, occurring when materials with different hardness are in relative motion and the
harder material scratches the softer. In general, abrasion determines an increase in the
friction coefficient. At the same time, abrasive interactions can generate loss of material, i.e.,
wear. This matter will be better discussed on the next section.

Other phenomena occurring when materials with different hardness are in sliding

contact is the material transfer. In this case, part of the softer material, mostly plastically
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deformed, stick on the harder material creating a layer on the adjacent surface. Transfer

material phenomena usually lead to increasing of the friction coefficient.

2.2 Wear

The surfaces in sliding contact usually wear out, characterized by the loss of material.
The action of the forces discussed in section 2.1, submits the two bodies to a compressive
and shear stresses, often accompanied by an increment of the contact temperature. When
the solicitations are greater than the forces which maintain the integrity of the surfaces, wear
occurs. Abrasive particles usually induce wear as well. In fact, different wear mechanisms
should be acting during the sliding. Typically, one mechanism will be predominant in a
tribological system, and its characteristics guide the wear behavior of the couples. Four wear
mechanisms, highly present on sliding contact systems, are identified as follows [1, 7-10]:

» adhesive wear: related to the adhesive interactions discussed in section 2.1, it
occurs when the adhesion forces in the contact areas are stronger than the cohesive bonds
of one the materials, causing the breakage of the weaker material.

« abrasive wear: occurs by the ploughing action of hard particles in a soft material,
typical situation when the difference in the hardness between the bodies exceeds 20-30 %.
There are two types of abrasive wear due to: two-body interactions, when the abrasive
particles are strongly bonded to the hardest body; and three-body interactions, when some
hard particle is trapped in between the mating surfaces, forming an intermediate layer. In
both cases, material is removed from the softer surface by the action of the hard particles.

» wear by contact fatigue: occurs by repeated loading and unloading cycles on the
bodies, which may induce the formation of cracks on the mating surfaces. Cycle loading
during friction, with non-conformal contacts and high local stress, is the typical situation
involving the wear by contact fatigue.

« tribo-oxidative wear: occurs by the brakeage of the, mostly, oxide layers which
may form onto the mating surfaces for the chemical reactions with the outer atmosphere.
The formation of the oxide layer is favored by the increasing temperature in the contact
areas and tribomechanical conditions at the contact areas.

Figure 2.4 shows a representation of the four wear mechanisms discussed above.



Adhesive wear

Figure 2.4: Wear mechanisms (adapted from ref.[10]).

2.3 Braking by contact

The law of conservation of energy states that: energy cannot be created or destroyed,
just transformed. Therefore, to slow down a vehicle it is necessary to remove its kinetic

energy. In case of braking by contact, the friction force between two surfaces enables the
system to transform the kinetic into thermal energy.

The kinetic energy present in a vehicle in motion is given by the Equation 2.2.

muv? (2.2)
Exinect = ——
where m (in kg) is the mass of the vehicle and v (in m/s) is its linear velocity.

The variation of kinetic energy to reduce the velocity v1 to vz is given by Equation 2.3:



_m(v? - vd) (2.3)

where vi and vz are the initial and final velocities, respectively.
In summary, to reduce motion the amount of energy to be transformed is dependent
on the mass, and the difference of squared initial and final velocities of the vehicle.

In a braking by contact, the system must be able to dissipate all the generated heat.



Chapter 3

Disc Brake System

Nowadays, the disc brake system is the most widespread configuration on the
automotive market. Its specific design provides a very efficient heat dissipation.

Since this thesis deals with the disc systems, this chapter is dedicated to discussing
its specificities. Particular attention is given to the pad materials in their Cu-free formulations.

3.1 Overview

The first approach of disc braking system was presented by Frederick W. Lanchester
in 1902. Afterwards, further developments and wide improvements were achieved, however
its betterment continues being applied. In this kind of tribological system, friction occurs
between two pads and a disc in a dry sliding condition.

Figure 3.1 shows the three main parts of the brake disc system: calliper, disc and
pads. By a hydraulic system connected to the calliper, once the driver presses the brake
pedal, the calliper moves and pushes the pads against the rotating disc. The friction force

acts in opposite direction to the angular velocity of the disc and, thereby, heat is generated.

Brake pads

Figure 3.1: Simplified layout of a generic disc brake system.



The generated heat must be dissipated through exchange with the environment.
Otherwise, the temperature in the real contact area may rise tremendously [1, 2, 5].

In summary, an automotive disc brake system must comply with the following
performance requirements:

* Relatively high friction coefficient: a stable friction coefficient featuring values
between 0.3 to 0.7 is required. The friction coefficient translates the brake efficiency of the
braking system.

* High heat dissipation capacity: since the kinetic energy needs to be converted
into thermal energy, the system must be capable to dissipate all the generated heat. It is
estimated that around 90% of total heat is dissipated by the disc.

* High compression strength: the system must resist the pressure exerted by the
pads during the braking. Braking pressure usually oscillates between 1 to 4 MPa, when
switching from a normal braking to an emergency one.

* High wear resistance: since wear can damage the parts of the brake system, it

must be as low as possible.

3.2 Wear on disc brake systems

In a dry sliding contact, wear is always present. However, a high wear of the braking
system can result in a short lifespan of the components and must be minimized. Typically,
the wear mechanisms involved in those systems are adhesive, abrasive and tribo-oxidative.
The predominance of each wear mechanism depends on the characteristics of the mating
surfaces and on the sliding conditions which the components are submitted to.

Regarding the sliding conditions, the wear of disc and pads occurs in both normal
and heavy braking conditions, resulting in mild and severe wear, respectively. The effect of
the combining pv braking parameters (contact pressure “p” and sliding velocity “v”’) on wear
is shown in Figure 3.2. High temperature, mostly resulted of a high speed, is described as

the most important parameter in case of a severe wear.
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Figure 3.2: Schematization of the influence of braking parameters on the braking

conditions. [11].

Before discussing how the temperature can affect wear, it is important to keep in mind
the existence of an inward temperature gradient at the contacting surfaces. A schematic
diagram of the temperature distribution in the contact region is given in Figure 3.3. The
frictional heating is concentrated within the real contact area, featuring the contact
temperature (Tc), also called flash temperature. In these regions, the temperature can rise
enough to cause changes in the structure and properties of the sliding materials, such as
oxidation of the surface and melting of the contact materials. The average temperature on
the surface (Tnom) is lower than the contact temperature; however it may affect the materials
in contact as well. Moving away from contact zone, the temperature decreases gradually

until achieves the bulk temperature (Tb) [12, 13].

Figure 3.3: Schematic representation of the frictional heating and contact temperatures
[12].



The temperature reached on the disc/pad interface depends on several factors, such
as the system’s geometry, the braking conditions and the composition of the brake materials.
The disc, commonly made of grey cast iron, displays high thermal conductivity. The pads,
instead, are made of composite mixtures of different constituents, such as ceramic particles,
minerals, metallic particles and fibers, all bonded together by an organic binder. The pads
usually feature low thermal conductivity. Nevertheless, owing to the presence of the organic
matrix, the pads have an intrinsic tendency to thermal degradation. As a consequence, the
relevant wear behavior may change from mild to severe when the temperature rises above
the critical temperatures (above 250-350 °C) [14, 15]. By the degradation of the organic
constituents, the ceramic particles, iron fibers and all the inorganic constituents are more
easily removed from the surface of the friction material during the sliding action, increasing
the wear. The wear behavior of a friction material at different temperatures is given in Figure

3.4, showing an exponential increase of wear rate above the critical temperature.
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Figure 3.4: Specific wear rate of a friction material in different temperatures [15].

The wear behavior of both disc and friction material as a function of the temperature
was further investigated by Verma et al. [16], through pin-on-disc (PoD) tests with a low-
metallic friction material against a cast iron disc. They observed a transition from mild to
severe wear of the friction material when the temperature increases above to 170 °C, with
a major increase above 250°C approx., as shown in Figure 3.5. No significant changes in
the disc’s wear were noticed. The phenomenon was ascribed to the thermomechanical

decomposition of the organic matrix present in the friction material.
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Figure 3.5: Specific wear coefficient of both friction material and disc in function of the

temperature [16].

According to Barros et al. [17], transition in wear regimes can also take place at low

temperatures, under the effect of changing contact pressure. The Figure 3.6 shows the wear

values for two specimens of friction materials (B.1 and B.2), PoD tested under different

pressures. A transition from mild to severe wear passing through 80 bar of pressure to 90

bar was observed for both materials.
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Figure 3.6: Normalized wear of two friction materials (B.1 and B.2) for different pressures

[17].

Table 3.1 specifies the typical automotive braking conditions and the usual response

in terms of both friction coefficient and wear.
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Table 3.1: Typical automotive brake conditions [1].

Normal braking Heavy braking
Typical decelerations
<2 >5
during braking (m/s?)
Nominal contact
02-15 1.1-4
pressure (MPa)
Average surface
<300 >300
temperature (°C)
Pad wear, ka i
) 510715 - 41014 Increases with the
(m?/N) temperature
Decreases with the
Friction coefficient 04-0.6
temperature
3.3 Disc

The brake discs are connected to the vehicle wheel, and both rotate at the same
angular velocity. In a vehicle, the front axle is submitted to a higher stress due to the
transferred load during the braking. In this case, the ventilated brake discs are more
appropriate, since more effective in dissipating heat as compared to solid brake discs. The
heat exchange in ventilated discs is more efficiently thanks to the inner channels and the
design involving two annular discs separated by vanes. Solid discs are typically used in the
rear axle since relatively lower temperatures are involved during the braking. Both disc

configurations are given in Figure 3.7.

Ventilated brake disc Solid brake disc

Figure 3.7: Typical ventilated and solid brake discs.
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The brake discs are usually made of the pearlitic grey cast iron with 3-4 wt.% of
carbon. Their typical microstructure can be appreciated in Figure 3.8, showing graphite
flakes in a pearlitic matrix. Such microstructure confers to the disc good thermal conductivity,
good wear resistance and machinability. The low cost of the grey cast iron is also another

characteristic which makes this material a good choice for the brake discs.

Figure 3.8: Micrograph of a typical microstructure of the pearlitic cast iron disc: (a)

graphite flakes, (b) pearlitic matrix (2% Nital etching) [18].

Ceramic matrix composites and aluminum-based metal matrix composites are
alternative materials for the brake discs, exhibiting a good wear resistance, although more

expensive as compared to the grey cast iron [19].
3.4 Pads

It is required that pad materials maintain a sufficiently high and stable friction
coefficient, even in extreme brake conditions. Good wear resistance and good compatibility
with the disc are further expected performances of the pads [20, 21]. Figure 3.9 shows the
schematic of a brake pad, composed by four main layers:

o Backplate: usually made by iron, is the base of the pad and provides the mechanical
strength required for the applying pressure during the braking.

¢ Underlayer: made by organic materials, it is responsible for thermal insulation. In
addition, it improves the comfort during the braking by its damping properties.

e Adhesive: used to attach the underlayer on the backplate.

13



e Friction material: made by many different ingredients held together by a polymeric
binder, e.g., a phenolic resin, is the material in contact with the disc during the

braking.

Figure 3.9: Schematic representation of a brake pad (adapted from ref.[22]).

3.4.1 Pads friction materials

The friction materials for brake pads are composites, which may contain up to more
than 20 ingredients. The number of the ingredients is already high enough to make this a
rather complex material. However, the complexity is even higher considering that the pads
are made by compounds from all three main classes of materials, i.e., metals, ceramics and
polymers. Such diversity of chemical-physical properties of the different ingredients in brake
pads makes the selection of the right composition a challenging task. Of course, the amount
and the size/shape of the compounds affect the performance of the pads and must be
defined. In view of such complexity, the tribological response of the friction materials are
very tricky to be fully predicted and understood. Considering their composite character, the
behavior of the resulting material is not just the linear combination of the properties of each
individual ingredient. Figure 3.10 shows a typical microstructure of a commercial friction
material with the indication of some of the main ingredients. A very heterogeneous
microstructure can be appreciated, featuring components in different compositions, shapes

and sizes.
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Figure 3.10: Micrograph of a typical microstructure of a pad material [26].

All the ingredients need to be bound together and this specific role is played by the
matrix. Friction materials based on organic matrix are typically used for lightweight vehicles
and they are commonly classified according to its metallic content [27]. The classes, as well

as their main characteristics, are specified in Table 3.2.

Table 3.2: Organic matrix friction materials: classification and main characteristics [27, 28].

Class Metallic F"c.t |?n Advantages Disadvantages
content | coefficient

- Improved performance | - Corrosion at
Semi-metallic | > 50% 0.35-055 | at high temperature humid conditions

- Good durability - High disc wear

- Stable for high speeds

> 30% and high temperatures
Low-metallic 0.35-0.55 - High noise
< 50%
- Better overall
performance
NAO - High pad wear at
high temperatures
(non- > 10% 0.3-0.4 | - Low wear
asbestos - Lower
organic) - Low noise performance
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The metallic content really affects the characteristics of the brake pads. Nevertheless,
the advantages and disadvantages displayed in Table 3 are not exclusively due to the
amount of metallic components added to the friction materials. For example, the NAO are
materials with high content of binder (polymeric material), which is the reason of the low
resistance at high temperature displayed by these materials [27, 29].

Semi-metallic (SM), low-metallic (LM) and a NAO friction materials where pin-on-disc
tested by Wei et al. [30], at room temperature. As shown in Figure 3.11, the brake pad
temperature increases as both pressures and velocities (represented by “mode number”)
increase. In all tested conditions, it is noticed a higher temperature achieved by semi-

metallics materials, which is line with the higher metal content in this kind of pad material.
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Figure 3.11: Brake pads temperatures displayed by SM, LM and NAO brake pads [30].

Due to the complex pad compositions, the manufactures of friction materials do not
use to publish their exact formulation. In any case, each ingredient added to the pads plays
a specific role, some of them may also comply with more than one simultaneously [27, 29].
Based on their function, the ingredients of a pad friction material are divided into four main
classes, as described in the follow.

Binder: has the function of holding together all ingredients, maintaining the structural
integrity of the pads and ensuring proper performances to all of the components in the friction
material.. The phenolic resin is typically chosen as a binder for brake friction materials [31,

32]. The main properties which make the phenolic resin a good binder are: good mechanical
16



stability, mechanical strength, good wetting capability with most of ingredients and relatively
high friction coefficient and low wear with respect to other polymers. Furthermore, the
phenolic resin increases the damping capacity of the friction materials with positive
consequences on the noise [33, 34]. As discussed in section 3.2, the thermal degradation
tendency displayed by most of polymers is an important issue concerning the integrity of
pad materials at high temperatures. In fact, during the braking, the contact temperatures can
exceed 300°C, inducing the degradation of the matrix and consequently decreasing of
mechanical stability of the composite [35, 36]. This phenomenon can lead to the so called
“fade”, when a drastic reduction of the friction coefficient compromises the proper operation
of the brake system. Several studies [33, 37-39] suggest that additives in the phenolic resin,
such as hydroxyl compounds or methylene linking groups, can improve the heat resistance
of the pad matrix. Figure 3.12 shows the molecular structure of two modified phenolic resins
tested by Hong et al. [37], in comparison to the structure of straight phenolic resin. In this
investigation, the resin containing both additives displayed better heat resistance than the
resin without any additive, which can be attributed to the more reticulated structure and

strong bonds exhibited by these materials.

Straight phenolic resin
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Figure 3.12: Molecular structure of straight phenolic resin in comparison to two

modifieds additives added to phenolic resin [37].

Besides the phenolic resin, other possible binders for brake pad are: polyimide resin,

cyanate ester resin and polyurethane rubber [20].
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Reinforcements: responsible to provide mechanical strength, the reinforcements are
mainly fibers and hard particles. They typically work as primary plateaus, playing an
important role in the formation of an appropriate friction layer between the mating surfaces.
The reinforcements should also provide a suitable friction properties and thermal stability to
the friction materials. Different types of reinforcing fibers can be used in a friction material,
such as mineral fibers, metal fibers and natural (derived from vegetable source) fibers. Due
its dimensional, one critical aspect is the good adhesion to the matrix [23, 40-41].

Friction modifiers: added to the pad friction materials in order to modify the friction
coefficient as well as the wear rates. They are divided between abrasives and solid
lubricants. Abrasives comprise all materials with a hardness greater than the gray cast iron
disc, i.e., around 5 in Mohs scale. In general, they increase the friction coefficient and
improve the overall wear resistance. However, a high content of abrasives in a friction
material can lead to an instability of the friction coefficient and an excessive wear of the
counterface disc. Oxide powders, carbides and silicates are examples of abrasives used in
pad materials. Solid lubricants, such as MoS2, coke and graphite, are used to control and
stabilize the friction coefficient and the wear, thanks to their ability of forming a lubricant
layer between the surfaces [25, 42-44].

Fillers: the main role of these ingredients is decreasing the material cost without
changing the performance of the pads. They may also help the dimensional stability during
the pad production and minimize the noise during braking. The main characteristics of an
appropriate filler are: low cost, high thermal stability and good adhesion to the matrix. Barium
sulphate, calcium carbonate and clays are typically used, although the right filler to be used
depends on the other ingredients that compose the pad [23, 25, 45].

Usually, even in case when a commercial formulation is published, some information

are still not very precise. An example is given in Table 3.3.
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Table 3.3: Nominal composition of Volvo 850 commercial brake pad material [46].

Structural component Ingredient Amount (wt.%)
Fibers Steel-aramid and glass 30
Binder 8
Matrix
Other 11
Brass and bronze 15
Friction modifiers Graphite 15
Metal sulphides 8
Abrasives Quartz 5
Fillers Clay and iron oxide 8

3.4.2 Copper and the Cu-free friction material formulations

Over the last decades copper has been widely used in brake pads, featuring
concentrations between 5 up to 20 % [23]. This element can be added either as pure copper
or as an alloy (e.g., brass), in both fiber and powder forms. Due its good thermal conductivity,
displays beneficial effects on the removal of heating and thereby on the contact temperature
distribution. When used as fiber, copper behaves as a reinforcement and forms primary
plateaus [26, 46]. Several studies [47-49] report that copper contributes to the formation of
a well compacted friction layer, thus improving the wear resistance and friction coefficient
stabilization. Moreover, copper would enter the friction layer and induce the clustering of
wear debris in coarser particles, which tend to fall down on the ground avoiding health
respiratory issues [48-50].

On the other hand, copper has been reported as a hazardous pad constituent once
several studies demonstrated that, when released as an airborne particle (lower than 10
pgm), it can penetrate in the human body and cause oxidative stress into tissues [51, 52].
Moreover, it is reported that the coarse wear fragments containing copper can achieve rivers
and lakes by the rainfall and intoxicate the aquatic species [53]. Due to these detrimental

characteristics, the reduction of copper in brake pad formulations starts to be imposed by
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some governments, particularly in United States, and the manufacturers are facing with the
huge challenge of developing the so-called Cu-free formulations.

Since the copper plays several roles on the friction materials, different strategies have
been proposed in order to reduce/replace the copper without compromises the performance
of the pads. The optimization of the ingredients already added to the formulations of the
friction material is one of them. In this regard, more optimized concentrations, size and
shapes of the constituents are studied [54-56]. In terms of substitute ingredients, graphite
particles seem to be a good alternative due to their contribution to the formation of the
secondary plateaus in the friction layer. A similar beneficial effect has been demonstrated
by the addition of barite in sufficiently high concentrations [55, 56].

Some investigations reported good performances of a commercial Cu-free friction
materials [57, 58]. The friction coefficient and wear of two Cu-free friction materials were
compared to a Cu-containing Lyu et al. [57], by PoD tests. The main results are shown in
Figure 3.13, when both Cu-free materials display comparable friction coefficient and disc’s
wear compared to Cu-containing. Moreover, one Cu-free features better wear resistance of

the friction material.
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Figure 3.13: Friction coefficient and wear of a Cu-containing and two Cu-free friction
materials [57].

A good performance displayed by a Cu-free friction material is also reported by Barros
et al. [58]. As shown in Figure 3.14, even at high temperatures, the Cu-free (VO) features
higher friction coefficient than both Cu-containing materials (V10 and V30). However, the
absence of copper appears to be detrimental for the wear resistance, mostly at high
temperatures.
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Figure 3.14: Friction coefficient and wear for Cu-free (V0) and Cu-containing (V10

and V30) friction materials [58].
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Chapter 4

Friction layer

This chapter is dedicated to discussing the layer usually developing at the disc/pad
interface, thus affecting the performances of the tribological system.

The role played by the friction layer on brake systems and its characteristics for
different type of pad materials are explored. Nevertheless, particular attention is given to the
friction layer formed on low-metallic materials, since this is the material used on the

investigations present on this thesis.
4.1 Definition and relevance

In disc brake systems, as in most friction systems, a third body usually forms between
the mating surfaces under sliding conditions. This new interface material is called friction
layer and has been extensively studied since its characteristics are paramount for the
tribological response of the system [59-61] Wirth et al. [60] reported that friction behavior of
a pad/disc couple depends on the composition of the friction layer. However, according to
the Authors, the thickness and morphology of the layer seems not affect the friction
performance. Osterle et al. [59] observed a correspondence between the stability of the
friction coefficient and a friction layer well formed on the mating surfaces. As discussed in
section 3.1, a stable friction coefficient is a main requirement for brake systems. In addition,
Verma et al. [61] reported the formation of the friction layer on the friction material as
essential for a mild wear regime, bellow 170 °C.

A wear-protective action is also attributed to the development of oxide layers between
the sliding surfaces. However, this layer cannot form without the wear debris. Suh et al. [62]
observed an increasing of the wear when loose wear debris are removed from the friction
material surface. Leheup et al. [63] reported the absence of an oxide layer covering the
surface when the wear particles were removed, leading an increase of the wear. Oxide
particles artificially supplied to the rubbing surfaces in the investigation conducted by
lwabuchi et al. [64] improved the wear resistance due to the easily formation of compacted
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oxide layers. On the other hand, when the wear particles are not well compacted into solid

layers, they may act as abrasive, accelerating the wear rates [65].

4.2 Friction layer on low-metallic and semi-metallic friction materials

In low-metallic (LM) and semi-metallic (SM) friction materials, the friction layer is
constituted by primary and secondary plateaus. The primary plateaus are fibers and hard
particles added to the pad friction material. Thanks to their great wear resistance, these
constituents remain on the surface acting as a support and nucleation sites for growing
secondary plateaus. Instead, the secondary plateaus are a combination of wear debris from
both friction material and disc, compacted together due to the braking conditions.

The debris originated from the wear of both friction material and disc may are directly
released out of the system or may remain trapped between the mating surfaces. Those stay
in the interface are continuously milled and flowing through the maze created by the non-
contact regions, called lowlands [64, 67]. Figure 4.1 shows a SEM micrograph of contact
plateaus formed on a pad surface, when regions of no contact can be also appreciated. The
lowlands usually comprise the pad constituents with less wear resistance, such as fillers and

polymeric resin.

Figure 4.1: Micrograph of a pad surface showing the contact plateaus and the lowlands
[66].

Once the debris flowing through the lowlands are faced by the barrier created by the
primary plateaus (fibers and hard particles), they pile up and starts to be compacted by

simultaneous action of contact pressure, sliding shear stress and frictional heat. According
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to Osterle et al. [59], fine particles easily remain in the surface while coarse particles are
preferentially ejected from the contact region. Both primary and secondary plateaus are well

defined in Figure 4.2, a micrograph of a pad surface after a sliding test.

Steel fibres, primary plateaus

Compacted debris, secondary plateau

Disc sliding direction

Figure 4.2: Micrograph of primary and secondary plateaus [66].

According to Eriksson et al. [66], the formation and growth of a compact secondary
plateaus require a sufficient friction energy and normal load acting on the surfaces,
combined with a provision of such small wear debris. A limited space between pad and disc
is also reported as recommended for the secondary plateaus growing.

Cho et al. [68] describe an increasing thickness of the friction layer up to a
temperature of 250 °C, and then a rapid decreasing above 300 °C. The temperature
positively influences the formation of the friction layer since the debris are easily compacted
and sintered. However, when the critical temperature is reached, the degradation of the
matrix takes places and does not allow for the continuous development of the friction layer.

After formed, the friction layer remains quite stable until the detachment of the
supporting primary plateaus. However, instabilities on friction conditions and insufficient
normal force to maintain the layer adherent to the surface can lead to the detachment of the
secondary plateaus as well. Therefore, each time the brake pressure is reduced during the
sliding, the disruption of the friction layer may happen [66].

Of course, newly installed pads have no friction layer on their surfaces. In this regard,
Verma et al. [69] and Wahlstrom et al. [70] studied the period called running-in, in which the

friction coefficient increases until achieved a steady-state. The raise of the friction coefficient
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seems to be accompanied by the development of the friction layer on the mating surfaces.
After the running-in period, a dynamic process of formation and disruption of the friction
layer takes place. Then, the steady state is reached once the formation rate equals the
disruption rate [71].

The area covered by contact plateaus reported by Eriksson et al. [66] is up to 20% of
the superficial area of the pad. More recent investigations [72, 73] describe this fraction
between 50 to 60%. Figure 4.3 displays the identification and quantification of the contact
plateaus from micrographs of a low-metallic pad worn surface, investigated by Leonardi et
al. [73].

SEM images Contaciplateaus

Primary plateaus Secondary plateaus Total

53%

Figure 4.3: Identification and quantification of primary and secondary plateaus [73].

4.3 Friction layer on NAO friction materials

The friction layer developed on the surfaces of NAO friction materials differs quite a
lot respect those formed on LM and SM [72, 74]. Usually, NAO formulations do not include
large metallic fibers or hard particles that can act as primary plateaus. In addition, during the
sliding, a very flat surface is formed. The lowlands, discussed in section 4.2, almost do not
exist on the surface of these materials. In fact, the roughness of worn surface reported in
the literature for NAO materials is around 3-4 times lower than LM and SM. This behavior is
mostly due to the high relative content of organic binder, creating a smoother surface by the
action of sliding forces. Figure 4.4 shows a comparison between LM and NAO surfaces after
tribological tests [75]. A distinct topography can be appreciated, with LM featuring a mix of
lowlands and contact plateaus well-dispersed on the surface. Instead, in case of NAO, the

contact plateaus are more evenly distributed, comprising almost whole surface.
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Figure 4.4: Worn surfaces of the (a) LM and (b) NAO pads materials observed using
an optical microscope [75].

4.4 Composition

The composition of primary plateaus depends on the ingredients added to the friction
material able to play this specific role. Iron and copper, in form of fibers, are common
elements composing the primary plateaus on LM and SM materials. Copper fibers are
usually plastically deformed in the sliding direction, which makes the iron fibers more
efficient working as primary plateaus.

Being the secondary plateaus the result of the piling up and compaction of pad and
disc wear debris, they would contain the elements from both. However, as discussed in
section 3.4.1, the formulations of the friction materials involve a huge number of ingredients
and some of them may easily become part of the friction layer. In any case, investigations
addressing the friction layer composition reported iron oxide as the main constituent [61,
63]. In fact, the discs are mainly composed of iron and the fine particles resulting from their

wear usually became part of friction layer.
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Chapter 5

Particulate Matter Emission

Particulate matter (PM) is composed of liquids and solids particles dispersed in the
air, mostly released into the urban environment by non-natural sources, such industries,
power plants, domestic heating and traffic. PM size distributions span from few nanometers
up to few micrometers. Among the various PM characteristics promoting adverse health
effects, two characteristics are here highlighted:

e Small size: some components of the PM may feature small diameter and thus
easily access to the respiratory system, with the additional risk of reaching the
blood circulatory system;

e Heavy elements: PM may contain toxic elements, such as heavy metals.

Exposure to PM dispersed in the air has been ranked as a significant risk factor for
mortality. It is estimated that in 2015, 4.2 million premature deaths around the world

happened as a consequence of the adverse effects caused by PM [76].

This chapter is addressed to discussing issues related to the particulate matter
originated from disc brake systems. The estimated contribution on the total amount of PM
released into environment is reported, as well as its consequences. Since this thesis takes
advantages of characterization techniques for better understanding the wear mechanisms
originating the brake emissions, particular attention is given to the main characteristics of
PM described in relevant investigations.

An important information to keep in mind is that PM from brakes starts to be
extensively studied on the last few years only; several aspects are still controversial. In
addition, the lack of standard testing procedures commonly yields incomparable results and

contradictory conclusions.
5.1 Non-exhaust PM emissions

Road traffic related emissions are a significant source of pollution and generation of
PM emissions, particularly in the urban areas. They are usually divided into exhaust and

non-exhaust emissions, indicating respectively: emissions originated from the combustion
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of fossil fuels, emitted via tailpipe, and emissions from other traffic and vehicle sources, such
as tyres, brakes, road and resuspension. The non-exhaust emissions can be directly emitted
into environment or may remain trapped onto the vehicle’s parts.

Particulate matter from non-exhaust sources is comparatively becoming more
prominent than the exhaust. The chart of Figure 5.1 shows the amount of traffic related
emissions PM10 (PM with aerodynamic diameter smaller than 10 um) released from both
exhaust and non-exhaust sources, in European Union countries, Norway and Switzerland
over the years [77]. Thanks to regulations established, a comprehensive knowledge of the
exhaust emissions was built up and this kind of emissions have now been significantly
reduced. On the other hand, the status of non-exhaust emissions remains almost the same,
featuring even higher values than exhaust ones. Studies including other countries, outside
Europe, report similar results, describing the contribution of non-exhaust emissions to the

total traffic related PM10 nearly equal of the exhaust emissions [78, 79].

= Exhaust
= Non-exhaust

PM10 emissions

000 2001 2002 2003 2004 2005 2007 2008 2009 2010 2011 2012 2013 2014

Year

Figure 5.1: PM10 emission from road transport exhaust and non-exhaust 2000-
2014 for EU15, Norway and Switzerland [77].

The relative amount of non-exhaust emissions from each source can significantly
change according to different real-world driving conditions and vehicle types. In general, it

is estimated that between 15-55% of the total mass emitted from non-exhaust sources
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comes from the brakes of the vehicles. With respect to the total mass loss, a relevant part
of the brake wear became airborne, ranging from 35 up to 55% [80, 81].

New design approaches for brakes, not based on friction contact, should lead to lower
brake emissions. This is the case of regenerative braking system, used in electric and hybrid
vehicles. However, these vehicles are also equipped with a disc brake system, used as a
back-up in case of sever solicitations. Given that the tyre and road wear emissions increase
with heavier vehicles, a powertrain and an extra braking system consequently resullt in
higher emissions. The net balance between the reduction in brake emissions and the
increasing in the emissions by other sources may not affect the total amount of non-exhaust

emissions released [82]

5.2 Health issues

Exposure to PM emissions is associated with several human ill-health and premature
mortality. In recent years, health concerns related to the PM released from brakes have
attracted a significant attention, mostly due to their relatively small size and presence of toxic
elements.

The particle’s ability of overcoming the barriers of the human body is linked to their
size: the smaller they are, the deeper they can penetrate [83, 84]. Around 60% of the
particles released from disc brake systems are smaller than 2.5 ym in diameter. As indicated
in Figure 5.2, inhaled PM10 can access the nose and throat, while PM2.5 (PM with
aerodynamic diameter smaller than 2.5 um) may go deeper on the respiratory system;
causing irritations and inflammatory response, respectively. Particles with aerodynamic
diameter smaller than 0.1 ym can achieve the blood circulatory system inducing oxidation
reactions and biological stress, with potential damage to the DNA. Moreover, once in the
circulatory system, these particles can go through different parts of the body, even reaching

the nervous system and traversing the placental barrier [85, 86]
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Figure 5.2: Schematic example of the PM penetration in the human body based on

particle’s size [87].

Regarding the chemical composition of the PM from brakes, adverse health effects

can be induced by some key harmful particles, mostly composed of the metals present in

both the disc and the pads, such as copper, nickel and chromium [88]. Furthermore, adverse

outcomes like pro-thrombotic effects, increased heart rhythm, and elicits pro-inflammatory

effects have been associated to the metallic content in the PM [89]. Ostro et al. [90] describe
a correlation between inhalation of fine particles containing Pb, Cu, Fe, Ca, Zn, Mn, V and

Ti and daily mortality.

5.3 Legislation

Currently, there is no specific regulation concerning the non-exhaust emissions.
Although this matter has been increasingly discussed towards its reduction, the lack of solid
understanding across several aspects and the no standardized measurement procedures
restrains the establishment of regulations.

Despite the absence of regulations, the European Commission already establishes
research projects and programs addressing the reduction of the non-exhaust emissions.
One of these is the project REBRAKE, developed from 2013 to 2017 by Brembo SpA,
Kungliga Tekniska Hoegskolan and Universita degli Studi di Trento, aiming at a mass
reduction of at least 50% of PM10 from brake systems. The goal was achieved through
improvements on pad and disc materials and their interactions during the braking action.

More recently, the EU-funded project LOWBRASYS (Low Environmental Impact Brake
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System) was developed. Coordinated by Brembo SpA in collaboration of nine partners
among industries and educational institutions, including the Univerista degli Studi di Trento,
the project aimed the decreasing of 50% PM brake emissions. Many strategies were

followed to achieve the objective and they are given in Figure 5.3.

ADV BRAKE PAD

* Innovative friction materials
* Modified formulation

+ Nanomaterials

SMART BRAKING DASHBOARD
* Braking Classifier
+ Braking Manager
 Braking Coach (HMI)

PARTICLE CAPTURING SYSTEM
* Combination of technologies
based on magnetic,
electrostatic, active ventilation

CONTROL STRATEGY
* Brake by wire system
* New brake force sensors

ADV BRAKE DISC
« Ceramic coatings
* Heat treatments

Figure 5.3: Strategies of the project LOWBRASYS in reducing the PM emissions [91].

5.4 PM metrics

Particulate matter can be measured in terms of either mass concentration (ug/m?3) or
number concentration (#/cm?3). PM standards are mass-based: PM10 and PM2.5 are defined
as the mass concentration of particles with aerodynamic diameters below 10 ym and 2.5
Mm, respectively.

Conventionally, the airborne particles are divided into three main classes, accordingly
to their aerodynamic diameter (d), defined as the diameter of a sphere of unit density (1
g/cm?3), which settles in still air at the same velocity as the particle in question:

e Coarse particles: 10 ym<d <2.5 um

e Fine particles: 25 yum<d <0.1 ym
31



e Ultrafine particles: d < 0.1 ym
It is important to highlight that the airborne particles after being released may undergo
transformations which modify their number and size, such as agglomeration and
condensation [72, 81].

Beyond the mass and number concentration, information regarding their size
distributions is usually provided by measurements of PM. In case of brake emissions,
several investigations report the mass distribution by the converted values of number
distribution, based on the assumption of a specific density of the particles. However, different
values of densities for brake emissions have been used in the literature, which may lead to

not easily comparable results.

5.5 Characteristics of PM brake emissions

5.5.1 Size

Different size distributions of PM from brakes are reported in the literature. Mosleh et
al. [92] pin-on-disc (PoD) tested a NAO and a LM friction materials, under pressure between
0.125 and 1.25 MPa, at high and low speeds. A bimodal size distribution was recorded for
particles emitted in all conditions. The Authors observed one peak at approximately 0.35 pm
in diameter and another peak varying from 2 to 15 ym. As shown in Figure 5.4, the pressure
seems not to affect the mode of fine particles. However, in both low and high speeds, the

peak of coarse particles shifts to higher values by increasing pressure.
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Figure 5.4: Size distribution of wear particles generated during the (a) low-speed (sliding
speed = 0.275 m/s) and (b) high-speed tests (sliding speed = 5 m/s) [92].

Wabhlstrom et al. [93] investigated the size and shape of brake emissions, PoD tested a
LM and a NAO materials. The Authors reported a bimodal size distribution with peaks at
0.28 and 0.35 pm for both materials. In addition, they observed most airborne particles
featuring diameter smaller than 2.5 ym. A model proposed by Olofsson et al. [94] for
determining the number of airborne particles generated in a contact disc/pad describes three
peaks of size distribution: one of ultrafine particles at 0.08 um diameter, one of fine particles
around 0.35 ym and a coarse particle peak around 2 pm. Nosko et al. [95] also investigated
the emissions from LM and NAO materials, PoD tested. In this study, two different
instruments were used to measure the number distribution of emitted particles, in order to
include a higher size interval. Merging the data from both instruments, the Authors reported
a peak of fine particles between 0.3-0.6 uym.

Tests using a dynamometer have displayed different results. lijima et al. [96] tested a
NAO material simulating typical urban driving conditions and severe downhill braking. The
Authors reported a peak at approximately 1 um diameter, shifting to the coarse side with
increment of the disc temperature. An investigation carried out by Sanders et al. [81], the
three classes of friction materials (LM, SM and NAO) were tested using two different cycles:
an urban program (deceleration from 1.4 m/s?) and an Auto Motor and sport magazine

33



(deceleration from 7.9 m/s?). No difference between the materials was detected in terms of
size distribution, all featuring a peak ranging from 1 to 2 ym.

In Table 5.1 the main results of the data here considered are summarized.

Table 5.1: Summary of selected investigations on size distributions of brake PM.

_r Peak of
Lo Friction Instrument used and .
Investigation Type of test . . number size
material range of size measured PP
distribution
LM = LA-700 laser scatterin = 0.35 uym
Mosleh et al. [92] | PoD 9
NAO analyzer: 0.04-262 pym =2to 15 um
= GRIMM spectrometer:
Wahlmstron et al. LM 0.25-32 um = 0.28 ym
PoD
[93] NAO * PTrak counter: *0.35 um
0.02—1 um
= TSI Fast Mobility Particle
Sizer:
Nosko et al. [95] PoD LM 0.0056—0.56 um
. ) ] * 0.3-0.56 ym
NAO = TSI Optical Particle Sizer
3330: 0.3-10 pm
= Aerodynamic particle sizer
lijima et al. [96] Dynamometer | NAO spectrometer: «1um
0.5-20 pm
LM
Sanders et al. [81] | Dynamometer | SM » Impactor ELPI: *1-2um
NAO 0.29-10 pm

Size distributions featuring unlike peaks maybe resulted from different tests parameters
and configurations. In this regard, Sanders et al. [81] suggested the difficulties inherent in
sampling and transporting micron sized particles as a reason of discrepancies between size
distribution measurements. Kukutschova et al. [97] reported an inconsistency between the
data of particle size distribution and real size of particles collected on dynamometer tests:
coarse and fine particles observed on SEM and TEM were in fact formed by agglomerates
of smaller particles. In fact, several studies also reported fine particles mainly consisting of
agglomeration of smaller particles [72, 98, 99].

Regarding the peak of mass distribution, Straffelini and Gialanella [72] summarized
several investigations using dynamometer with LM, SM and NAO materials and they report
a peak ranging from 3 to 8 ym.
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5.5.2 Density

In an investigation conducted by Nosko and Olofsson [100], the effective density of the
PM from brake system was determined based on the size distribution of the generated
airborne particles. They conducted PoD tests with five LM materials (M1, ..., M5) and one
NAO material (M6), against a cast iron disc. The density of the particles seems to be
dependent of the temperature. The Authors reported a mean value of effective density of
0.75 +0.2 g/cm?, decreasing above the temperature of 110 °C. They emphasized that the
effective density was approximately 3-5 times lower than the density of the bulk material, as

consequence of porosity and shape characteristics. The main results are shown in Figure

5.5.
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Figure 5.5: Effective density vs stationary temperature [100].

In another investigation, Nosko et al. [101] described a strong effect of the particles
shape on the value of effective particle density. The Authors reported that particles
emitted from brake materials sizing from 0.1 to 0.9 ym display 9 6% of porosity. Particles

completely dense as well as particles featuring around 20% of porosity were also

observed.

5.5.3 Morphology
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Particles featuring different shapes were observed by Nosko et al. [101] from PoD
tests with an LM material. Examples of rounded, flake, acicular and agglomerates particles
collected during the investigation are given in Figure 5.6. The Authors reported that around
60% of particles are shaped like-flake, displaying a breadth-to-length aspect ratio of 0.7
0.2.

Figure 5.6: Examples of (a) rounded / angular; (b) flake; (c) acicular; (d) agglomerated

particles collected from PoD tests [101].

In fact, flake is the shape mainly described on the literature for airborne particles from
brake systems. Wahlstrom et al. [93], by PoD tests with LM and NAO friction materials,
observed mostly coarse particles shaped as flakes. The Authors linked this particular
shape to some mechanical generation. Figure 5.7 shows particles collected in this

investigation.

Low-metallic NAO

Figure 5.7: Particles collected from PoD tests with low-metallic and NAO friction

materials [93].
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Particles consisting in agglomeration of smaller grains are also often reported,
especially in the fine fraction. The porosity observed by Nosko et al. [101] and discussed in
the previous section is the result of cluster formation. Peikertova et al. [102] by TEM analysis,
observed larger agglomerate with smaller crystalline particles, as shown in Figure 5.8.

400 nm

Figure 5.8: TEM bright (a) and dark (b) field image of agglomerate detected in the filtered
sample of water suspended particles from dynamometer tests [102].

5.5.4 Composition

Of course, the composition of brake emissions depends on the elements present in
the disc and pads. However, the chemical composition of these particles may differ from the
bulk composition due to the physical-chemical transformations occurring during the sliding
friction contact, such as oxidation, volatilization and condensation.

Coarse and fine particles are mainly composed by iron oxides. In addition, elements
from the friction material, in lower relative amount, are usually detected in these particles.
Sanders et al. [81] estimated that around 60% of wear debris comes from the disc, based
on the composition of the particles collected during the tests. Figure 5.9 shows the main
elements detected in this investigation, with iron, silicon, copper and barium displaying
higher concentration. The term “hardware” in the Figure 5.9 is used to indicate “non-airborne

particles”.

37



50

Airborne B 1.ow-Metallic
40 - H'tu‘d\\ure %)
Airborne B Semi-Metallic

% Hardware K3

= Airborne B Non-Asbestos Organic
z 30 o

‘:’ Hardware %

2

o, 20 B

=

[5)

@)

(NSNS NN NN NCNCNINENINC NN NN NN NN NSNS

10 |
0 - xim‘ .“mx-.-qu__ﬁil @
Mg Al Si K

Ca Ti Fe Cu Ba

Figure 5.9: Elemental composition of PM emissions from LM, SM and NAO friction

materials [81]. The term “hardware” is used to indicate “non-airborne particles”.

As discussed in the previous section, particles formed by agglomerates are usually
found in brake emissions. In these case, small particles composed by different elements
from disc and pad are held together forming a cluster particle. An example is shown in Figure
5.10, where very small particles of iron oxides (probably from the disc) and compounds from

the friction material, such as barite and alumina, can be coalesce on one single particle.
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(d) (e)

Figure 5.10: (a) TEM micrograph of an agglomerate from PoD tests. EDXS maps of

specific elements are provided: (b) aluminum, (c) oxygen, (d) iron, and (e) barium [26].

Ultrafine particles are mainly composed by carbon and its compounds [102, 103].
This agrees with the described main mechanism of formation of this kind of particles:
evaporation and condensation of organic components from the friction material matrix.
Kukutschova et al. [97] analyzed nanosized particles of wear debris, collected from
dynamometer tests with a LM friction material. They found amorphous carbon and iron
oxides as the main components.

Menapace et al. [104] investigated the effect of different disc compositions on the
emissions; by dynamometer tests with commercial friction material pressed against cast iron
and a WC-CoCr coated discs. Regarding the composition of the emissions, iron oxides were
the main constituents when the cast iron disc was used. Instead, elements from the friction

material were predominant in the emissions from coated disc tests, as shown in Figure 5.11.
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Figure 5.11: Elemental composition of PM emissions from a commercial pad against a (a)

cast iron disc and against a (b) WC-CoCr coated disc [104].

5.6 Parameters affecting the PM brake emissions

While a detailed understanding of the aspects affecting the brake emissions is highly
complex, it is possible to develop a broad knowledge comprising the most important issues.
Vehicle weight, braking conditions and type of brake pads are regarded as the main
influencing parameters. However, since such parameters are mostly determined by
laboratory tests, some degree of uncertainty remains as concerns the effective influence in
the real-world driving. Even if driving tests are performed, limitations in all simulated braking
scenarios as well as complexity in isolating one single parameter persist. Nevertheless,
investigations addressed to understand these parameters are discussed in the following.

5.6.1 Vehicle weight
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As discussed in section 2.3, the mass of the vehicle is directly proportional to the
amount of kinetic energy to be transformed during the braking. The vehicle weight is one of
the factors contributing to total brake wear. In case of the airborne particles, the behavior
seems to be the same [105, 106]. According to an investigation conducted by Garg et al.
[107] using seven pad formulations, the brakes of large cars emit 55% more PM10 and
PM2.5 than small cars. Similar results are reported by Luekewille etal. [108], in a
comparison between light duty trucks (including vans, pick-up trucks and SUVs) and
passenger cars. It is estimated that PM10 brake emissions vehicle-km increase around
0.004-0.005 mg per kg of vehicle weight [106].

5.6.2 Braking conditions

Several studies using PoD tribometer were conducted to investigate the effect of
pressure on the amount of brake emissions. One of them carried out by Alemani et al. [109],
tested a LM friction material under pressure varying from 0.29 MPa to 1.95 MPa. An
increasing amount of the emissions with corresponding increase of contact pressures was
observed. However, the Authors attributed this effect to the temperature induced by the
higher pressures. In an investigation conducted by Mosleh et al. [92], NAO and LM materials
were tested under pressures varying between 0.125 and 1.25 MPa. In this case, the effect
on the emissions was observed only for particles size from 2 and 15 ym, thus excluding the
influence on the smaller fraction. On the other hand, Wahlstrom et al. [110] reported a
significant increase with the PoD applied pressure in the concentration of particles smaller
than 2.5 ym.

The role of pressure on the emissions was also investigated using dynamometer
tests. Mamakos et al. [111] applied the World-harmonized Light duty Test Cycle (WLTC),
followed by some selected modes of the AK Master procedure, with three LM and one NAO
materials. The Authors reported elevated particle number emissions and systematic
formation of nano-sized particles when higher pressures were applied.

Regarding the speed, in an experiment conducted by Namgung et al. [112], an
increment by around one order of magnitude on the total amount of emitted particles is
reported when the speed rises from 25 km/h to 50 km/h. Olofsson et al. [113] conducted an
investigation using two different instruments capable to measure the emissions in distinct

size intervals. The Authors show that as the sliding velocity increases, wear rate increases
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too together with the related emission rate of airborne particles. This effect was more

significant for sliding speeds above 1 m/s, as shown in Figure 5.12, for both instruments.
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Figure 5.12: Particle generation rate in function of the sliding velocity, measured by

Grimm and T-trak instruments [113].

Alemani et al. [114], describe the friction power as the most important brake
parameter affecting the emissions. The Authors define the friction power (P) as function of
the friction coefficient (u), normal load (N) and sliding speed (v), by the equation P=puNuv.
Nevertheless, the increase of the sliding speed is accompanied by an increase in the
emissions even when the nominal contact pressure is decreased.

Temperature too is dependent on the aforementioned braking parameters through
their relationship with the friction power. A significant increase in the emissions is known to
be determined by the achievement of the critical temperature, i.e., a temperature related to
the decomposition temperature of the organic matrix. The ultrafine particle fraction seems
to be the most sensitive to the achievement of such decomposition stage by [97, 114]. The

chart of Figure 5.13 clearly shown this effect [114].
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Figure 5.13: Number concentration of emitted particles vs disc temperature at
steady state [126].

5.6.3 Type of pad friction material

LM and SM friction materials feature different behavior than NAO materials in terms
of formation and release of airborne particles. Sanders et al. [81] by dynamometer tests
observed that LM emits 3-4 times more than NAO. Similar results were found by Gramstat
et al. [115], describing higher amount of emissions from LM compared to NAO even under
severe brake conditions. Perricone et al. [116] ranked the pad-disc combinations, testing
five different pad materials against cast iron disc. This ranking revealed that NAO have the
lowest emission in terms of mass, but the highest emission with respect to particle numbers.
LM displays higher emissions with respect to mass, and lower ones with respect to particle
number.

Five times higher emissions from LM compared to NAO was also reported by Park et
al. [75], which attributes the results to the particular surface topography of each material. In
fact, as discussed in section 4.3 and shown in Figure 5.14, the contact plateaus on LM are
placed at discrete areas, separated by lowlands. As consequence, a high stress is
concentrated on the plateaus, producing a larger amount of wear particles. Furthermore, the

lowlands act as reservoirs to retain these wear particles for resuspension during driving.
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Figure 5.14: Schematic surface topography of (a) LM material and (b) NAO material [75].

Park et al. [75] also reported a higher relative content of iron in the emissions from
LM compared to NAO friction material. Due to the high abrasive content in LM materials,

larger disc wear is generated.

5.6.4 Bedding

Matéijka et al. [117] compared the emissions from brand new LM pads and used
ones, by dynamometer tests. The results show a significantly higher emission when new
pads are used. They explained the results for new pads in terms of wear phenomenon
determined by a dominant abrasive wear. According to the Authors, after some braking
events, the contact surfaces became smoother and the adhesive wear takes place, leading
a reduction and stabilization of the emissions. Figure 5.15 shows the total number of

particles as a function of the cycles, being the T-1xP2 the first cycle, i.e., using new pads.
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Figure 5.15: Particle number concentration emitted in function of cycles test [117].

Applying the World-harmonized Light duty Test Cycle (WLTC) with a dynamometer,
Hesse et al. [118] investigated the effects of the bedding procedure on brake emissions.
They observed a peak of number-related emissions during the first stages of braking and
then a significant reduction. In addition, the Authors reported that the number of braking
events necessary to complete the bedding is fully dependent on the type of pad materials.
Park et al. [75] indicated that number concentration of particles from NAO materials
decreases faster than LM, i.e., the number of braking necessary to complete the bedding in

case of NAO materials is lower than LM.
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Chapter 6
Methodology

6.1 Characterization protocol

A characterization protocol was established during this thesis aiming at studying the
mechanisms producing the PM emissions. Based on the techniques available and on the
characteristics of the samples to be analyzed, a comparative investigation, using SEM-
EDXS techniques, between the elemental composition of the virgin friction materials, the
secondary plateaus formed on the pin’s worn surfaces and the airborne particles emitted
and collected during the tribological tests was performed. Figure 6.1 shows the scheme of

such characterization protocol.

Virgin material Worn surface Airborne particles

SEM EDXS SEM EDXS SEM EDXS

i Wi L

w Wl

Main components Morphology and extension Morphology
Elemental composition Elemental composition Elemental composition

Figure 6.1: Scheme of the characterization protocol used for the investigations.
6.2 Materials
6.2.1 Commercial friction materials
For the investigations described in Chapters 7 and 8, low-metallic commercial friction

materials were used. The pins were extracted from these commercial pads with a diameter

of 10.0 mm and height of around 16 mm.
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Since the characterization of the virgin materials is part of the characterization
protocol, the reader is referred to the first part of each chapter dedicated to the respective

results (Chapters 7 and 8).

6.2.2 Non-commercial friction materials

For the investigation described in Chapter 9, low-metallic non-commercial friction
materials were tested. In this case, three different compositions were produced, with the

manufacturing of the pins performed in the laboratory, according to the following description.

6.2.2.1 Preparation of the rice husk

The rice husk (RH) is a natural agro-waste residue containing a relative high amount of
silica, which may display interesting properties to be used as an ingredient in brake friction
material. In this study, the RH in two different conditions was added to the friction material
compositions: one just grinded; and another grinded plus heat treated. The purpose of the
griding is to facilitate the mixing of RH with the other ingredients of the friction material. The
heat treatment is performed aiming to reduce the organic fraction of the RH, since its
degradation, occurring is service, might be problematic during the brake application. Figure
6.2(a) shows the morphology of the neat RH, as received from Brazil. The RH was first
submitted to the griding process, for 20 minutes in air. A 3D Turbula mixer with tungsten
carbide vial and balls was used for the griding operation. As a result of this process, an
average particle size lower than 350 um was obtained. After grinded, RH was dried up in an
oven at 105°C for 2h in air, thus obtaining the removal of any residual moisture. The
morphology of the RH after grinding is shown in Figure 6.2(b). Following specific literature
indications [119-121], part of the RH was also heat treated at 600 °C for 2h in air. Figure
6.2(c) shows the RH after the heat treatment, featuring particle sizing around 100-150 um.
In this latter condition, RH exhibits a porous and cracked microstructure, as shown in Figure
6.2(d).
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Figure 6.2: SEM observations of the rice husk (a) as received, (b) after griding and (c) after
grinding and heat treatment at 600°C. A porous, cracked microstructure of the rice husk
treated at 600°C is highlighted in (d).

In order to verify the proper heat treatment parameters, a thermogravimetric analysis
(Tg) was carried out on the grinded RH, and the result is shown in Figure 6.3. It is possible
to observe a significant loss of weight until 500 °C, attributed to degradation of organic
fraction. After this temperature, remains the inorganic content of the rice husk, basically

composed by silica in a percentage at around 20 wt.% [119].
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Figure 6.3: Thermogravimetric analysis performed on the RH.

The elemental composition of the RH after grinding and after heat treatment are given
in Table 6.1. As expected, a significant reduction in the carbon content of the RH can be
appreciated as the result of the heat treatment, with a consequent relative increase in the

silicon (and silica, as a result) content.
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Table 6.1: Elemental composition of the rice husk after grinding and after heat treatment,
obtained by EDXS analysis.

Element RH grinded RH grinded plus heat treated
(Wt.%) (Wt.%)
C 33.2 £ 1.1 4208
494113 50.3 £ 4.1
Si 174 15 46.5+3.8

Figure 6.4 shows the XRD patterns of RH samples after grinding and after grinding plus
heat treatment. Figure 6.4(a) shows a broad diffuse halo with some peaks due to coherent
scattering. The main crystalline structure has been identified as cellulose. In the diffraction
pattern, the Miller indexes of this phase are indicated. The RH XRD pattern after grinding
plus heat treatment is shown in Figure 6.4(b), in which a fully amorphous structure can be
inferred from the diffuse halo, that is the main and only feature of the XRD pattern. As
previously indicated by the compositional data in Table 6.1, in this material silicon oxide is
the main compound of RH, possibly with a minor concentration of carbon, which has been

mostly eliminated by the heat treatment.
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Figure 6.4: XRD patterns of the (a) grinded and (b) grinded plus heat treated RH samples.

6.2.2.2 Pins production

The compositions of the three friction materials investigated are given in Table 6.2.
Two formulations contain 6 wt.% of RH: one after grinding, codenamed F-RH, and the other
after grinding and heat treatment, called F-RHT. The third formulation contains alumina in
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the place of RH, still with a 6wt. % concentration (F-AL). This benchmark formulation with

alumina was used to compare the results with those of the two formulations containing RH.

Table 6.2: Friction material compositions.
F-RH  F-RHT F-AL
(wt%) (wt%) (wt%)

£ |Fillers (BaSO, +CaCOy) 5
2
T 2 , .
2 = Lubricant (Graphite) 7
® 5
a = | Binder (Phenolic resin) 15
3
S Fibers (Iron fibers) 15
g < RH grinding 6 - .
c =] . .
c @ RH grinding plus heat ) ; )
-§ o treatment
&8 E
§ S Allumina - - 6
>

To produce the pins, all ingredients were mixed for 30 min using a 3D mixer Turbula.
Cylindrical pins with 10 mm of diameter and 15 mm of height were prepared out of each mix
using a cylindrical die placed in a hot-press for 10 min under a 14 MPa pressure. Finally,
the specimens were post-cured in an oven with the similar cycle used for real brake pads:
temperature = 200°C and time = 4 h, followed by cooling down in room temperature. The

mean values of density of the produced pins are given in Table 6.3.
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Table 6.3: Density of produced pins.

Composition Density (g/cm?3)
F-RH 2.0z03
F-RHT 2.5 0.1
F-AL 2.3 0.1

The elemental composition of the friction materials is provided on the first part of the

Chapter 9, dedicated to the results.

6.2.3 Counterface disc

The discs used in all investigations were made of pearlitic grey cast iron. The
microstructure of the discs, obtained through an optical microscope, is reveled in Figure 6.5,
showing graphite flakes in a pearlitic matrix. Its elemental composition, analyzed by means
of EDXS, is reported in Table 6.4. By an ENCO-TEST M4U 025 durometer a hardness of

216 HV30 was measured in the disc surface.

Figure 6.5: Microstructure of the disc, after 2% Nital etching.
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Table 6.4: Elemental composition of the disc.

Element wt.%
C 6.6
Si 1.4
Cr 0.3
Mn 0.4
Fe 91.1
Sn 4.0

The dimensions of the discs used are specified in Figure 6.6.

;f\@/

L o, W [

Figure 6.6: Dimensions of the disc used in the tests.

6.3 Testing set-up

The tribological tests were performed using a laboratory pin-on-disc (PoD) tribometer.
In this kind of equipment, the pin is kept stationary and pressed against the rotating surface
of the disc through a normal load, as schematized in Figure 6.7. This test procedure implies
the sliding of the disc under drag conditions (the angular velocity of the disc is kept constant).

The PoD configuration is not designed aiming to simulate the real brake system
action, for which specific types of equipment, such as dyno-bench tests are used; but rather
useful for investigating fundamental tribological mechanisms acting during the sliding, which
match with the specific objective of this thesis [49, 122,123].

52



Counter hody

Figure 6.7: Schematic representation of a PoD tribometer.

A nominal contact pressure of 1 MPa and a constant sliding velocity of 1.51 m/s were
used in all PoD tests. These parameters correspond to mild sliding conditions resembling
those faced in real braking. Dry sliding tests were carried out at room temperature using a
Ducom PoD machine for 5400 s. A preliminary running-in of 1800 s to provide a conformal
contact between the pin and the disc surface was conducted. The dynamic friction coefficient
was continuously recorded during the tests.

Using an analytical balance, with a sensitivity of 10* g, the weight of pins was
measured before and after each PoD test. From these values, the specific wear coefficient,

Ka, was calculated, as given below:
Ka=V/Fd (6.1)

where Vis the volume loss (m3), Fis the applied normal load (N), and d is the sliding distance
(m). The volume loss was determined by measuring the weight of pins before and after each
test and considering the bulk density of the materials.

The tribometer is equipped with an enclosure, especially designed for investigating
both the tribological properties as well as the airborne particles generated from tribological
tests. A scheme of the test apparatus is shown in Figure 6.8. This test equipment has been
previously used in other study of the present research team [26] and it is based on a design
developed by Olofsson et al. [70, 113]. The ambient air (A), pumped by a fan (B), passes
through a HEPA filter (C), which ensures a clean air flow entering in the chamber (D). The
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fan was set at a flow rate at around 10 m/s and before each test the cleanliness of the air
flow inside the chamber was verified by measuring the background concentration of airborne
particles. A TSI® Optical Particle Sizer (OPS) model 3330 connected to the chamber (G)
measured the particle number concentration from particle size 0.3 ym up to 10 um divided
over 16 channels. A sampling rate of 1 Hz was set for measuring the concentration of
airborne particles emitted during the PoD tests. Using a Dekati® PM1o impactor connected
to the chamber (F), the particles were also collected on aluminum foils for a successive

characterization in two size range: from 10 to 2.5 ym and from 2.5 to 1 ym.

Figure 6.8: Schematic of test equipment. Room air (A), fan (B), filter (C), air inside the
chamber (D), rotating disc sample (E), air outlet to the OPS (G), air outlet to impactor PM1o

(F).

Figure 6.9 shows the apparatus used for PoD tests. In Figure 6.9(a) the Dekati® PM1o
impactor (on the left) and the TSI® Optical Particle Sizer (on the right) are shown. The
enclosed chamber, used to isolate the region of contact pin/disc and thus enable the
measurement and collection of airborne particles emitted from the contact, is given in Figure

6.9(b). Figure 6.9(c) depict an overview of the apparatus.
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Figure 6.9: Testing apparatus. (a) Dekati® PM1o impactor (on the left) and the TSI®
Optical Particle Sizer (on the right). (b) Chamber used to isolate the pin/disc contact
environment. (c) Overview of the test apparatus.

Optical Particle Sizer: it measures the number concentration of particles in the inlet
air, according to their aerodynamic size in 16 different channels ranging from 0.3 to 10 ym.
The working principle of the instrumentation is based on light scattering, as shown in Figure
6.10. A pump allows the entrance of a sampling flow rate of 1 I/min with an additional flow
rate of 1 I/min used to prevent the optic system contamination. The sampling flow passes
through the optic chamber and each particle is invested from a laser beam. Part of the laser
beam is scattered on a U-shaped mirror that directs and reflects the scattered beam on a
photo detector able to count the number of particles and their size. In the end the sampling,
the flow passes through a series of filters and the flow separates in two parts, one goes to
the exhaust part (1 I/min) and the remaining amount will be reused as sheath air flow (1

I/min) to avoid optic contamination.
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Figure 6.10: Working principle of the Optical Particle Sizer.

Impactor PM10: a three-stage cascade impactor. For the investigations conducted
in this thesis, it was used to collect the airborne particles, divided into two range of size: from
10 to 2.5 ym and from 2.5 to 1 ym. To allow a correct feeding of the sampling flow rate to
the impactor, the latter is assembled with an external pump set on a nominal air flow rate of
9.8 I/min. The particles are collected in circular aluminum foils with a specific grease on it
to allow particle’s sticking. The working principle is based on the particle inertia, which is
directly proportional to its size. As schematized in Figure 6.11, the sampling flow passes
through the first specially pierced plate that directs the flow on the greased filter. The larger
particles, with the larger inertia, are not able to deviate their direction and get stuck on the
filter. Instead, smaller particles thanks to their smaller inertia can deviate from the filter and
passes laterally to it and are conveyed on the next pierced plate, and so on for the following
filters.
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Figure 6.11: Work principle of the Impactor PM10.

6.4 Characterization methods and instruments

6.4.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDXS)

Scanning electron microscope (SEM) and energy dispersive X-Ray spectroscopy
(EDXS) were used to analyze and characterize the virgin friction materials, the worn
surfaces of pins and the emitted PM. The experimental apparatus used during this research
is a JEOL IT300 equipped with the EDXS probe. These techniques allow surface analysis.
SEM micrographs can be acquired using both secondary and back-scattered electron (SE
and BSE, respectively) so to have a topographic and phase contrast.

EDXS gives compositional information by detecting the X-rays radiation produced by
the different elements present on the analyzed area. All EDXS analysis are given as mean
value of three measurements, considering a representative area of the samples.

For the worn surface’s observations, both top view and cross-section analysis were
carried out. The top view observation did not require any preparation, and it was mainly
focused on evaluating the extension and compaction of the secondary plateaus. Cross-
sections of the pins have been prepared by cutting the samples, embedded in a cold
mounting resin and metallographic prepared. The particles emission collected on the
aluminum foils during the tests were transferred to an acetate film to avoid the interference
of the substrate on the elemental composition measurements. For the characterization

protocol described in Section 6.1, the carbon was not considered on the EDXS analysis.
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6.4.2 X-ray diffraction (XRD)

The crystalline phases and their composition in the rice husk (grinded and heat
treated) were identified using X-ray diffraction (XRD) measurements, carried out with an
Italstructures IPD3000 instrument equipped with a Co anode source (line focus) operating
at 40 kV and 30 mA. Diffraction spectra were acquired in reflection geometry by means of
an Inel CPS120 detector over 5-120° 2-theta range (0.03 degrees per channel). The phase
identification has been conducted using a full pattern search match software, FPSM [124],
based on a Rietveld algorithm.

X-rays consist of a wide spectrum of extremely penetrating electromagnetic radiation,
characterized by wavelengths in between 10 nm and 0.01 nm. When an X-ray beam hits a
crystalline solid, the single atom vibrates, emitting electromagnetic radiation of a certain
wavelength in all directions. The waves interaction can produce constructive or destructive
interference. The constructive interference occurs in specific directions when the X-rays are
reflected by a family of parallel and equidistant crystalline planes, resulting in a
reinforcement of the signal.

6.4.3 Thermogravimetric (TG) analysis

In order to verify the degradation temperature of the rice husk, thermogravimetric
analysis on the material were carried out. The analyses were conducted using a Netzsch
STA 409 Luxx thermal analyser with alumina sample holder. The heating rate was set to 10
°C/min in air flux. A small amount of material was heated up to 600°C. During the heating of
the samples in the thermo-balance, if some degradation phenomena occur, the analyzer

detected the relative mass variation.
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Chapter 7
PM brake emissions from Cu-full and

Cu-free friction materials

This chapter investigates the particulate matter (PM) emissions behavior and its
relations with friction and wear aiming to identify the mechanism of generation the PM
emissions. In order to better understand the relation between the tribological response and
the PM emissions, the friction coefficient and the total concentration of emitted particles
were simultaneously measured during the pin-on-disc (PoD) tests. Additionally, both
collected particles and pin’s worn surfaces were characterized in terms of its morphology
and elemental composition, following the protocol described in Section 6.1. Furthermore,
the characterization of the virgin friction materials was performed and compared to the
further results.

A copper-containing and copper-free commercial friction materials were used in this
investigation. As discussed in Section 3.4.2, several efforts have been made over the last
years to remove toxics components on the friction material formulations, since they can
become hazardous emissions and causing adverse health effects. The new developed Cu-
free formulations might effectively respond both performance and low emissions
requirements.

The effect of the scorching treatment, commonly used on brake pads before their
usage, was also investigated. For that, tests were carried out in both scorched surface and
bulk material, as schematized in Figure 7.1. The scorching treatment consists in expose the
surface of new pads to high temperature (usually around 650 °C) for a period ranging from
15 s to a few minutes, depending on material composition. This treatment aims at promoting
the mutual adaption of pad/disc from the fist braking, facilitating the formation of the friction

layer and improving the friction performance.
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Figure 7.1: Scheme of the tested sample conditions: scorched surface and bulk
conditions, using a surface cut through the bulk unaltered material, far from the scorched
surface [125].

Part of the results discussed in this chapter were published in [125].

7.1 Characterization of the friction materials

The two commercial low-metallic friction materials investigated, ‘Cu-full’ and ‘Cu-free’,
differ for their copper-content, as indicated in Table 7.1. Figures 7.2 and 7.3 show the
surface microstructure (SEM micrographs) a relevant X-ray maps, acquired using EDXS for
both materials. The main identified constituents are indicated. The two materials display
similar microstructures, featuring coarser graphite and silicates particles dispersed into a
matrix containing also finer grains of other ingredients, such as fibers and abrasives
(alumina, zinc). In Cu-full material (Fig. 7.2) the presence of copper fibers can be

appreciated; in general, larger than iron fibers.
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Figure 7.2: SEM/EDXS analysis of Cu-full material, with the identification of main
constituents.
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Figure 7.3: SEM/EDXS analysis of Cu-free material, with the identification of main
constituents.

The elemental composition of both friction materials is given in Table 7.1. The two
materials feature compositions qualitatively similar, with some exceptions, as concerns for

instance the 12 wt.% of copper in Cu-full material, replaced by iron in case of Cu-free.

61



Table 7.1: Elemental composition of Cu-full and Cu-free materials. Carbon not

quantified.

Element wt.% Cu-full Cu-free
Fe 12.4 +15 25.6 +1.3
Mg 8.4 109 7.8 +05
Zn 9.0 0.3 8.2 05
Al 6.0 0.4 6.0 0.2
Si 3.8 08 3.0 £0.1
S 4.1 102 4.9 0.3
Cu 12.1 2.1 -

Sn 7.0 0.6 4.8 0.5
Ca 3.6 0.3 2.1 102
Cr 1.6 0.1 1.8 0.3
@) 32.0 0.8 35.8 1.1

The scorching treatment was carried out with a hotplate at around 650 °C for a few
seconds. The penetration depth of the scorching effect, investigated with an optical
microscope, is shown in Figure 7.4, for both friction materials. In the Cu-full, a penetration
of around 1800 pm is evidenced by the dark surface region, interpreted as mainly due to the
organic compound degradation and formation of carbonaceous particles. A less marked
dark region is noticed in Cu-free material. In this case, the heat affected zone is much more
limited, as an indication of a lower degradation of the organic constituents. This result can
be explained in terms of better thermal diffusivity promoted by copper [126]. Consequently,
during the scorching, the surface heating in the Cu-full material is much more intense and

able to deeper penetrate.
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Cu-full Cu-free

Figure 7.4: Optical microscope observation of the scorching penetration for Cu-full
and Cu-free materials. The extension of the scorching penetration depths in the two
materials is indicated [125].

7.2 Tribological and emissions behavior

Typically, the friction coefficient curves from PoD tests are characterized by two
stages: the running-in and the steady-state. The running-in corresponds to the first stages
of contact, during which the asperities on the virgin surfaces are removed, wear of both
friction material and disc initiates, and the friction layer starts to be formed. Very often, the
friction coefficient increases during the running-in until achieving a steady-state condition,
not necessarily characterized by a constant value of the friction coefficient [66, 72]. Figure
7.5 shows the evolution of both friction coefficient and the total concentration of emissions
from the PoD tests conducted on the Cu-full friction material, in scorched (Fig. 7.5a) and
bulk (Fig. 7.5b) conditions. The material seems to achieve the steady state after around
4000s, in both conditions. This is quite long running-in considering that the samples were
already submitted to a previously running-in, as specified in the Section 6.3. Long running-
in in the total concentration of emissions is equally noticed for all samples, in both conditions.
Interestingly, this is not the only similarity between friction coefficient and total concentration
curves: they exhibit corresponding behavior. For example, in case of sample 3 in scorched
condition, the evolution of friction coefficient does not follow the typical behavior of friction
coefficient curves. Instead of a short running-in with increasing friction coefficient, the curve
displays a long step of running-in, in which the coefficient of friction increasing in a very low
rate. The corresponding curve of total concentration follows the same behavior. Such
correspondence is better observed Figure 7.6, confirming the unusual behavior and the

similarity between the curves.
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Figure 7.5: Evolution of the friction coefficient and total concentration of emitted particles
obtained from PoD tests conducted on Cu-full material, in (a) scorched and (b) bulk
conditions.
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Figure 7.6: Evolution of the friction coefficient and total concentration of emitted particles of
sample 3 of Cu-full scorched.

Figure 7.7 shows the evolution of the friction coefficient and the total concentration of
emitted particles from PoD tests conducted on Cu-free friction material, in (Fig. 7.7a)
scorched and (Fig. 7.7b) bulk condition. In this case, long running-in of friction coefficient is
observed only in bulk condition, featuring around 4000s. Instead, all samples in scorched
condition exhibit a stable behavior after around 2000s. In analogy to the observations for
the Cu-full material, the emissions follow same trend of its corresponding friction coefficient
curves. To allow a better view of such correspondence, Figure 7.8 shows in the same graph

the friction coefficient and the emissions for sample 1 in scorched condition.
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Figure 7.7: Evolution of the friction coefficient and total concentration of emitted particles
obtained from PoD tests conducted on Cu-free material, in (a) scorched and (b) bulk

conditions.
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Figure 7.8: Evolution of the friction coefficient and total concentration of emitted particles of
sample 1 of Cu-free scorched.

The similar behavior of the curves observed for both materials Cu-full and Cu-free
indicates a relationship would exist between the friction behavior and the emissions of the
airborne particles.

A corresponding increase in both friction coefficient and emissions during PoD tests
was also evidenced by Alemani et al. [126] and Nosko et al. [100]. However, in these
investigations, the explanation involves the high temperatures achieved during the tests: the
friction coefficient increases with the contact temperature; consequently, the formation of
wear debris is favored. Moreover, as discussed in Section 5.6.2, above the critical
temperature (temperature of degradation of the organic matrix), the emissions increase
tremendously.

The temperature displayed by all tests conducted on the present investigation have
never exceeded 80 °C. An example is given in Figure 7.9, showing the evolution of the
temperature during a test with Cu-full - condition bulk.
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Figure 7.9: Disc temperature during the PoD test for Cu-full in bulk condition.

Figure 7.10 (a and b) shows the mean values of the friction coefficient and the total
concentration of particles in the steady-state conditions, respectively. The Cu-full material
features friction coefficient of 0.56 for both conditions; higher than the values for the Cu-free
scorched (0.36) and bulk (0.46). Same trend is observed for the emissions: Cu-full displaying
close values for both conditions (around 1500 #/cm?3), higher than Cu-free scorched (454
#/cm3) and bulk (802 #/cm3).

Comparing the conditions, no differences can be detected between the scorched and
bulk in case of the Cu-full material, for both friction coefficient and total concentration of
particles. Instead, in case of the Cu-free friction material, the difference is evident: the bulk
condition displays higher values than scorched. This means that with the Cu-free material,
the removal of the scorched region leads to an increase in the friction coefficient, and a
correspondingly higher total concentration of emissions.
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Figure 7.10: Mean values of (a) friction coefficient and (b) total concentration of emitted
particles at steady-state for Cu-full and Cu-free friction materials in the scorched and bulk
conditions.

Figure 7.11 (a and b) shows the values of the specific wear coefficient (Ka) of the
pins. To calculate the wear, the total volume of lost material during the entire test is
considered. Cu-full friction material exhibits higher wear than Cu-free, but any appreciable
difference between scorched and bulk is noticed. On the other hand, the Cu-free displays

slightly higher wear in bulk condition than in scorched. In all cases, the materials exhibit a

mild wear, as expect for mild conditions of testing.
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Figure 7.11: Mean values of specific wear coefficient of Cu-full and Cu-free friction
materials in the scorched and bulk conditions.
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7.3 Characterization of the pin’s worn surfaces

SEM observations of the pin’s worn surfaces, both planar and cross-sectional views,
allow to identify the contact plateaus. Since these are the real contact areas between friction
material and disc during the sliding contact, their characterization enables a better
understanding of the tribological response of the couple. The SEM planar views of the pin’s
worn surfaces for both materials and conditions are given in Figure 7.12. The primary
plateaus (marked as “1”) are well defined and formed by steel fibers, identified by EDXS
maps do not present herewith. Copper fibers, if present, may also act as primary plateaus.
The secondary plateaus (marked as “2”) are mainly made by the compaction of wear
fragments, as discussed in Section 4.2, originated from the wear of both friction material and
counterface disc. Cu-full in both conditions (Fig. 7.12 a and b) features secondary plateaus
more compact and with higher extension than Cu-free friction material (Fig. 7.12 ¢ and d).
Loose particles around the secondary plateaus are present, especially in case of Cu-full
scorched and both conditions of Cu-free. These particles are wear debris which pilled up
close to the fibers, since the fibers acting as a barrier for debris moving [66]. This
phenomenon shows the mechanism of formation the secondary plateaus, extensively
discussed in Section 4.2. In general, at the first stage of the secondary plateaus formation,
the wear debris pile up close to the primary plateaus (hard fibers/particles) and by the action
of the pressure and sliding, they are compacted. In case of Cu-full bulk (Fig. 7.12b), the
wear debris were almost totally compacted, showing the ability of this material in well-
forming the secondary plateaus. On the other hand, in Cu-free scorched, a lot of loose
particles can be noticed and consequently lower extension of the secondary plateaus. These
observations can explain the higher friction coefficient displayed by Cu-full, since the y is
given by;

om Ar/FN (7.1)

where A is the contact area of the mating surfaces, i.e., the extension of the contact
plateaus. Thus, higher real contact area determines a higher friction coefficient. Other
regions of the pin’s surfaces were analyzed and confirm the higher extension of plateaus for
Cu-full compared to Cu-free. In fact, the ability of copper in favouring the formation and

stabilization of the secondary plateaus was already demonstrated by Kumar et al. [48].
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Figure 7.12: SEM micrographs of pin’s worn surface: (a) Cu-full scorched, (b) Cu-full bulk,
(c) Cu-free scorched, (d) Cu-free bulk. The arrows indicate the sliding direction and 1-
primary plateaus; 2- secondary plateaus [125].

Figure 7.13 shows the SEM micrographs of the cross-sections of the pins tested in
bulk condition, for both materials. The secondary plateaus observed on Cu-full is thicker
than on Cu-free. This fact agrees with the observations on pin’s worn surface (Figure 7.10),
confirming the tendency of the Cu-full material to easily form secondary plateaus in its friction
layer. The cross-sections of pins in the scorched condition were not analyzed since the same

pins were successively tested in bulk condition.
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Figure 7.13: SEM micrographs of the cross-sections of pins: Cu-full and Cu-free, both in
bulk condition.

To complete the characterization of the friction layer, the elemental composition of
the secondary plateaus analyzed on the cross-section is given in Table 7.2, without
considering the carbon content. Following the composition of the virgin materials, the main
difference on the composition of the secondary plateaus of Cu-full as compared to the Cu-
free material is the higher amount of iron onto the Cu-free and, of course, the presence of
copper on the Cu-full. Furthermore, for both materials, the amount of iron on the secondary

plateaus is higher than in virgin material (see Table 7.1), due to the contribution of disc wear.
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Table 7.2: Elemental composition of secondary plateaus of Cu-full and Cu-free analyzed
on the cross-section.

Element (wt.%) Cu-full Cu-free
Fe 58.2 128 65.5 2.3
Mg 2.8 0.8 2.9 +13
Zn 5.8 +1.3 2.1 +14
Al 2.4 107 2.2 109
Si 1.5 z06 1.7 02
S 2103 2.1 105
Cu 2.6 09 -

Sn 3.4 +1.1 1.9 =07
Ca 1.3 02 1.0 z04
Cr 0.9 0.1 0.8 0.2
O 18.8 2.8 19.4 132

7.4 Characterization of the PM emissions

The morphology of the airborne particles collected by the impactor in size ranging
from 10 to 2.5 ym is shown in Figure 7.14, for the Cu-full and Cu-free materials, in scorched
and bulk conditions. Both coarse particles shaped-like flake and small rounded particles can
be appreciated in all cases. Mostly of these coarse particles own a flat face (see arrows),
indicating they came from regions which were in contact, i.e, the contact plateaus. In fact,
as discussed in Section 2.2, the tribo-oxidative wear is a typical wear mechanism for brake
systems, consisting in a breakage of the layer formed between the surfaces.

Cu-full features higher fraction of comparatively coarse particles, as compared to Cu-
free. This is in agreement with the more compacted secondary plateaus observed in Figures
7.12 and 7.13 for Cu-full. The presence of copper that renders the friction layer more

compact, resulting in the formation of coarser fragments on its disruption [49, 126].
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Figure 7.14: SEM micrographs of the airborne particles with the 10 - 2.5 ym aerodynamic
diameter range. Above: scorched condition. Below: bulk condition [125].

Figure 7.15 shows a secondary electron (SE) SEM micrograph of airborne particles
from the tests on the Cu-free material, sizing from 10 to 2.5 uym, it is possible to recognize
some sliding marks on the coarse particle at the center of the image (see arrow). This fact
confirms that such flat particles came from a region of contact. Indeed, according to Eriksson
et al. [66], the plateaus can be defined as the areas of the pad showing signs of sliding
contact with the disc and typically, these signs involve a relatively flat surface with shallow
grooves in the sliding direction.
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Figure 7.15: SE-SEM micrograph of the Cu-free airborne particles with the 10 - 2.5 ym
aerodynamic diameter range. The arrow indicates the particle in which sliding marks can
be recognized.

The SEM micrographs of the airborne particles sizing from 2.5 to 1 ym are given in
Figure 7.16, for both materials and conditions. The flat coarse particles are also observed
for the smaller size range (see arrows). However, in this case, the predominance of these
flake particles is not so clear, showing a high fraction of rounded particles as well, especially

for bulk condition for both materials.

75



Cu-freevL ‘

Figure 7.16: SEM micrographs of the airborne particles with the 2.5 - 1 ym aerodynamic
diameter range. Above: scorched condition. Below: bulk condition.

Figure 7.17 and Figure 7.18 show the SEM/EDXS elemental composition of a coarse
single particle for Cu-full and Cu-free materials, respectively. Iron and oxygen are the main
detected elements in both cases, also containing small content of elements from the friction
material, such as zinc and aluminum. These results are in line with [66, 72], which describe

iron oxide as the main compound of the coarse and fine brake emissions.
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Element wt.%

Fe 61.2
o 24.0
Mg 2.1
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Al 2.1
S 1.4
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Figure 7.17: SEM/EDXS elemental composition of the indicated particle, from tests with
Cu-full material.

Element wt.%

Fe 60.3
o 30.8
Mg 0.6
Zn 2.9
Al 0.8
S 0.4
Sn 1.6
Ca 1.0
Cr 1.8
Mn 0.6
Si 0.1

Figure 7.18: SEM/EDXS elemental composition of the indicated particle, from tests with
Cu-free material.

Table 7.3 revels the elemental composition of the airborne particles for Cu-full and
Cu-free materials, both in bulk conditions. In order to obtain results representative of the

overall emissions composition, the measurements were fulfilled in full frame low
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magnification images (e.g., 700x original magnification), able to analyze a significant amount
of particles. For both materials, the emissions have nearly the same composition to their

corresponding secondary plateaus.

Table 7.3: Elemental composition of the particle matter in two different size range for Cu-
full and Cu-free friction materials in bulk condition.

Cu-full Cu-free
Element | Particles from Particles from Particles from Particles from
(Wt.%) 10 — 2.5 pm 2.5-1um 10 — 2.5 pm 25-1um

Fe 63.3 2.5 63.3 £2.3 68.9 3.0 68.8 2.6
Mg 2.6 +1.0 2.5 06 2.7 +06 2.5 104
Zn 3.5 06 4.3 0.9 2.9 104 3.1 +1.1
Al 3.0 04 2.7 203 3.0 0.2 2.7 0.3
Si 2.0z202 1.7 0.1 2.2 104 1.7 01
S 2.1 103 1.9 103 2.3 0.1 2.3 02
Cu 5.3 +1.3 5.1 :08 - -

Sn 3.3 £0.1 3.2 +06 2.3 103 2.4 02
Ca 1.3 0.1 1.2 202 0.7 0.2 0.7 0.2
Cr 1.1 £0.1 1.1 100 1.0 03 1.3 £0.1
O 12.2 £14 12.8 15 13.1 1.8 13.0 0.9

To allow for an easier and straightforward interpretation, Figures 7.19 and 7.20 show
a comparison of EDXS data for the virgin material, secondary plateaus and PM emissions
in the bulk condition. The amount of iron increases in passing from the virgin material to the
secondary plateaus and airborne particles, due the contribution to the wear coming from the
counterface cast iron disc. Comparing the secondary plateaus to the collected particles, its
elemental composition is very similar, which confirms the disruption of the friction layer as

the origin of particulate matter emissions.
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Figure 7.19: Comparison of the compositional values of different regions (virgin material,
secondary plateaus cross section, airborne particles PM 10-2.5 ym and PM 2.5-1 um) for
Cu-full friction material.
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Figure 7.20: Comparison of the compositional values of different regions (virgin material,
secondary plateaus cross section, airborne particles PM 10-2.5 ym and PM 2.5-1 uym) for
Cu-free friction material.
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7.5 Final comments

From the results herewith presented it turns out an important role is played by the
friction layer, affecting both the tribological performances and airborne particle emission. A
larger extension of the secondary plateaus leads to a higher friction coefficient, owing to a
larger real contact area. At the same time, since more extensive and thicker secondary
plateaus in the friction layer are formed, its disruption produces a larger amount of airborne
particles, particularly coarse ones, as noticed in case of Cu-full friction material. This fact is
in agreement with the observed relationship between friction coefficient and emissions
curves (see Figg 7.6, 7.8), as well as the similarity of the elemental composition between
the emitted particles and the secondary plateaus. Moreover, the flat surface morphology
displayed by many collected particles, especially the coarser ones, and the sliding marks
recognized on some of them, confirm that these particles actually come from the disruption
of the secondary plateaus.

As concerns the effect of the scorching treatment, this was observed for the Cu-free
material only. Indeed, in scorched condition lower friction coefficient, wear rate and
emissions, compared to the bulk, were recorded. In fact, the heating of the pad surface at
around 650 °C involved with the scorching treatment can lead to two counteracting effects:
the decrease in the cohesion of the components for the carbonization of the organic matrix;
and the sintering of the components induced by the elevated temperature. In case of the
Cu-free material, the extent of carbonization of the organic components is significantly lower
than in the Cu-full material, as evidenced by the lower thickness of the relevant heat altered
layer (Fig. 7.4). Consequently, the surface sintering was more pronounced, increasing the

wear resistance of the friction material with a consequent reduction in the particle emission.
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Chapter 8
PM brake emissions from two

commercial Cu-free friction materials

This chapter investigates the tribological behavior and the corresponding PM
emissions in two low-metallic commercial friction materials, aiming at better understanding
the effect of abrasive ingredients on the emissions generation. Both materials are Cu-free,
one featuring a relatively high content of abrasives and the other one a particularly high
amount of filler. As discussed in Section 3.4.1, these ingredients, i.e., abrasives and fillers,
play different roles in the friction materials. The abrasives are hard particles and are meant
to increase the friction coefficient and improve the overall wear resistance. They are also
described as essential in supplying wear fragments necessary for the formation of the
secondary plateaus. Instead, fillers are added in friction materials mainly to reduce their cost
without compromising the performance.

In the Chapter 7, a clear relationship between the friction coefficient and the
emissions was noticed, and the key for such relation is the friction layer formed on the mating
surfaces. In this present investigation, a deeper characterization of the friction layer was
carried out, including the elemental composition of the secondary plateaus on top view.

Part of the results discussed in this chapter were published in [127].
8.1 Characterization of the friction materials

The elemental composition of both friction materials is given in Table 8.1. High
relative amount of magnesium, zinc and aluminum can be noticed in case of material Cu-
free/A. Those elements are usually added as oxides, behaving as abrasives. Instead, Cu-
free/F displays high relative content of barium, added as the compound barite, used as a
filler in friction materials. This latter friction material is the output result of the project
ECOPADS (Eliminating COpper from brake PADS and recycling), aimed the development
of a ‘green’ copper-free brake pad formulation, combining excellent brake performance and

reduced certified emissions [128].
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Table 8.1: Elemental composition of Cu-free/A and Cu-free/F materials. Carbon not

quantified.

Element (wt.%) Cu-free/A Cu-free/F
Fe 18.2 +15 12.2 £26
Mg 9.8 0.8 6.2 £0.1
Zn 12.3 +1.7 8.7 +0.5
Al 7.9 0.7 6.3 +0.9
Si 3.4 06 2.8 103
S 8.7 +0.9 11.4 +0.7
Sn 6.8 0.6 5.4 0.1
Ca 3.9 0.1 3.0 0.0
Cr 2.5 104 1.8 £0.1
O 21.9+15 17.2 z05
Ba - 25.1 +0.4

8.2 Tribological and emissions behavior

The evolution of both friction coefficient and the total concentration of emissions from

representative PoD tests conducted on Cu-free/A and Cu-free/F is given in Figure 8.1. In

the friction coefficient curves, a running-in of around 2000s and 1000s can be appreciated

for Cu-free/A and Cu-free/F, respectively. Regarding the emissions, a rather longer running-

in is noticed and the steady-state is achieved at around 3000s in case of Cu-free/F and

4000s for Cu-free/A.
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Figure 8.1: Friction coefficient and particle concentration evolutions obtained from
representative PoD tests conducted on the two friction materials.

Figure 8.2a shows the mean values of the friction coefficient at the steady state

regime for both materials. Cu-free/A features friction coefficient of 0.43 +0.04, as expected

higher than Cu-free/F, displaying 0.40 +02. The corresponding total concentration of

emissions is given in Figure 8.2b. Cu-free/A displays higher emissions than Cu-free/F, i.e.,

294 +69 #/cm?3 and 232 +29 #/cm3, respectively.
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Figure 8.2: Mean values of (a) friction coefficient and (b) total concentration of emitted

particles at steady-state for Cu-free/A and Cu-free/F.
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Figure 8.3 shows the values of the specific wear coefficient (Ka) of the pins for both
materials. The materials display similar wear rate. The comparatively lower emission
presented by Cu-free/F can then be ascribed to a wearing out producing a higher fraction of
relatively large fragments, which do not become airborne after abandoning the mating

surfaces and therefore are not recorded by the particle counter experimental set up.

—— Ka (m%/N)

5.0x107™" - +

0.0

Cu-ﬁlee/A Cu-f;eelF

Figure 8.3: Mean values of pin’s specific wear coefficient (Ka) for both friction materials.

8.3 Characterization of the pin’s worn surfaces

Figure 8.4 shows the pin's worn surfaces for both friction materials. On the left side
the images were obtained using backscattered electrons, whereas the corresponding SEM
images at the right side were obtained using secondary electrons (SE). The presence of
secondary plateaus close to the iron fibers can be appreciated in both materials. Cu-free/A
displays higher extension secondary plateaus than Cu-free/F. Loose particles close to the
secondary plateaus are more evident in case of Cu-free/F, with Cu-free/A featuring more
compact secondary plateaus. This is also evident for darker and more uniform secondary

plateaus in SE images (right side), as noticed for Cu-free/A.
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Cu-free/A 12

Cu-free/F

Figure 8.4: SEM micrographs of pin’s worn surface for both friction materials. On left side:
backscattered electrons. On right side: secondary electrons [127].

The elemental composition of the secondary plateaus measured on the surfaces from
top view of pins is given by Table 8.2, for both tested materials. The same elements found
in the virgin materials (Table 8.1) are all present in the secondary plateaus, but in different
concentrations. In particular, an increased amount of iron is observed in both materials,

indicating the contribution from the counterface disc wear.
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Table 8.2: Elemental composition of secondary plateaus of Cu-free/A and Cu-free/F
analyzed on the surface top view. Carbon not quantified.

E(';T; ')’t Cu-freelA Cu-freelF
Fe 71.6 3.0 64.6 +1.7
Mg 1.8 103 1.3 0.1
Zn 3.8 0.2 2.8 105
Al 1.9 0.1 1.3 0.1
Si 1.4 0.1 1.3 202
S 2.2 :00 3.7 0.4
Sn 2.6 02 2.2 +01
Ca 0.6 0.1 0.5 0.1
Cr 1.0 0.0 0.9 02
O 12.6 +15 13.3 204
Ba - 8.0 03

Beyond the fact that higher extension of secondary plateaus can lead to an increased
friction coefficient due to a larger real contact area, the higher content of iron on the
secondary plateaus of Cu-free/A compared to Cu-free/F may also affect the friction
coefficient values. In fact, higher iron concentration provides a higher tribological
compatibility with the cast iron counterface [1], thus increasing the adhesive interaction
between the mating surfaces during braking and the relevant adhesive contribution to
friction.

Figure 8.5 shows SEM backscattered electrons observations of the cross-section of
the worn pins, where the secondary plateaus can be recognized. As observed already in
surface planar images (Fig. 8.4), the Cu-free/A exhibits better formed secondary plateaus,
featuring larger thickness. The elemental compositions measured on the cross-section of

the secondary plateaus for both tested materials are given in Table 8.3. The results which

86



appear to be in agreement with the worn surface compositions shown in Table 8.2. However,

the oxygen is present to a lower extent in the cross-section.

. b R el o .'3‘2‘-*
Cu-free/A T CufreefF [eiA T «f

Ch1 MAG:1000x MV: 204V WO:10mm Px 014 pm 1 D1 MAG: 1000x MV 20KV WO 10mm Px 014 m

Figure 8.5: SEM micrographs of cross-section of the pins for both friction materials [127].

Table 8.3: Elemental composition of secondary plateaus of Cu-free/A and Cu-free/F
analyzed on the cross-section. Carbon not quantified.

E(';:'_‘; ')'t Cu-freelA Cu-freelF
Fe 72.9 115 65.2 +1.7
Mg 1.3 03 2.6 03
Zn 5.9 105 4.2 +0.7
Al 0.8 0.2 2.3 103
Si 0.5 0.1 3.2 +16
S 3.8 0.3 5.1 06
Sn 3.4 0.7 2.2 :01
Ca 1.2 101 0.5 0.1
Cr 0.8 0.1 0.9 0.2
O 9.1 105 4.2 +1.1
Ba - 9.1 108
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Comparing the elemental composition of the secondary plateaus measured on the
surface (Table 8.2) and on the cross-section (Table 8.3), the iron content does not appear
to vary between the external surface (top view) of the secondary and the internal part (cross-
section). The oxygen percentage does instead change depending on the distance from the
pin surface. In particular, it goes down when moving from the top surface to the inner part
of the friction layer. Furthermore, the oxygen-containing compounds, such as Al203, MgO
and BaS04, are usually present in higher amount in the plateaus cross-section with respect
to its surface. All these remarks suggest that the observed oxygen gradient is mainly due to
the oxidation of metallic iron present close to the surrounding environment, with the

formation of iron oxides, such as magnetite and hematite [66, 67].

8.4 Characterization of the PM emissions

Figure 8.6 shows the SEM micrographs of airborne PM emissions for Cu-free/A and
Cu-freelF, collected by the impactor 2.5-10 um filters. For both materials, the predominance
of coarse flake-shaped particles can be appreciated; most of them featuring a flat face, as
highlighted by the arrows. Smaller rounded particles are also visible, in a relative lower

amount though.

Cu-free/A

SED  200kv WD100mm S1d.PCS00 HighVac lS,C'(E

Cu-free/F

SED  200kv WD98mm  Std

Figure 8.6: SEM micrographs of the airborne particles with the 10-2.5 ym aerodynamic
diameter range, for both friction materials. The yellow arrows indicate particles featuring
flat face [127].

The micrographs of the 2.5 to 1 ym particles is given in Figure 8.7, for both materials.
Cu-free/A seems to feature a higher relative amount of flake-shaped particles with flat

surfaces than Cu-free/F.
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Cu-free/F

SED  200kV WDI100mm St

Figure 8.7: SEM micrographs of the airborne particles with the 2.5-1 ym aerodynamic
diameter range, for both friction materials.

The elemental composition of the airborne particles is provided in Table 8.4. Both
materials feature compositions of the emitted particles very similar to the secondary plateaus
(Tables 8.2 and 8.3). To allow an easily interpretation, Figures 8.8 and 8.9 show a
comparison of EDXS data for the virgin material, secondary plateaus (both surface top view
and cross-section) and PM emissions.
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Table 8.4: Elemental composition of emitted particles. Carbon not quantified.

Cu-free/A Cu-free/F
Element | Particles from Particles from Particles from Particles from
(Wt.%) 10 — 2.5 ym 2.5-1pm 10 — 2.5 ym 2.5—-1pm
Fe 79.1 +1.7 78.6 2.0 64.5 +0.4 65.8 +2.6
Mg 1.9 0.2 1.9 0.4 1.9 0.1 1.8 +0.3
Zn 3.0 £0.1 2.9z08 2.7 0.0 2.7 0.7
Al 1.7 0.1 1.7 z0.3 1.9 0.1 1.9 203
Si 1.7 0.1 1.8 £0.1 1.5 £0.1 1.5 £0.1
S 1.7 0.1 1.8 102 3.7 0.2 3.7 0.8
Sn 2.6 203 2.3 06 2.4 04 2.1 105
Ca 0.1 0.0 0.3 0.1 0.3 0.1 0.5 0.2
Cr 0.7 0.1 0.6 0.1 0.7 0.0 0.6 0.1
O 7.1 +16 7.5 £1.1 11.8 0.7 11.6 1.0
Ba - 8.2 0.2 - 8.0 03
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Figure 8.8: Comparison of the compositional values of different regions (virgin material,
secondary plateaus surface and cross section, airborne particles PM 10-2.5 ym and PM
2.5-1 ym) for Cu-free/A friction material.
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Figure 8.9: Comparison of the compositional values of different regions (virgin material,
secondary plateaus surface and cross section, airborne particles PM 10-2.5 ym and PM
2.5-1 ym) for Cu-free/F friction material.

Based on the composition of the emitted particles (Table 8.4), it is possible to
understand their formation mechanisms by comparing the obtained results. In Cu-free/A
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friction material, the iron content in the produced particles (79.1 wt.%) is higher than the one
recorded in both the inner (72.9 wt.%) and superficial portions (71.6 wt.%) of the secondary
plateaus. Considering the corresponding trend of decrease in oxygen content (down to 7.1
wt.% from 9.1 wt.% and 12.6 wt.%, respectively), it suggests that the airborne particles
contain more metallic iron than the secondary plateaus, especially when compared to the
superficial secondary plateau. This indicates that, for the Cu-free/A friction material, the
airborne particles originate mainly from the disruption of the secondary plateaus, but with a
contribution also from the direct wear of the cast iron counterface. This latter mechanism is
in line with the abrasive character of the Cu-free/A friction material. Instead, in case of Cu-
free/F, the iron content in the particles emitted is nearly the same of its content in the friction
layer (Figure 8.9), while the oxygen content is intermediate between the one of the external
and the internal part of the plateaus. All these remarks indicate that most of the airborne
particles come from the disruption of the friction layer, and in particular of its external parts.
It is also important to reiterate that the iron content is significantly lower in the starting

material composition due to the fact that it has not yet interacted with the cast iron disc.

8.5 Final comments

The tribological and the associated emission behavior of the two Cu-free friction
materials are related to the characteristics of the friction layers that formed on the pin
surfaces during PoD sliding tests.

The higher iron content in the PM emissions than in its secondary plateaus, forming
on the surface of the Cu-free/A friction material indicates that the airborne particles come
not only from the disruption of the secondary plateaus but also from the wear of the cast iron
disc, through a direct wear induced by the abrasives present in this friction material. In case
of Cu-free/F instead, the airborne particles are mainly fragments coming from the disruption
of the friction layer, as proved by the corresponding composition of the emitted particles and
secondary plateaus.

The in-depth characterization of the friction layer reveals that the outer surface layer
of the secondary plateaus is more oxidized than internal part, being also more similar to the

elemental composition of the emitted particles.
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Chapter 9

PM brake emissions from a simplified
friction material composition containing
rice husk

This chapter aims at investigating the effect of an addition of rice husk in a new eco-
friendly Cu-free brake pad composition, focusing on the tribological and emissions behavior.
Rice husk (RH) is an abundant agricultural industry waste containing a relatively large
amount of amorphous silica (a-SiO2), which should display abrasive properties that are not
easily found in other natural materials.

Several natural ingredients have been proposed as sustainable raw materials to be
used in brake pad formulations, like: hemp fibers, flax, kenaf, jute fibers, and palm kernel,
just to mention the most popular ones [4-6]. In general, these lignocellulosic materials are
intended to replace reinforcement fibers or simply to act as fillers, in the general perspective
of using renewable ingredients, less harmful once emitted in the atmosphere. A drawback
commonly displayed by the natural ingredients is attributed to the absorption of water and
to the hydrophilic nature, that weakens the interface between the ingredient bundles and the
lignin matrix [9]. In this regard, the ash of RH, i.e., its inorganic compound was added to one
of the compositions investigated in the present study. To obtain the ash from RH, a
controlled heat treatment was carried out, following specific literature indications [119-121].

It is important to highlight that the friction material formulations used in this part of the
study have been developed with the deliberate intention to carry out laboratory tests for the
assessment of the role of RH on the tribological and emission performances of friction
materials.

This study was developed in collaboration with the University of Rio Grande do Sul,

in Brazil, and part of the results was published in [129].
9.1 Characterization of the friction materials

Three non-commercial friction materials were studied. Two formulations contain 6
wt.% of RH, added in two different conditions: one after grinding, codenamed F-RH, and the
other after grinding and heat treatment, called F-RHT. The third formulation contains
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alumina (an abrasive) in the place of RH, still with a 6 wt.% concentration (F-AL). The
grinding and heat treatment preparation of the RH are described in detail in Section 6.2.2.1.

The SEM micrographs of the microstructure of the three friction materials after pin
preparation is shown by Figure 9.1, with the indication of the main components, identified
through EDXS analyses. It can be appreciated the presence of metallic fibers (steel wool)
and powders (barite, magnesium and calcium carbonate, aluminum oxide for F-AL and rice
husk for F-RH and F-RHT).

Rice husk Steel wool
untreated
CaCoO; MgCO;
BaSO, Graphite
CaCO;
Rice husk Graphite
treated
MgCO;
Steel wool
BaSO4
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Allumina

Steel wool

Graphite

Figure 9.1: SEM micrographs for the F-RH, F-RHT and F-AL formulations, after pin
preparation, with the identification of the main components, based on the indications of the
EDXS map results [129].

The elemental compositions of the three materials are given Table 9.1, in which a

rather higher amount of Si can be appreciated for F-RHT compared to F-RH. As expected,
aluminum was detected in the F-AL material.

Table 9.1: Elemental composition of F-RH, F-RHT and F-AL formulations, obtained by
EDXS analyses. Carbon was not considered.

Element (wt.%) F-RH F-RHT F-AL
O 27.5 0.2 27.8 +1.0 25.0 0.2
Mg 3.0 0.0 3.7 £0.1 2.2 200
Al - - 2.8 £0.1
Si 2.2 102 6.2 +1.0 -
S 6.0 0.5 6.1 0.1 4.7 105
Ca 14.6 0.3 11.8 0.3 14.5 0.7
Fe 14.3 0.4 13.8 0.6 15.7 0.5
Ba 32.5 0.2 30.6 0.3 35.0 z0.8

9.2 Tribological and emissions behavior
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The evolution of both friction coefficient and the total concentration of emissions from
representative PoD tests conducted on F-RH, F-RHT and F-AL is given in Figure 9.2. A
rather unstable friction coefficient curves are observed for all three materials, which is
coherent with the fact that the materials not comprise complex and optimized formulations,
as commercial friction materials.
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Figure 9.2: Evolution of friction coefficient and total concentration of particles
emitted from representative tests conducted on the three materials.

Figure 9.3a shows the mean values of the friction coefficient for the steady state
regime of the PoD tests. The F-RHT material yields the highest friction coefficient (0.45
+0.03), followed by F-AL (0.39 +0.03) and F-RH (0.37 +£0.02). The emissions display same
raking: F-RHT vyields highest value (1553 +268), followed by F-AL (1164 +196) and F-RH
(715 £122).
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Figure 9.3: Mean values of (a) friction coefficient and (b) total concentration of
emitted particles at steady-state for F-RH, F-RHT and F-AL materials.

Figure 9.4 shows the mean values of specific wear coefficient (Ka) of the pins. The
Ka-values found for all three materials are typical of a mild wear regime [28]. F-RHT and F-
AL display close values and F-RH exhibited the lowest one. This suggests that F-RH showed

the best wear resistance among all the three formulations selected in this investigation.
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2x10714 4
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Figure 9.4: Mean values of pin’s wear coefficient (Ka) for three materials.

9.3 Characterization of the pins and discs worn surfaces

The characteristics of the friction layers present on the pins’ worn surfaces after the
PoD tests are shown by the SEM micrographs in Figure 9.5. It is evident that F-RHT could
easily form secondary contact plateaus, displaying a larger fraction of the surface covered
by patches of compacted debris, compared to F-RH and F-AL. Another important
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observation in case of F-RHT concerns the formation of the secondary plateaus without the
contribution of steel wool fibers as primary plateaus for supporting them (highlighted by red
circle in Fig. 9.5). Just a few, smaller regions with this kind of plateaus can be appreciated
in F-RH and F-AL materials. Furthermore, the presence of untreated RH particles can be
also clearly recognized in F-RH material (highlighted by a blue circle).

Figure 9.5: Pins’ worn surfaces for F-RH, F-RHT and F-AL materials [129].

Figure 9.6 shows higher magnification images of the friction layer formed on pins’
surfaces for the three materials. On the left side the images were obtained using
backscattered electrons, whereas the corresponding SEM images at the right side were
obtained using secondary electrons. The secondary plateaus of F-RH and F-RHT seems to
be more compacted than F-AL. In addition, abrasive marks can be noticed in the steel wool

of F-AL, which is not too evident for the other two materials.
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Figure 9.6: SEM micrographs of pins’ worn surface for all friction materials. On left side:
backscattered electrons. On right side: secondary electrons [129].

The elemental compositions of the secondary plateaus are given in Table 9.2. The
results are mean values of tests acquired from three distinct regions of the secondary
plateaus. The same set of elements found in the virgin materials (Table 9.1) can be
observed, although in different concentrations. The secondary plateaus of all materials
exhibited a higher iron concentration than the virgin pins, due to the contribution of the disc

wear. In particular, the F-AL has secondary plateaus with the highest amount of iron, and
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the lowest content of the other elements, like barium, calcium and sulfur. This suggests a
higher contribution from the wear of the disc, which could be attributed to a more intense
abrasive action of the alumina added to F-AL, as compared to the rice husk added to F-RH
and F-RHT. The abrasive marks noticed on the iron fibers in Figure 9.6 for the material F-
AL also suggest the more abrasive character displayed by this material.

Table 9.2: Elemental composition of secondary plateaus of F-RH, F-RHT and F-AL
analyzed on the surface top view.

E(';:'_'OZ')“ F-RH F-RHT F-AL
Fe 34.1 16 30.0 0.1 41.1 203
Mg 1.5 102 2.0 02 1.3 0.2
Al - - 2.3 0.0
Si 1.2 101 2.1 01 -

S 4.3 :03 4.5 0.2 3.1 01
Ca 6.2 0.2 7.2 +03 4.4 105
Ba 16.1 1.1 17.3 09 12.5 0.1
0] 36.7 0.3 36.9 0.1 35.4 106

Figure 9.7 shows the disc’s worn surface after testing against the F-RH and F-AL
pins, respectively. In both cases, the surface damage by sliding wear is rather limited.
However, abrasive scratches can be noticed for F-AL (they are indicated with a yellow
arrow), not evident in case of F-RH. This observation confirms the more intense abrasive
action displayed by the alumina present on F-AL. The disc’'s worn surface after sliding

against F-RHT is similar to that shown in case of F-RH and it is then not included.
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Figure 9.7: SEM micrographs showing the disc wear traces after sliding against F-RH and
F-AL. The yellow arrow indicates some abrasive scratches [129].

The cross-sectional microstructure of the worn pins is given in Figure 9.8. A very thin
secondary plateaus is noticed in all cases. However, in agreement with the planar
observations (Fig. 9.5), the F-RHT features better quality secondary plateaus compared to
the other two materials. From the micrographs shown in Figure 9.5, the F-RH seems to form
better secondary plateaus than F-AL. However, as results from the cross-sectional
observations, it turns out that F-RH secondary plateaus are very thin, and F-AL formed
thicker ones.

Figure 9.8: SEM micrographs of pin’s cross-section for all friction materials.

The elemental composition of cross-section secondary plateaus for F-RH, F-RHT and
F-AL are listed in Table 9.3. In comparison to the elemental composition of measured on
the surface of the secondary plateaus (Table 9.2), it is noticed a higher iron content, and a
correspondingly lower oxygen content, in the cross-section of the secondary plateaus for
materials F-RH and F-AL. Same behavior was observed in the previous chapter and
suggests that oxygen gradient is mainly due to the oxidation of metallic iron present close

to the wear surface by the surrounding environment and tribological test conditions. In F-
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RHT the picture is different; the iron content is comparatively lower than for the top view of
the secondary plateaus. The higher amount of Ba, Ca and O on F-RHT compared to the
other two materials, and correspondently lower amount of Fe, indicates that the internal
portion of the secondary plateaus is formed to a larger extent of debris of barite and other

ingredients of the friction material.

Table 9.3: Elemental composition of secondary plateaus of F-RH, F-RHT and F-AL
analyzed on the cross-section.

E(';:'_'OZ')“ F-RH F-RHT F-AL
Fe 42.6 06 22.8 23 51.6 +17
Mg 1.4 0.1 2.4 112 1.9 0.8
Al - - 3.4 0.7
Si 0.8 0.3 2.7 07 -

S 2.8 :03 4.9 +10 2.9 :08
Ca 8.2 06 11.4 +20 41413
Ba 18.9 1.0 26.7 126 13.0 09
0] 25.4 +11 29.3 134 23.3 1.1

Figures 9.9 to 9.11 show the cross-sections and the corresponding EDXS maps of
the worn pins at the end of the tests for all materials. Considering the sliding direction, the
secondary plateaus are generally formed in front of the steel fibers (primary plateaus). The
fibers act as barriers where wear debris pile up and get compacted by the combined action
of pressure and frictional heating. This is the case of material F-RH, as seen in Fig. 9.9 and
confirmed by Fig. 9.6. Comparatively large alumina particles, and occasionally barite, were
also found to play a similar role, as primary plateaus in case of F-AL (see Fig. 9.11).
However, in case of material F-RHT, the picture is different since several secondary
plateaus do not form near the primary plateaus (indicated by red circle in Fig. 9.5). The
inspection of the cross sections revealed that most of the secondary plateaus were formed
on the top of treated RH particles (see Fig. 9.10). Particles of treated RH supporting the

secondary plateaus were found in several other points during the inspection of the cross-
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section of F-RHT. On the other hand, in case of F-RH, no particle of untreated RH was

observed playing the same role.

Figure 9.9: SEM micrograph and corresponding EDXS elemental maps of the cross-
section of an F-RH pin [129].

Figure 9.10: SEM micrograph and corresponding EDXS elemental maps of the cross-
section of an F-RHT pin. The red arrows in the Si map indicate the treated RH particle with
the secondary plateaus on the top of it [129].
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Figure 9.11: SEM micrograph (a) and corresponding EDXS elemental maps of the cross-
section of an F-AL pin [129].

Figure 9.12 shows the SEM micrograph and its corresponding EDXS map of Si on
the worn surface top view of F-RHT. It is noticed that the secondary plateaus without the
usual iron fibers as primary plateaus observed in Fig 9.5 (highlighted by the red circle) are

in fact supported by particles of treated RH (see red arrows).

Figure 9.12: SEM micrograph and its corresponding EDXS map of Si on the worn surface
top view of F-RHT. The red arrows indicate the particle of RH supporting the secondary
plateaus.

The particle of heat-treated rice husk (RHT), shown already in Figure 6.2(d), are
shown for an easy discussion in Figure 9.13. A porous structure can be appreciated. Recent
studies [30,31] have reported that porous compounds, containing nest-like structures (e.g.,
mineral fibers), favor the formation of secondary plateaus without the need of primary
plateaus. This is explained by the ability of these nests to trap and accumulate small
particles, thus behaving as a sort of reservoir of particles, which are thereby compacted by

sliding and pressure, and relevant temperature raise.
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Figure 9.13: SEM micrograph of a particle of treated rice husk (RHT) [129].

9.4 Characterization of the PM emissions

Figure 9.14 and 9.15 shows the SEM micrographs of airborne PM emissions for F-
RH, F-RHT and F-AL, collected by the impactor and sizing from 2.5-10 and 2.5-1 um,
respectively. It is observed that the morphology of the airborne particles for all materials

seems quite similar, showing predominantly coarse flake-shaped debris.

Figure 9.14: SEM micrograph of the airborne particles with aerodynamic diameter
range of 10 - 2.5 ym for F-RH, F-RHT and F-AL.
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Figure 9.15: SEM micrograph of the airborne particles with aerodynamic diameter
range of 2.5 - 1 um for F-RH, F-RHT and F-AL [129].

The elemental composition of the airborne particles, sizing 10 - 2.5 ym and 2.5 - 1

um, are shown in Table 9.4 and 9.5, respectively. The results are mean values from three
distinct full frame analysis in low magnification for each material.

Table 9.4: Elemental composition of airborne particles with size from 10 to 2.5 ym
for F-RH, F-RHT and F-AL materials.

E(':’Toz;t F-RH F-RHT F-AL
Fe 37.4 0.1 27.7 06 37.3 0.4
Mg 1.9 201 2.3 01 1.5 200
Al - - 3.3 0.1
Si 1.4 0.1 2.9 1041 -

S 4.3 :03 5.2 +10 3.8 0.1
Ca 6.7 0.0 8.1 0.1 5.4 0.1
Ba 16.0 +16 19.6 0.0 15.1 03
O 32.3 20 34.4 06 33.9 0.1
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Table 9.5: Elemental composition of airborne particles with size from 2.5 to 1 ym for
F-RH, F-RHT and F-AL materials.

E(:T;')'t F-RH F-RHT F-AL
Fe 32.6 0.1 25.6 0.2 37.5 0.1
Mg 1.9 201 2.2 100 1.4 0.1
Al - - 3.5 0.3
Si 1.8 0.1 3.1 106 -

S 4.1 00 4.9 z0.1 4.0 z04
Ca 6.3 0.1 7.8 102 5.1 0.1
Ba 15.7 04 19.3 203 15.1 05
O 37.7 05 37.3 0.1 33.3 1.1

To allow a better comparison, Figure 9.16 shows an overview graph of the
compositions of the virgin friction material, of the secondary plateaus (for both the cross-
section and the surface analyses), and of the collected airborne particles in different sizes.
It is seen that in all cases, the composition of the airborne particles is by all means
compatible with that of the secondary plateaus surface, showing that most of the airborne
particles originate from the disruption of these regions formed on the pin surface during PoD
tests. To back this idea is the flake-like morphology of the collected particles (Figg. 9.14,
9.15).
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Figure 9.16: Comparison of the compositional amount for the virgin friction material,
secondary plateaus (Sec plateaus) and emitted particulate matter (PM) for each one of the
friction materials [129].

9.5 Final comments

In comparison with F-AL, both friction materials containing rice husk have shown
promising properties: F-RH featured a comparable friction coefficient, and a lower wear rate
and airborne PM emission. F-RHT showed a higher friction coefficient, comparable wear
rate and better quality of the friction layer on worn surfaces, featuring a high relative fraction
of secondary plateaus without primary plateaus. The larger areas of secondary plateaus
formed on F-RHT without primary plateaus is due to the structure of the heat-treated rice
husk, which acts as a sort of reservoir of wear debris, supporting all those particles on the
top of it. All these remarks rank rice husk as an interesting natural ingredient for brake pad
materials, which should be more intensively explored, particularly as concerns its abrasive
role.

The similar elemental composition of secondary plateaus and PM emissions, as well
as the morphology of the particles indicate that the tribo-oxidative wear is the main
mechanism of particles generation. The larger amount of emissions and the corresponding
higher covered area displayed by the secondary plateaus in case of F-RHT support this

statement.
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Chapter 10

Final discussion

This thesis aimed at investigating the coarse and fine PM brake emissions,
corresponding to particles from 10 to 1um, originated during PoD test from the relevant
tribological contact, occurring below the critical temperature, i.e., the decomposition
temperature of the organic matrix of the friction material. The tests parameters applied
correspond to mild sliding conditions resembling those faced in real braking. Such conditions
are characteristic of driving in urban areas, where the expose to traffic PM is concentrated.

The main objective of this thesis was the study of the PM formation mechanism. To

achieve this goal, three investigations were conducted, as specified in Figure 10.1.

matter formation
mechanism

PM brake emission from PM brake emission from PM b'rake.e.missi.on.from
Cu-full and Cu-free two commercial Cu-free a simplified friction

friction materials friction materials materl.al'com'p05|t|on
containingrice husk

Figure 10.1: Scheme of the experimental part of this thesis.

As discussed in Section 2.2, different wear mechanisms can be present in a
tribological system. By the investigations conducted in this thesis, using commercial and
non-commercial low-metallic friction materials against cast iron disc, it was possible to
identify the origin of these kind of particles emission: triboxidative wear was found as the
main mechanism. It happens by the disruption of the friction layer (primary and secondary
plateaus) continuously formed on the mating surfaces during the sliding contact. The

evidence supporting this conclusion are:
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The very similar elemental composition between the secondary plateaus and
emissions detected in all three investigations,

The flake-like shaped morphology feature by most of particles, indicating its
origin from mechanical process,

The flat surface displayed by many particles, indicating they came from contact
region, i.e., the contact plateaus,

The sliding marks identified in a single particle, confirming it came from contact
region,

The corresponding behavior between the friction coefficient and the emissions;
both are affected by the friction layer formed on mating surfaces.

It was also observed that particles produced by abrasive wear of the disc can be

directly emitted to the environment. This generation mechanism seems to be more active

for friction materials containing a relative higher content of abrasives in its formulation.

Single ingredients from regions not coverage by the friction layer may also leave for

the environment. However, the single ingredients typically have larger size, thus they would

immediately fall on the ground. In addition, the direct emission of coarse fragments of the

original ingredients is not that frequent.

Based on these conclusions, some strategies are proposed for the reduction of the

PM brake emissions:

Proper content of abrasives: the abrasives are primordial ingredients of the
friction materials, playing an important role in increasing the friction coefficient
and supplying iron from the disc to the well-formation of the friction layers.
However, its content must be optimized since the particles generate by its
action may are directly emitted to the environment.

Proper adhesion of the secondary plateaus on the bulk material: poor
adhesion between secondary plateaus and bulk material can lead a high
disruption rate of the secondary plateaus, and consequently, higher emissions.
The content of ingredients with low surface energy, such as graphite, must be
optimized.

Proper iron-oxides content on secondary plateaus: as discussed in
Section 4.1, the formation of surface oxides layers on the secondary plateaus
promotes a wear protective action. However, an excessive content iron-oxide

particles in the secondary plateaus increases the adhesive forces at the
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contact interface, increasing the friction coefficient and associated increasing

in probability of the emissions from the disruption of the friction layer.
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