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Abstract

Wear is an ubiquitous phenomenon affecting an extremely wide number of technological system,
often determining their premature failure. In this regard, wear and friction behavior of friction
materials and the characterization of wear debris from brake disc system is an important step to
understand the dominant wear mechanisms active in a given tribological system, in order to
improve its performances and to increase the expected lifetime. In the thesis, four tribological
task has been performed, under the code name Case I, II, Il & IV. This thesis present the work
on the development of a characterization methodology of a wear debris from brake pad-disc
system, M1 and M2 friction materials at elevated temperatures and study of the wear and
frictional behavior of a heat treated cast iron disc.

In Case I, the dry sliding behavior of two friction materials (M1 & M2) have been investigated.
The sliding tests were carried out on a pin-on-disc test rig, using a cast iron disc as a counterface,
under mild conditions (the applied nominal pressure was 2 MPa and the sliding speed was 3.14
m/s). The results shows that friction material M2 is characterized by a lower friction coefficient
than friction material M1, and the friction coefficient is stable during the test. In addition, friction
material M2 shows a lower wear rate than M1. The results were explained by considering the
characteristics of the friction layer that is established during the test. On the bases of the
experimental observations, the lower friction and wear of friction material M2 was attributed to
the formation a quite uniform and well compacted friction layer, due to the presence of
ingredients, such as Zr oxides, able to form small particles during sliding that are compacted and
held together by the presence of metallic ingredients, such as copper. The absence of Zr-oxides
in the formulation of M1friction material and the presence, in their place, of hard and abrasives
Mg, Zn and Al-oxides, impeded the formation of wide covering friction layer, increasing friction
and wear. The different frictional properties of the brake pads determine their driving
performances, and the different wear behavior determine their in-service deterioration and also
their attitude to emit particulate matter in the environment, which is nowadays a concern of
increasing importance.

Under the Case Il, a streamline characterization protocol for wear debris emitted under wear
testing conditions (Case | - M1 friction material) used for disc brake assemblies is presented. An
important aspect of the experimental test methodology concerns the powder collection
methodology on different substrates: aluminum foil, for a gravitational integral collection, and
polycarbonate filters of an ELPI+ impactor equipment, on which particles are selectively
trapped, according to their average size. The protocol is based on the application of different
materials characterization tools, like scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDXS), X-ray diffraction (XRD), transmission electron microscopy (TEM)
and selected area electron diffraction (SAED). The deliberate aim of the study was to identify
suitable selection parameters, like specimen availability and average particle size, for an
effective and smart application of the mentioned experimental techniques so to optimize testing
times and obtain statistical reliable results. The proposed characterization approach could be
profitably employed also in other contexts, like environmental and health monitoring, as far as
particulate matter, even from other sources than brake systems, is concerned. We extended the
work in Case | by investigating further wear mechanisms of M1 & M2 pins at elevated
temperatures i.e., 170°C, 200°C, 250°C, 300°C and 350°C, under Case Ill. The results showed a



clear evolution of frictional parameters with temperature. For M1, the working temperature were
155°C, 200°C, 250°C and 300°C, the absence of frictional parameters with temperature and wear
behavior of M1 is higher than M2 with one degree higher order of magnitude. Wear tracks on the
discs form from the piling up of wear fragments produced both by the tribo-oxidation of the disc
itself and from the wearing out of the pin materials. This accumulation of wear debris on the disc
surface nearly compensate for the weight loss associated with disc wear. The observed
tribological behaviour is very much influenced by the thermal degradation of the phenolic binder
of the friction material. The thermal decomposition Kinetics was confirmed by thermogravimetric
analyses, conducted on purpose on the pin material, and by Raman spectroscopy results, that
confirmed the presence of carbonaceous products on the worn out pin surface. For M2, the
working temperature were 170°C, 200°C, 250°C, 300°C and 350°C, above 170°C a transition
from mild to severe wear was observed. Correspondingly, the friction layers, in particular, the
secondary plateaus, which develop on the pins and disc surface during sliding displayed quite
different features, as proved by electron microscopy observations and X-ray spectroscopy
analyses. As concerns the pins, at 25°C and 170°C, the friction layer consists of primary and well
compacted secondary plateaus. At 200°C and above, a progressive reduction of the pin surface
coverage by the secondary component of the friction layer and a corresponding thinning of this
component are observed. Secondary plateaus are barely present on the samples tested at 350°C.
Although referring to rather extreme conditions and simplified sliding conditions, the results
obtained in this study provide useful indications on the role that the thermal stability of the
organic component may have in determining wear rate in brake systems in which the temperature
rise may be induced by actual operational conditions.

The Case 1V work aims at illustrating the role of conventional heat-treatments on the friction and
wear behavior of the above system. Wear rates of both disc and M2 friction material were
reduced by almost one order of magnitude when the disc is preliminarily heat-treated and then
grinded to remove the surface decarburized layer that forms during the adopted treatment cycle.
Heat-treatment and heat-treatment plus ground results in the reduction of the friction coefficient,
which was comparatively low for the grounded samples (grinded to remove the surface
decarburized layer). The friction and wear behavior along with the contact temperature
evolutions were rationalized according to the materials characteristics and the observed wear
mechanisms.
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Chapter 1

Introduction

1.1 Introduction

These days, modern automobiles have disc brakes systems on the front wheels and brake drums
on the rear wheels but there is a growing trend to have disc brake system on the rear wheels as
well. The main purpose of a disc brake is to slow down a vehicle by transform the kinetic
energy of the vehicle into thermal energy by friction between pad materials and metal, usually
cast iron, disc [Straffelini et al.,2015]. Brakes dissipate energy by converting rotational motion
into heat. Disc brakes slow the rotational motion of automobile wheels with friction caused by a
brake pad pushing against a brake disc. Heat is then dissipated through exchange mainly with the
outer environment, although during braking, temperature may rise tremendously in the contact
regions. During this operation, both brake pad and counterface disc wear out, releasing huge
amount of wear debris or particulate matters in the surrounding atmosphere. Particulate matter
also known as particle pollution or PM, is a complex mixture of extremely small particles and
liquid droplets in a range of micron to nano level. Particle pollution is made up of a number of
components such as, organic chemicals, metals, and soil or dust particles. This chapter discusses
the major contributions of the different researcher in the field of brake pad-disc system. The
importance of addressing the potential health effects of the PM particles has been introduced.
This chapter also includes the motivation for the work reported in this thesis, research goals, the
major contributions of this thesis and synopsis of all the chapters of this thesis.

1.2 Brake-disc system and wear particle emission: Background

Brake pads are an important part of braking systems for all types of vehicles that are equipped
with disc brakes. The real development of the braking system dating from the early nineteenth
century, with the advancement of the railways, it passes from a brake system of wood against the
steel rail. With the birth of the automobile, the birth of the drum brake and brake pad friction
materials took place.

With new advanced technology in manufacturing of brake pad friction materials, we have many
advantages and choices in the market today i.e., non-asbestos organic (NAQ), semi-metallic, and
low metallic. According to Sanders et al.,2003, non-asbestos organic brake pads exhibit
relatively low brake noise and wear rates, but lose tribological properties at high temperature.
Semi-metallic brake pads have a high steel fiber and iron powder content and low wear, but are
noisier. High abrasive content in low-metallic brake pads which makes high friction and good
braking capacity at high temperatures.
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The performance of the brake is mainly controlled by the composition and microstructure of the
pad material. Industrial pads usually contain a large number of different constituents like ceramic
particles and fibers, minerals, metallic chips, solid lubricants and elastomers, all bound by, for
instance, phenolic resin [Osterle et al.,2001]. Infact brake material should maintain a relatively
high, stable and reliable friction coefficient at a wide range of braking conditions, temperature,
and humidity. But during braking or extreme forced deceleration, the highest concentration of
brake wear particles emitted into the atmosphere. Due to "open" design of automotive disc brake,
environmental factors have access to the tribological friction zone. During braking operation,
both brake pad and counterface disc wear out, releasing huge amount of wear debris in the
surrounding atmosphere. P. Filip et al.,2010, conducted a dynobench test and compared the
commercial low-metallic brake pad with other modified NAO brake pad having natural fibers,
potassium titanate and alumina, without having copper and other potentially hazardous materials
and got very promising results in terms of friction and wear behavior which open the door of
possibilities to replace the ingredients of commercial brake pads with natural fibers, although
further research needed in this direction. Another researcher, Osterle et al., 2010, has shown that
macro-particles of copper have the capability to support the contact site (plateaus) in a same way
as the reinforcing fibres do and at higher temperatures copper inclusions takes places in the
friction layer and copper particles with certain concentration in the friction layer improves the
wear behavior.

Following the work of P. Filip et al.,2010, Vlastimil Matejka et al.,2013, developed two eco
friendly friction materials containing jute fibres and combination of jute fibres with hazelnuts
shells, when properly combined, shown significantly improvement in the friction and wear
behaviour of the prepared friction materials, although they were having low thermal stability.
P.Filip et al.,2013, has studied the friction and wear behavior of Cu-free and Sb-free
environmentally friendly automotive brake friction materials and found Cu-free and Sb-free
friction materials exhibit excellent brake fade property at higher temperature but has a higher
wear rate when compared to the baseline material which has fully developed and stable friction
layer.

The main factor responsible for particle production is the generation of shear forces by the
relative movement of surfaces, when brakes are employed to decelerate the vehicle. A secondary
mechanism involves the evaporation of organic compounds of the pads and disc at the high
temperatures developed during contact. Mechanical abrasion generates particles of larger sizes,
whereas brake pad materials contribute to the smaller particle size fractions by volatilisation and
condensation.

Garg et al.,2000, found out that mechanically generated particles are generally relatively large
but a surprisingly high proportion of the emitted particles had an aerodynamic diameter < 0.1pum.
This might be due to the high temperature produced during the brake process. It is possible that
the heat enables brake pad and lining materials to volatilize during the braking event, which
followed by condensation in the air stream, results in small particles. The results also revealed
that the number of particles emitted in the brake process increases with temperature. These
hazardous wear debris need to be addressed in order to reduce their potentially hazardous effects
on human health and, in general, on the environmental conditions. Similar finding has been
illustrated by Osterle et al.,2007, in which he mentioned that fragmented oxide layer of the
friction material remains on the pad and the disc, whereas the rest wear debris released into the
atmosphere. Another researcher J. Wahlstrom et al,2008, has found the measured mean particle
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number and mass diameters of airborne particles were 0.39um and 1.5um, respectively when
conducted a field test in urban traffic area of Stockholm using low metallic brake pad and gray
cast iron rotor as a counterpart.

P. Filip et al,2008, demonstrated a research work in that different varieties of particles were
released during the wear of friction materials and nanoparticles were also associated with the
wear debris generated during friction process. S. Abbasi et al., 2012, demonstrated the wear test
of organic brake pad material using pin-on-disc and identified three particle size regimes i.e.,
ultrafine particle region (dia. 70-120nm), fine particle region (dia. 500-600nm) and coarse
particle region (dia. 3-6um).

J. Kukutschova et al.,2009, have shown the environmental and biological threat of wear debris
emitted from tribological process. According to her study, wear debris were toxic in nature,
killing bacteria cells and changing DNA of the bacterial cells after metabolic activation. The
authors have also shown wear debris has similar chemistry as friction layer on the worn brake
lining. Since wear debris produced during friction represents potential hazard to
environment. Therefore it is very important to characterize the wear debris released during
friction operations.

An important and better understanding of wear phenomenon during tribological operation can be
achieved by modeling and simulation methodology of the brake pad-disc system. in this
context's, G.P. Ostermeyer et al.,2003,2006,2007, with the help of cellular automata model,
demonstrated better understanding of friction dynamics and surface topography in three
dimensions in brake-disc system. J. Wahlstrom et al.,2009,2010,2011, has shown that pin-on-
disc machine can be used to measure the concentration and size distribution of airborne wear
particles generated from disc brake materials and further shown the ability to rank different pad-
disc combinations with respect to the concentration of airborne wear particles and these wear
particles were rich in metals like iron, copper and tin. He also proposed, with the help of finite
element software, a simulation methodology that numerically determines the size distribution
and concentration of wear debris generated from pin-on-disc machine. U. Olofsson et al., 20009,
presented a new model for the number of wear particles generated by the sliding contact. The
model proposes three different particle coefficients that associated with three particle regimes
(ultra fine particles, fine particles and coarse particles) with distinct number peaks. Therefore, all
these studies cooperates to the better understanding of the different phenomenon occurring in
brake system.

Another aspect of the wear debris, if we see it from the angle of wear behavior of brake pad-disc
system, is the entrapment of wear debris in between the sliding surfaces i.e., brake pad and
counterpart disc [Wirth et al., 1994, Jiang et al.,1995,1997,1998, Straffelini et al.,2001] which
helps in the formation of the so-called friction layer, friction film or third layer, that is paramount
in determining the friction behavior of the brake pad-disc mating surfaces in sliding contact
[Filip et al.,2002, Osterle et al.,2004].

Jacko et al., 1987 concluded that “when stable friction films, commonly called friction layers, are
readily formed for a given friction couple, a stable friction level and low wear rates can be
maintained at various temperatures, as long as the friction film is not destroyed”. The wear
processes that occur at the pad and disc interface, display several steps, including the formation
of the primary plateaus, formed by tough metallic fibers and large, hard particles and secondary
plateaus, that build up for the compaction of the wear debris blocked by the primary plateaus.
The wear behavior of brake systems is thus influenced by the formation of the friction layer
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[Anderson et al.,1987], its transformation related to its compactness and thickness, and finally,
by its possible detachment with consequent release of fragments and wear debris [Osterle et
al.,2004, Bode et al.,2014]

Eriksson et al.,1999, investigated the connection between brake pad surface topography. The
results showed the presence of contact plateaus flat areas rising a few micron over the rough
surrounding after the sliding action of the pads against the cast iron disc. In 2000, Eriksson and
co-workers have shown the comprehensive study of the formation, mechanical properties and
composition of the tribological surfaces of an organic brake pad against a grey cast iron disc. It
was shown that the primary plateaus are the nucleation sites for the secondary plateaus which are
formed by compaction of wear debris near the primary plateaus. It was also shown that the
contact plateaus are continuously worn or fragmented and rebuilt. This rebuilding of plateaus is
due to the particles flowing through the narrow channels formed between the contact plateaus. In
his observation he showed that the formation of plateaus is more near the reinforcing fibres and
abrasive particles. In the same context, Osterle et al., 2006, has shown that there is existence of
the friction layer at the friction material and counterpart disc and comprises of a nanocrystalline
microstructure which helps further in investigating the wear behavior. He also mentioned that the
tribological oxidation plays a major role in debris production and third layer formation. A
nanocrystalline oxide layer (friction layer) is necessary to have stable tribological behavior.

One of the critical factor which promote the wear rate and hence the particulate matters in the
atmosphere is the working "Temperature' of the brake pad-disc system. Wear behavior of a brake
pad materials at elevated temperatures resulting from the braking conditions, is highly dependent
on the ingredients of the friction materials. These are to be selected in order to guarantee suitable
braking conditions, high temperature stability and, consequently, reduced wear rates. However,
at high temperatures, the degradation of friction material is a major issue, mostly associated to
the thermal decomposition of phenolic resins (thermoset polymer). These thermosetting resins
are widely used as binders for friction materials [Jacko et al.,1984, Anderson et al.,1987, Tayeb
et al.,2006,]. They embed the ingredients effectively over most of the operational regimes, thanks
to a good combination of mechanical properties, such as high hardness, compressive strength,
creep resistance, and very good wetting capability with respect to most of the ingredients of the
friction material. However, these resins are sensitive to heat and humidity, which cause serious
threat to friction, wear behaviour at elevated temperatures, notwithstanding the common practice
to add to the formulation suitable, carbon-based stabilisers, like graphite, coal or coal coke
[Seong et al.,2001, Gurunath et al.,2007]. Therefore, binder decomposition is blamed for various
brake operational problems, with specific studies displaying the importance of the heat resistance
and mechanical strength of the binder in the wear behaviour of brake materials. Thermal
decomposition of the phenolic resins involves several reactions, depending on the actual
formulation and thermal history of the material. Temperatures falling in the 250°C - 475°C
interval are reported for the onset of the main transformations involved with the resin
decomposition [Ramousse et al.,2001, Bode et al.,2014]. P.Filip et al.,2004, and co-authors have
demonstrated that in addition to temperature another key role in the phenolic resin degradation at
higher temperature in friction process is the elimination of formaldehyde by metals particles and
their oxides (note that formaldehyde serve as a important curing agent for resin). G.P.
Ostermeyer et al.,2014, modeled the effect of temperature field in organic friction materials and
made calculation on the basis of finite difference method shown that flow of energy between the
brake pad and disc was not constant over time, although disc contributes most of the energy
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sharing. The results shows that under severe braking, decomposition of the brake pad component
can occur only at the pad surface, although oxidation of coke has been noticed away from the
contact zone. The results highlighted that thermal degradation of phenolic resin was a slow
occurring process.

Other researcher J.R. Laguna et al.,2015, conducted a reciprocating tests on the surface of the
friction material and shown that the major wear mechanism was delamination of filler particles
from the organic binder, supported by local degradation of the phenolic resin during high
temperature test.

The optimal performances of the pad-disc braking system depend on the properties of the friction
material and also the counterface disc [Anderson et al.,1992]. S. Abbasi et al., 2012, has shown
that the emission rate of ultrafine particles from cast iron disc is far more than the organic brake
friction material, using pin-on-disc machine. During braking, the kinetic energy of the moving
vehicle is converted into thermal energy. The disc provides a correct friction coefficient during
sliding against the friction pad. Moreover, it ensures an important contribution to the cooling of
the system, since the largest fraction of the frictional heat abandons the system through the disc
[Day et al.,2014].

Nevertheless, the counterface pearlitic cast iron disc greatly contributes to the overall wear of the
braking system [Anderson et al., 1992, Straffelini et al.,2013], and recent investigations have
actually shown that the wear of the discs contributes to a major extent to the emissions in the
environment of particulate matter [Sanders et al.,2003]. This was confirmed by a number of
research projects, reporting large amount of particle release, mostly originating from the wear of
the cast iron rotors and concerning specifically particles with an average size below 20 pm
[Sanders et al.,2003].

So far, we have seen most experimental investigations on the reduction of the wear in pad-disc
braking system have been focused on the optimization of the friction pad material, by selecting
suitable ingredients and relevant concentrations. Thornton et al.,2011, have recently shown that a
deep cryogenic treatment may increase the wear resistance of pearlitic cast iron when sliding
against a bearing steel counterface. Also, conventional heat-treatments have reported to increase
its dry sliding wear resistance against a steel counterface [Haseeb et al.,2000]. These treatments
include the usual quenching plus tempering treatment and the austempering treatment, typically
carried out to obtain a ductile cast iron material [Hirasata et al.,2007, Staffelini et al.,2011]. The
experimental results are quite promising and provide solid indications that an excellent wear
performance can be achieved by adopting a treatment inducing the formation of hard phase in the
alloy matrix, which creates the conditions for a mild tribo-oxidative wear and shifts to highest
loads the occurrence of a severe adhesive wear [Staffelini et al.,2015].

1.3 Motivation

The motivation behind the present work was the realization of the hazardous wear debris,
generated during tribological test of brake pad-disc system, which need to be addressed and
characterized in order to reduce their potentially hazardous effects on human health and, in
general, on the environmental conditions. In contexts to this, Garg et al.,2000, performed
dynamometer experiments on the most common brakes used in the US and concluded that 86%
of the emitted particles were PMy, 63% was PM, 5 and 33% was PMy 1, also were reported mass
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median diameters in an average of 1.49 um and Sanders et al.,2003, found that variations in
particle size distributions between brake lining materials of different type were small but the
mass of particulate matter emitted during braking was highly dependent on the lining material
used. PM, accounted for 80% of the mass of emitted particles, with only 2% present as PM;.

For this reason, one of the main guidelines for the development of new friction materials for disc
brake systems for road vehicles is the reduction of wear and wear debris release. In this respect,
the study of wear products from real brake assemblies is providing not only paramount
information to understand the main active wear mechanisms, but also data on potential health
and environmental threats that brake contribution to atmospheric PM may have [Riediker et
al.,2004, Denier et al., 2013]. According to Osterle et al.,2007, the analysis and assessment of
wear debris from brake pad-disc system will be a great challenge for future research in respect to
environmental and health issues. J. Kukutschova et al.,2010, performed a dynobench test on
semi-metallic friction material and shown that wear debris collected displayed a wide spectrum
of coarse-nano particle size. The authors also recommended for refinement of combined
analytical techniques for wear debris generating from friction tests. Thus, a need for analysis and
assessment of wear debris gave us motivation to establish an experimental protocol suitable for
characterizing particles coming from laboratory pin-on-disc wear tests, involving brake disc
materials, which includes the refined combination of several analytical techniques which give us
fast, reliable and streamline characterization of wear particles and airborne.

1.4 Research goal

During my PhD research project, | have been working on a topic, which has a goal to understand
the wear mechanisms in the disc-pad braking system with the aim of reducing the particulate
matters emissions

To do so, pin-on-disc tests has been conducted at low and high temperatures. We also developed
a multi-analytical characterization approach of the wear debris and worn surfaces, in order to
provide reliable, effective and meaningful results. The aim of this study was to establish an
experimental protocol suitable for characterizing particles coming from laboratory pin-on-disc
wear tests, involving brake disc materials, collected on different substrates. The formation
mechanism of the primary and secondary plateaus have to be elucidated and also the wear
behavior of the friction materials pins at different temperatures along with different heat treated
cast iron disc at normal temperature were investigated.

X-ray diffraction measurements were carried out on powder specimens and worn pin surface.
Collected data were then analyzed with MAUD software using a full pattern fitting procedure
based on the Rietveld method. Scanning electron microscope (SEM) equipped with energy-
dispersive X-ray spectrometer (EDXS) was used to reveal morphology and to identify the
different constituents of the wear debris and worn surface topography of the friction materials
pins. Transmission electron microscopy (TEM) combined with selected area electron diffraction
(SAED) and EDXS was employed to investigate the microstructure, crystallographic phases and
composition of wear particles, involved in the study required specific sample preparation
procedures.



1.5 Organization of the thesis

A brief synopsis of each of the chapters of this thesis is included here below:

Chapter 1 deals with the introduction of the thesis with goal, motivation and contributions of this
thesis work in detail. It also includes a discussion on the particulate matters emission, their side
effects and importance of brake pad materials revision, in particular the need of lowering down
the brake pad-disc wear debris emissions, by cooperating the research and development in the
brake field. Chapter 2 deals with the characteristics of real automobile braking systems. This
chapter will help to understand how brake system actually work. Chapter 3 discusses the
material ingredient used in the manufacturing of brake pad friction materials. This chapter
includes a detailed discussion on the general features of friction materials ingredients. Chapter 4
provides general information on the wear mechanisms during dry sliding. This chapter also
brings out the importance of understanding wear mechanism as they are directly linked to the
size and shape of the released particulate matters of friction materials. Chapter 5 presents the
over view of environmental impact of released particulate matters, their different sources and
their effect on human health, in particular the hazard and health risk associated with the different
size and shape of the particulate matters (wear debris). Chapter 6 discusses the main research
work encounter in this thesis. We have tried to develop a characterization protocol for the
particulate matters specially wear debris originating from automobile brake pad system to
understand wear mechanism and further to improve in particular, the brake pad system for lesser
side particulate emission. In this chapter we have addressed four critical aspect in which how a
brake pad-disc system release rate can minimize.

Figure 1.5.1 is a flowchart showing the main steps of the experimental work. In Case I, an
experimental work has been done to compare and investigate the tribological properties of two
commercial brake pad friction materials named M1 and M2. The Pin-on-disc rig has been used
for tribological testing and evaluation. A gray cast iron rotating disc has been used in all friction
(pin-on-disc) testing. The working condition for both the friction materials, M1 and M2 was
effect of constant contact pressure load (2MPa) and a constant sliding speed of 3.14 m/s up to 50
minutes of run at room temperature.

In the second case, named Case Il, we have discussed the reliable characterization protocol to
study wear products involved in disc brake materials. The goal was to optimized way, based on
the kinds of available samples, instrumentation and related methodologies in order to get
comparatively fast responses useful to identify wear mechanisms and, thereby, improve materials
properties from the functional and environmental point of view. The particulate matters
generated here were in normal conditions i.e., frictional heating, low load. We want to
understand the wear mechanism in brake pad-disc system at higher temperature, which results in
the ambitious high temperature experiment work named Case I11.

In the third case, Case Ill, of the thesis is dedicated towards the wear mechanism of friction
materials (M1 & M2) at elevated temperatures, in particular the role of binder at high
temperature and wear mechanism at elevated temperature, which directly help in understanding
of wear at high temperature during extreme braking condition and the role of friction layer were
also investigated.

The fourth part, Case 1V, is devoted to the heat treatment of the counterpart i.e., cast iron disc
and investigation of dry sliding wear behaviour of heat treated cast iron disc. This investigation
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has been restricted to material M2, i.e., the material that displayed the lowest wear rate in the
tests at room temperature (Case I).

Chapter 7 present the general elemental composition of the friction materials used in this thesis
to investigate the dry sliding wear behavior of the friction materials and also focus on the
different type of characterization tools used for all above mentioned conditions. Chapter 8
provides the results and discussion on the main important finding of this whole investigation
(Case I, 11, 11l and 1V). Chapter 9 gives the conclusion detailing the overall implications of the
methodologies introduced in this thesis and recommendations for future work are also presented
in this chapter.

In the appendices, abbreviations and definitions and a list of the paper published by myself and
co-authors during my PhD course are provided in the last appendix.
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1.6 Major contributions of this thesis

This thesis contributes various scientific information regarding dry sliding of friction materials
for the effective enhancement and friction materials development for the brake community. The
thesis also incorporates many experimental basis for improvement in performance of friction
materials and reduction in wear, which results lowering of particulates matter emissions from
disc brake system.

Some of the major contribution that this thesis work will going to present is:

e A characterization protocol has been developed for effective, reliable and comparatively
fast responses useful to identify wear mechanism and, thereby, improve materials
properties from the functional and environmental point of view.

e Investigated compositional and dimensional range of wear debris.
e Wear and frictional behavior of friction materials pin at higher temperature.
e Role of friction layer in dry sliding of friction materials at higher temperature.

e Role of heat-treatment of a cast iron disc in dry sliding against a low-metallic friction
material.

e Understanding of wear debris mechanism at high temperature by characterization of
friction layer.

e Wear mechanism of friction materials at elevated temperatures.
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Chapter 2

Characteristics of Braking Systems

2.1 Introduction

The presence of a braking system is a essential part in any automobile. It has four basic
functions:

e It must slow a moving vehicle.

e It must bring a vehicle to a stop.

e It must hold a vehicle stationary when stopped.

e Itallows directional control during maximum braking.

If the brake system does not operate properly, the driver and passengers could be injured or
killed in an accident. The main important phenomenon occurring during braking is the friction
between the brake pad and counterpart cast iron disc. Friction expresses the resistance to motion
during sliding and experienced when one solid body moves tangentially over another solid body
(tribological coupling). The resistive tangential force, which acts opposite to the direction of
motion, is called the friction force. As illustrated in Fig. 2.1.1, a tangential force 'F+' is required
to move the solid body over the stationary counterface at a given sliding speed. The ratio
between the tangential force (friction force) and the normal load 'Fy' is known as the coefficient
of friction, generally represented by "'

I:T Direction of motion
d
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Figure 2.1.1: A simple solid body sliding on a surface [Source: Introduction to
Tribology Bhushan et al.,2002].

Thus, in braking operation, friction dissipates the kinetic energy, which is proportional to the
square of the speed, into heat. This heat goes mostly to increase the internal energy of the bodies
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in contact, thereby causing a temperature rise. The work of friction that can be absorbed in unit
time, can be defined as a parameter characterizing the braking system, the work of friction (W)
can be expressed as the product between the friction force (F;), his arm action along the diameter
(D) and the number of rotations during braking (Ny).

Wt = Ft. . D. Nt ..................................................................... (22)

2.2 Disc Brake system

Figure 2.2.1 shows a schematic picture of a pad-disc brake system. The main components are the
Brake Pads, Rotor, Caliper and Caliper Support.

Caliper Piston

Piston side pad

Finger side pad
Rotor

Figure 2.2.1: Schematic diagram of disc brake system.[Source: Jens wahlstrom et al, 2009].

The brake discs are fixed to the frame of the vehicle and must meet some basic requirements
such as:

e Wear resistance: The brake pad and disc should have less in wear as little as
possible.

e Compression strength: It must have high compressive strength and resist the
pressure exerted by the pads during braking.

e High thermal capacity: It must be able to dissipate heat well, in fact about 90 %
of the heat is dissipated by the estimated complex designed disc.

e High coefficient of friction: It must ensure the safe braking when coupled to the
friction material.

e Light weight: The weight should be as low as possible, in conjunction with the
other parameters.
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e Cost: It depends on the application. For use in advanced sectors such as Formulal
or trolleys airplanes, cost is important but not essential as it is in the automobile
sector.

e Brake Pads

The brake pads are among the most complex ever produced composite materials, as they contain
the three main different types of materials, i.e., metals, ceramics and polymers. This chemical
diversity and chemical-physical, makes it very difficult to find the right composition and mixing
[Eriksson et al.,2000, Chan et al.,2004].

Figure 2.2.2: A commercial brake pad friction material.

In general, the friction materials have to withstand conditions of high pressures and temperatures
throughout their use, certainly these materials should be of durability, comfort, affordability and
above all ensure safety at all times that they can perform their function braking efficiently. In
particular, the properties that are required to friction materials are:

e Resistance to wear.

e Resistance to thermal fatigue.

¢ Resistance to shear and compression that are generated during braking.

e Low sensitivity to environmental conditions such as water, oils and corrosive
salts.

e Thermal stability and oxidation.

e Workability and ease of production.

e No or very little vibration and noise during operation.

e Ensure a stable friction coefficient under different conditions and time.

Two other very important features, which however are specifically addressed and described is
the 'fade’ and 'recovery'. The 'fade’ is a temporary loss of braking efficiency due to the increase of
heat that brings down the friction between disc and pad, to ensure the efficiency and safety under
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braking, the resistance to this phenomenon is to be maximized. The 'recovery' instead is the
ability to recover the capacity (coefficient) of friction after the original cooling pad, in doing so,
even if it takes unwanted phenomena of ‘fade’, it can have a complete recovery of braking
efficiency [Mukesh et al., 2014].

In general, there are three category of brake friction materials or brake pads are available in the
market today. They are Non-ashestos organic (NAO) brake pad, semi-metallic brake pad and
ceramic brake pad friction materials.

Non-asbestos organic (NAO) brake pads consist of organic fibers that are used to reinforcement
of the friction materials and provide strength to the brake pad. NAO friction materials contains
less steel by weight. Whereas, a semi-metallic brake pads consists of steel wool instead of non-
asbestos organic (NAO) material as a reinforcing fiber. Most semi-metallic friction materials
contain at least 60% steel by weight. The steel fibers are act as a framework to lock the friction
ingredients together. Semi-metallic pads provide better high temperature performance and wear
characteristics than conventional non-asbestos friction materials.

Table 2.1.1: Generally classification of brake pads based on metal content and coefficient of
friction [A. Mattia et al.,2015 ].

Disc material family Coefficient of Metal Content
friction
Low High
Semi-Metallic %Fe+Cu > 50%
Low Steel %Fe+Cu = 10-50%
Very Low Steel Derived from NAO with improved efficiency
(Metal content can be higher that 10%)
Non-Asbestos Organic %Fe+Cu < 10%
(NAO)

Ceramic brake pads are rich in ceramic compound and copper fibers in place of semi-metallic
pad's steel fibers, which give the ceramic pads an excellent ability to handle high brake
temperatures with minimum heat fade and generate less wear debris during tribological
operation. Ceramic pads have following primary advantages such as very stable under a wide
range of temperatures, providing more consistent performance and have minimize harmonic pad
vibration, thus reduce brake noise. Ceramic brake pads are less abrasive, which minimizes brake
rotor wear, a primary cause of wear. Thus it is used specially in aircraft and high-speed trains,
where high thermal stability and large amount of energy to be dissipated with high tribological
loads [Bijwe et al.,1997].
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e Castiron disc

The cast iron mostly used in the brake discs is the pearlitic gray cast iron alloy. It contains
graphite flakes in a pearlitic matrix. Gray cast iron has high thermal conductivity which is due to
a greater amount of graphite present in the microstructure, allowing lower temperatures in the
region under friction, which contributes to an increase in life of the component [W. Keiner et
al.,1990, J.R. Laguna-Camacho et al.,2015].

Graphite flakes are interconnected and disposed in the form of plates, constituting an easy path
for fast heat dissipation, whereas, in ductile iron, spherical graphite particles are isolated from
one another therefore the contribution for the thermal conductivity being very small but unique
microstructure allows ductile iron to have the excellent strength and wear resistance comparable
to other cast irons [C.H. Hsu et al.,2011].

Compact graphite iron (CGI) has a vermicular graphite (modification in graphite shape, flakes
become shorter and thicker) resulting in intermediate mechanical and thermal properties between
gray and ductile iron. With the addition of alloying elements, such as Mn or Ce, the nodular cast
iron can be formed, with the formation of graphite nodules instead of slats. The presence of
nodules or lamellae changes the tribological behavior of gray cast iron, in fact, the lamellar cast
iron has better thermal conductivity and high coefficient of friction but has greater wear than the
ductile iron [W.L. Guesser et al.,2001].

A review of cast iron disc used today by the automotive industry shows that there are three
distinct classes of brake pad-disc material (low, medium and high carbon-iron disc) and their
parameter characteristic is depend on the carbon equivalent (C.E.), which is defined as the
empirical value in weight percentage, relating the combined effects of different alloying
elements used in the making of carbon-iron disc material to an equivalent amount of carbon.
This value can be calculated using a mathematical equation shown in equation 2.3.

Carbon Equivalent = [ %C + %Mn/6 + %(Cr+Mo+V)/5 + %(Ni+Cu)/15]......cccccvevrrneee. (2.3)

Table 2.1.2: General chemical analysis of different forms of disc materials [Malcolm et al.,1998].

Disc Material C Si Mn S P Fe
Category
Low Carbon 3.0-3.4 1.9-2.2 0.5-0.8 0.10 max 0.10 max rest
Medium Carbon 3.3-3.5 1.9-2.2 0.5-0.8 0.10 max 0.10 max rest
High Carbon 3.6-3.9 1.8-2.1 0.5-0.8 0.10 max | 0.10 max rest

Alloys - Molybdenum = 0.3 - 0.5%, Chromium = 0.2 - 0.4%, Nickel = 0.1 - 0.3%,
Copper =0.5-0.8% , Titanium =0.02 - 0.04%

Low carbon cast iron have high strengths, are relatively hard and are therefore used where
resistance to wear, thermal cracking are considered. The medium carbon cast iron has increased
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carbon content offer improved castability and higher thermal conductivity. Medium carbon cast
iron can be easily machined, having excellent standard of surface finish and have good wear
resistance. The high carbon disc have good thermal conductivity and good resistance to
distortion and thermal cracks [Keiner et al.,1996]. The carbon equivalent control the properties
of cast iron as the elastic modulus, which increases with decreasing carbon equivalent and the
thermal conductivity that decreases with decreasing in carbon equivalent. When it is required a
high energy load, elasticity and thermal conductivity using high carbon equivalent, as in the
brakes for trucks. Where, instead, it is necessary mechanical strength and ease of processing,
such as in automobiles, using low carbon equivalent.
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Chapter 3

Braking Pad Materials
(General Features of Friction Material Ingredients)

3.1 Introduction

The brake pads materials are among the most complex ever produced composite materials, as
they contain the three main different types of materials i.e., metals, ceramics and polymers, this
chemical diversity and chemical-physical makes it very difficult to find the right composition
and mixing. In general the friction materials have to withstand conditions of high pressures and
temperatures throughout their use certainly these materials should be of durability, comfort,
affordability and above all ensure safety at all times that they can perform their braking function
efficiently. An automotive brake functions by converting the vehicle’s kinetic energy into heat
energy. During braking, the heat energy is first borne by the two contact surfaces of the brake
system, namely the brake disc and the brake pad (or drum and shoe in the case of drum brakes),
and is then transferred to the contacting components of the brake such as the calipers of the
brake, as well as the surroundings. [Eriksson et al.,1999]

3.2 Dry friction materials

The main components of a brake pad, namely the reinforcing fibers, binders, fillers and frictional
additives. It is important to note that certain substances perform multiple functions and may be
placed in more than one classification. Table 3.1.1 shows the general features of M1 and M2
friction materials ingredients used in this thesis work. It also shows the major category of the
ingredient which a frictional materials should posses. The details of the M1 and M2 friction
materials can be find in chapter 7 under sub heading friction materials.

Table 3.1.1: General features of friction materials ingredients.

Category M1 Materials M2 Materials
Reinforcing Fiber Steel Fiber Aramid fiber,
Rockwool fiber, Potassium titanium
oxide
Binder Phenolic resin cross Phenolic resin cross linked, Cashew
linked resin cross linked
Filler Vermiculite Barium sulfate, Mica
Abrasives Magnesium oxide, Zirconium silicate, Zirconium oxide &
Aluminum oxide Aluminum oxide
Lubricant Tin sulfide Graphite, Tin sulfide
Metal Zinc, Copper Zinc, Copper, Iron
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Let's have a brief general introduction of the major ingredient of the friction materials used in the
brake pad-disc systems. The main categories are:

Reinforcing fibers
Binders

Fillers

Frictional additives

e Reinforcing fibers

The reinforcing fibers are the main components as regards the maintenance of the mechanical
strength, the friction properties and the thermal stability of the friction materials. Eriksson et
al.,2002, have shown that the braking load is actually carried by tiny plateaus that rise above the
surrounding lowlands on the friction materials. Friction materials typically use a mixture of
different types of reinforcing fibers with complementing properties including mineral fibres,
metal fibres and artificial polymer fibres such as glass fibres, Al,O3 fibres, carbon fibres, steel
fibres, aramid fibres, etc. [S. Narayanan et al., 1999, S.K. Rhee et al,1974 and X. Xin et al.,
2005].

e Binders

Binder is consider as the heart of the brake's ingredient system, which usually bind the all
ingredient tightly so that they can perform their functions properly. The binders are mainly made
from organic polymers such as thermosetting resins: Phenolic resin, polyimide resin, cyanate
ester resin and polyurethane rubber [D chan et al.,2004]. Their primary function is to ensure the
mechanical strength and integrity of the pad during its production and in working conditions.
Another function of the binder is to dampen the vibration and improve comfort during braking
and for this, the binder should possess high thermal stability, oxidation resistance at higher
temperature and high wear resistance.

Phenolic resin is now a days the most common resin binder used in brake friction materials due
to good mechanical properties such as comparatively high hardness, compressive strength, creep
resistance and good wetting capability with most of ingredients and it is cheap to produce
[Jayashree et al.,2013]. It has ability of crosslinking, since the number of intermolecular bonds
formed by the material frictionals the desired characteristics [Critchley et al.,1983]. In high-
energy braking applications, the temperature induced can be high enough to decompose the
phenolic resin by means of high-temperature oxidation. Phenolic resins carbonize at
approximately 450°C [Yesnik et al.,1996]; at temperatures beyond this, it decomposes by
charring and evaporation. This process decreases the density of the brake friction material at the
wear surface and also increases its porosity, thereby losing its structural integrity [Lamport et
al.,1998].
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e Fillers

Fillers are used to improve the thermal conductivity, porosity, resistance to wear and reduction to
noise. They are low cost materials, also used to reduce the total cost of the pad, without
deterioration of the properties; these components are typically calcium carbonate (CaCOs),
barium sulfate (BaSO,), clays, mica, cashew dust and vermiculites. Vermiculites are plane
netlike structure, which is porous in nature and having wear resistance property as well as
suppress noises generated during braking. Fillers in a brake pad are present for the purpose of
improving its manufacturability as well as to reduce the overall cost of the brake pad [Eriksson et
al.,2002].

e Frictional additives

The frictional additives are special materials that modify the interaction between the brake pad
and disc during braking. Frictional additives are components added to brake friction materials in
order to modify the friction coefficients as well as the wear rates. They are divided into two main
categories: lubricants, which decrease the friction coefficients and wear rates, and abrasives,
which increase friction coefficients and wear rates.

The main purpose of a lubricant is to stabilize the developed friction coefficient during braking.
Graphite and various metal sulphides are commonly used as lubricants. Graphite has the ability
to form a lubricant layer on the opposing counter friction material rapidly [Taylor et al.,1998]
and widely used in brake pad. A stable friction coefficient is achieved with the self-sustaining
lubricating layer. Metal sulphides such as antimony sulphide are very popular in friction
materials now a days as they are able to provide good lubrication but metal sulphides have quite
lower conductivities than graphite [Taylor et al.,1998].

The abrasives are mainly oxide powders of various metals and their function is to create a high
and stable level of friction during braking and are also needed to prevent the formation of
deposits of dirt, rust or friction materials on the same brake disc surface or to ensure their
removal [Eriksson et al.,1999]. The abrasives in a friction materials increases the friction
coefficient and also increasing the rate of wear of the counter face material (cast iron disc).
Abrasives remove iron oxides from the counter friction materials as well as other frictional
surface films formed during braking. A few examples of the commonly used abrasives include
magnesium oxide, zirconium oxide, zirconium silicate, aluminum oxide and chromium oxide
[Kobayashi et al.,2002].
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Typical examples of abrasives in ascending order of Mohr's hardness value:

Abrasives Mohr's hardness value
Barite (BaSO,) 3.0
Zinc oxide (ZnO) 4.5
Magnetite (Fe3O,) 5.5-6.5
Hematite (Fe,O3) 5.5-6.5
Magnesium oxide (MgO) 6.0-6.5
Zirconium silicate (ZrSiO,) 6.5-7.5
Quartz (SiO2) 7.0
Zirconium oxide (ZrO,) 8.0
Chromium oxide (Cr,03) 8.5
Aluminum oxide (Al,O3) 9.0

3.3 Future trends in frictional materials

The future trends in frictional materials mimic the current trends and more emphasis on cars will
be on lower emissions and higher fuel efficiency as environmental regulations become more
stringent [Chan et al.,2003].

The main focus will be on vehicle fuel efficiency and lower emissions that mean brakes will
have to be lighter, more efficient in terms of less wearing during braking and not release any
toxic particulate matter into the atmosphere during use. This means that the choice of brake
friction materials will need to be more environmentally friendly and not include toxic substances.
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Chapter 4

Wear Mechanisms in Pad-Disc Braking
System

4.1 Introduction

Wear is a dynamic process which quite often involves progressive dimensional losses from the
surface of a solid body due to mechanical interaction between two or more bodies in sliding
contact [Abu Bakar et al.,2008]. Wear is a material removal by physical separation due to
microfracture, by chemical dissolution, or by melting at the contact interface. Furthermore, there
are several types of wear: adhesive, abrasive, fatigue, and oxidative. The dominant wear mode
may change from one to another for reasons that include changes in surface material properties
and dynamic surface responses caused by frictional heating, chemical film formation, and wear.
Wear mechanisms are described by considering complex changes during the tribological
interaction. In general, wear does not take place through a single wear mechanism, so
understanding each wear mechanism in each mode of wear becomes important.

4.2 \Wear Models

Wear phenomena are heavily influenced by the fact that most engineering surfaces are rough
(and hence surfaces come in contact at single asperities and the real area of contact is usually
much smaller that the nominal contact area). Furthermore, wear behavior is also influenced by
the presence of adsorbed species or surface layers. Wear phenomena are intimately linked to
frictional processes. Recall that friction forces are generally the result of two main physical
processes: shearing and ploughing. If solid surfaces in relative motion are not separated in some
way, wear can be expected.

Research on wear mechanism prediction and modeling has been carried out for over 50 years
[P.J. Blau et al.,1997].

Early researcher named Archard who developed a linear wear model for metals, his model talked
about the wear volume per sliding distance was in terms of wear coefficients [J.F. Archard et
al.,1953]. Archard's linear wear model represented by equation (4.1).

V=[l.(FN.S)H] = (Ka. FN-S)eoeiiiieiieeee e (4.1)
where "' is the wear coefficient, wear volume 'V', 'K, is the specific wear coefficient, 'Fy' is the
applied load, 'S' is the sliding distance and 'H' is the hardness of the material that is worn.

Archard refined the theory behind the wear model by assuming the following [J.F. Archard et
al.,1953]:
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The wear rate is proportional to the load.

The wear rate is independent of the apparent area of contact.
For metals, the asperity deformation is plastic.

A single asperity contact is circular.

The system is isothermal.

S.K. Rhee et al.,1970, proposed a nonlinear wear model for the friction materials in a disc brake
system. Rhee developed a nonlinear wear equation at given temperature for specific application
such as brake systems under which the frictional force (F) is directly related to normal load (P)
and the sliding speed (V). Rhee's nonlinear wear model represented by equation (4.2).

F=(u.P*.VP")atgiven temperature (Ti)...ccoooveerreesrereeeeceeneenees (4.2)

where 'F' is the frictional force, 'P" is the normal load, 'V' is the sliding speed, 'W" is the friction
coefficient, which is constant regardless of the load and speed. 'a’ and 'b' are the set of
parameters that are specific to the friction material and depend on the temperature only [S.K.
Rhee et al.,1974].

However, Soderberg et al., 2009 and Abubakar et al.,2008 proposed a new interpretations of the
law of Archard for wear by inserting the exponents derived from experimental data and give
importance to the modeling of the pressure applied, as characteristic parameter. However, the
pattern at the base of the analysis remains the law of Archard.

4.3 Basic Wear Mechanism

In upcoming paragraphs, there will be a brief introduction of different wear theories and general
wear mechanisms associated with the contact between the friction materials and counterpart disc,
the wear mechanisms underlying the process of dry sliding wear of the braking system are
adhesion, abrasion, surface fatigue and tribo-oxidation, in the presence of hard particles.

o Adhesive Wear (plus Fretting Wear) - Encountered in 23-45 % of cases - Scuffing
or galling areas, holes, plastic shearing, material transfer.

e Abrasive Wear (plus Erosive Wear) - Encountered in 36-58 % of cases -
Scratches, groove , ripples.

e Surface Fatigue Wear - Encountered in 14-15 % of cases - Cracks, pitting.

e Oxidative Wear - Encountered in 4-5 % of cases - Reaction products (layers,
particles).
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e Adhesive wear

The adhesive wear resulting from the contact and from phenomena of adhesion between two
surfaces in contact. In general, to understand the adhesive wear is necessary to introduce the
concepts that relate to the adhesion and the interactions between these bodies in contact. If the
contact interface between two surfaces under plastic contact has enough adhesive bonding
strength to resist relative sliding, large plastic deformation caused by dislocation is introduced in
the contact region under compression and shearing. As a result a crack is initiated and is
propagated in the combined fracture mode of tensile and shearing. When the crack reaches the
contact interface, a wear particle is formed and adhesive transfer is completed. This type of wear,
which occurs when there is enough adhesive bonding at the contact interface, is called adhesive
wear.

A first simple model of adhesive wear stated by Archard et al.,1980, he examined the contact
mechanics of multiple asperity contacts with respect to their elastic and plastic deformations. He
proposed that adhesive welding of the contact generates a worn particles from the weaker
material of volume '8V', the volume of worn material removed '6V' as a result of a tribological
interaction is directly proportional to the load 'P' and also to the total sliding distance 'L".
However, since less wear is observed when the hardness of the softer member of the tribological
couple increases, '6V' can also be regarded as inversely proportional to the hardness 'H' of the
material being worn away. Therefore '8V' = 2ra®3 for sliding distance of 'SL' = 2a and 8V/ 5L =
ma/3 = 5AJ3 = 8P/3H In symbols, the above is represented as:

(VIL) = SV 8L) = (K/3). Z(EA) = (K. PYHervvovveveeeeeorseeeeeeeseeeeeeeeeeens (4.3)

where 'K' is the previously introduced wear coefficient, '6A; is a circular contact area of
maximum radius ‘a'.

Adhesive wear behaviour of pure metals could be related to their ability to form solid solution,
i.e., counterface materials will have higher adhesive wear if they are mutually inter-soluble [E.
Rabinowicz et al.,1961]. Dyson et al.,1980, described the mechanism of initial mild adhesion,
more severe adhesion, pitting and finally mild abrasive wear from loose and adhered debris, with
corresponding increases in friction and temperature.

Although adhesive wear is the predominant mechanism with high friction, dry contact wear such
as pin-on-disc testing, under such conditions, as contact loads are steadily increased, wear rates
can be subject to sudden changes. These effects are due to thermal and tribo-chemical effects,
rather than any alteration in the adhesion mechanism.

e Abrasive Wear

Abrasive wear occurs when any solid object is sliding against a solid material and have
difference in hardness, usually a hardness difference between the interacting solid should be
greater than 30% is required to have abrasive interaction. In such case of plastic contact between
hard and sharp material and relatively soft material, the harder material penetrates to the softer
one. When the fracture is supposed to be brought about in the manner of micro-cutting by the
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indented material, the resultant wear is called abrasive wear. In abrasive wear the hard asperities
can be the counterface material (2 body wear) or hard debris particles (3 body wear). These
micro-plough the soft surfaces pushing a wedge of material ahead and displacing material to
each side.

Archard et al.,1986 used a simplified model to analyze abrasion. He proposed that the hardness
of the two couples must have wide differences and there must be pure cutting of material rather
than plastic flow (ploughing). According to him volume removed per sliding distance has a
linear variables.

(3V/SL) = K, (2cotd/m). (SP/H) or V/L = K, (2¢0tday/n). (P/H) = K.(P/H)...ooocorree.. (4.4)

Where 'K,' is a constant of proportionality and 'cotd,,' is a average value for all the abrasive
particles and 'K' is highly dependent upon asperity shape.

M. Khruschov et al.,1974, developed some principles of abrasive wear through the study of fixed
ceramic grains abrading against pure metals, heat-treated steels, wear resistant metals and
ceramics. Khruschov explained that the abrasive action, on a micro scale, works the materials to
its maximum hardening level, more than can be achieved via cold working. Another researcher
Moore et al.,1980, explained the different mechanism of abrasion i.e., ploughing deformation
and micro cutting. According to Moore, micro cutting could be related to the material’s fracture
toughness, rather than its resistance to plastic deformation. He observed that the abrasive work
was offset by energy dissipation due to plastic deformation within the material.

Kato et al.,1992 has carried out a pin-on-disc test to study the micro mechanism of abrasive wear
between materials of similar hardness. He noted that the disc wear was highly sensitive to small
changes in the angle of leading edge of the pin with three distinct mechanisms, cutting, wedge
formation and ploughing. His work demonstrated that there was a transition from cutting, to
wedge, to ‘'shear tongue' formation (side extrusion and adhesive transfer) and finally to
ploughing; latter marked by a lower steady state wear rate and an increase in friction.

Direction of abrasion ® Direction of abrasion

a) Cutting b) Fracture
® Direction of abrasion - Direction of abrasion
= —— —
— Grain about
Repeated deformations by subsequent grits N to detach
¢) Fatigue by repeated ploughing d) Grain pull-out

Figure 4.3.1: Mechanisms of abrasive wear: microcutting, fracture, fatigue and grain
pull-out [Source: Pooley et al.,1972].
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The nature of abrasive wear can be 'two body' abrasive wear or 'three body' abrasive wear. Two
body abrasive wear is like action of sand paper on a material surface. Hard asperities or rigidly
held grits pass over the surface like a cutting tool. In three body abrasive wear the grits are free
to roll as well as slide over the surface, since they are not held rigidly. Fig. 4.3.2 shows the two
body and three body modes of abrasive wear.

/—— Rigid mounting __x\

Linear grooves
Body 2 Substrate

Two-body

Body 1
e

T Opposing surface remote

Short track-length abrasion ~ =5

Three-body

Figure 4.3.2: Two and three-body modes of abrasive wear[Source: Blanchett et al.,1989].

It was found that three-body abrasive wear is ten times slower than two-body abrasive wear since
it has to compete with other mechanism such as adhesive wear [N.S. Eiss et al.,1979]. Two-body
abrasive wear corresponds closely to the ‘cutting tool' model of material removal whereas slower
mechanisms of material removal can be seen in three-body abrasive wear [Warren et al.,1978].

e Surface Fatigue Wear

Fatigue in wear can be observed at two levels firstly, rolling contact fatigue spilling of the
contacted surfaces with surface or sub-surface crack initiation and secondly, at microscopic
level, the fatigue and fracture of deformed surface asperities to form wear debris. Subsurface
cracks may also form in more ductile materials by fatigue processes associated with cyclic
loading. While less wear may be observed prior to fatigue events extensive pitting may be
observed once fatigue sets in. Consider again a tribological system formed by a large number of
microscopic contacts. Each individual asperity experiences multiple contact interactions with
asperities of the counterface.

For the micro-fatigue wear mechanism, Archard et al.,1980, re-described wear coefficient 'K' in
equation 4.3 i.e., [V/L = K.(P/H)], Since K can be interpreted as the proportion of contacts that
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contribute to wear debris by failing, the number of stress cycles to failure N¢ is simply N¢= 1/
Kfatigue.

When fatigue failure takes place at a particular asperity contact, the volume of material removed
can be expected to be proportional to a*> where 'a' is the contact radius. Moreover, the sliding
distance over a particular contact is '2a’. An expression for the worn volume per unit sliding
distance for the system can then be obtained by adding the contributions from all contacting
asperities where fatigue has occurred, i.e.

(V/ L) = Kfatigue 2(6At) = Kfatigue . (P /H) ......................................... (45)

e Oxidative Wear

In oxidative wear the contact surfaces (wear couple) are oxidized on contact with the oxidizing
atmosphere, typically air; fragments of wear resulting from it are mainly metal oxides formed on
the surface of the materials and removed from the motion between the surfaces. The fragments
are usually very small, below one micron, although larger particles form agglomerates. Frictional
heat of the wear test can generate such processes as oxidation, steel decarburization and near
surface hydrogen embrittlement. For most of the metallic surfaces which contact in air, oxidation
is the most significant reaction. The oxide themselves, adhered or separate, are a wear product
resulting in metal loss. Air humidity is also a factor in the oxidation wear process.

Archard et al., 1980, developed his wear relationship, to account for oxidative wear. It was based
on the multiple asperity contact developed for equation 4.3 (maximum asperity contact area ma’).
His proposed oxidative wear rate equation is:

VIL = Kp. M22. (6A) = (Ko 1/22).A¢ = K. (PIH).covvveoreeeeeeeeereesseseeeereessene (4.6)

Where 'Ky' is the proportionality constant for all tribo-chemical process which produce wear
debris and it will increase with temperature (exponentially), chemical reactivity of the
environment and chemical reactivity of the wear couple for a given environment. 'A' critical
thickness of a protective and undamaged film developed during asperity contact.

Quinn et al., 1984, have studied the oxidative wear of a low alloy steel using pin-on-disc wear
test. They observed that for oxidative wear load and frictional heat were correlated with the type
of iron oxide that formed, below 400°C the formation of a-Fe,Os, between 400°C and 600°C,
FesO4 and above 600°C the formation of FeO. Quinn observed that oxidative wear rates and
general surface temperature (Ts) were proportional to applied load. Wear rate transitions were
associated with sudden changes in surface temperature and with a change in the balance of oxide
type found in the wear debris.

The oxidative wear mechanism can be represented, in the case of metals:

e On the surface it has a metal contact that creates joints with plastic mechanism of
accession; small fragments that come out of the tribological system, to break the
junctions, can be oxidized.

e The chemical reaction of the surface with the environment reduces the metallic
contact between the parts, thus creating a layer of protective oxide.
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e The breakage of the protective layer to increase the local pressure or surface
fatigue produces non-metallic fragments.

e The fragments of metal and non-metal act as abrasive surface not in contact,
leading to a pointed shape the contours, which mean that the phenomenon is
spreading.

4.4 Wear Mechanism in Pad-Disc Braking Systems

Wear of the friction materials is mainly due to adhesion and abrasion, and it usually proceeds
through the formation and detachment of a friction layer, which bears the contact load and also
influences the frictional behavior [Eriksson et al.,1999]. The friction layer is made of two contact
plateaus: the primary and secondary plateaus [Eriksson et al.,2002].

During the contact between the brake pad and the disc, the hardest parts of the pad are in contact
with the disc which creates micro-grooves in the disc itself as confirmed by the studies of
Eriksson et al., 2000, Filip et al., 2002 and Osterle et al., 2006, in which the fragments of wear
flowing in a continuous way. A combination of temperature, pressure and tangential force
makes fragments to compressed and piled against the existing plateau and ensure that the
compaction of the fragments is heterogeneous at the same time the smaller fragments come out
of during this operation and are released as wear debris into the atmosphere. Wear initially
induces the detachment of particles from the phenolic matrix close to large and hard constituents,
which thus form protruding primary plateaus. The formation of the plateau is not a stationary
process but a dynamic evolving process as confirmed by Eriksson et al.,2000 and Roubicek et
al., 2008.

The components that form such plateaus was found to be generally larger than 100 um, and their
hardness values are in excess of the disc material hardness: steel fibers and highly strain-
hardened copper or brass particles, are usually involved in the formation of these primary
plateaus. Subsequently, micrometric and sub micrometric wear particles tend to accumulate close
to such plateaus, where they are also compacted to some extent, depending on the contact
pressure and sliding shear stresses. In this way, the secondary plateaus will form, made of small
compacted particles coming from wear of the pad as well as of the disc. In this regard, it is
distinguished between "primary contact plateau”, i.e., the part of material more resistant to wear
on the surface of the pad and the "secondary contact plateau”, which is more resistant to wear.
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Figure 4.4.1: Schematic of the contact situation between an organic friction
material and a brake disc and formation of compacted plateaus [source: Filip et
al.,2002].

The compacted plateaus with typical sizes ranging from 50 to 500 um of a width of a few
microns thick and is formed from the body softer of the two bodies in contact [Gwidon et
al.,2006]. Iron oxide particles, produced by tribo-oxidative mild wear of the cast iron disc, are
typically present in the friction layer and often constitute the main part of it. Wear particles are
mainly formed by the disruption of the friction layer, and a contribution also derives from the
wear of the so-called low-land regions in between the friction layers), even if the damaging
mechanisms have not been fully elucidated as yet. As seen, also the counterface of cast iron disc
takes part into the wear process and undergoes a tribo-oxidative wear with a wear rate 20-50% of
that of the friction pad.

Due to intense pressure and tangential force, the contact plateaus get damaged and form wear
debris especially from the secondary plateau. The damage occurs due to the loss of support from
the fiber that detached to wear, irregularities or impurities on the disc, the three body abrasion
and adhesion. This type of damage can lead to the breakdown of secondary plateau even though
the primary platform is not ejected from the frictional material and when the pressure is reduced
the secondary plateau detaches in the form of flakes forming of large fragments of compact wear
[Eriksson et al.,2000]. The damage of the friction layer is the main cause of formation of
fragments of wear and wear particles that are released into the atmosphere.

In the brake pad system, wear occurred during normal braking and heavy braking. It termed as
mild wear and severe wear respectively, which are the function of applied load for deceleration
and contact temperature rise during braking. These wear phenomena are discussed below:

Mild Wear (Normal Braking Condition)

In this case the contact temperature and braking pressure is low and the plateaus are enriched in
iron oxide because of the transfer (by adhesion and abrasion) from the cast iron disc. The
emission of airborne fragments is mainly due to the fragmentation of the contact plateaus. The
airborne particles are thus mainly primary in nature.
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e Severe wear (Heavy Braking Condition)

In this case the contact temperature is high and the chemical composition of the contact plateaus
(and thus of the wear fragments) is strongly influenced by contact temperature. Friction and wear
strongly depends on contact temperature, it is reported that the transition temperature (above
which friction coefficient starts to decrease because of fading, and wear rate starts to
exponentially increase because of thermal decomposition of the phenolic reasin) [J. Bijwe et
al.,2007] may be expressed by the average contact temperature, (T). As shown in Fig. 4.4.2, K,
exponentially increases with contact temperature, T. The contact temperature is determined by
sliding conditions (contact pressure 'p', sliding speed 'v') and system geometry. During heavy
braking the following reactions have been recognized:

e Oxidation of Cu and Fe and other, with the formation of different kind of oxides.

e Thermal degradation of the metal sulphides and organic constituents like binder
(phenolic resins often revealed by the formation of water vapor and black carbon
char) [J. Bijwe et al.,2007].

100 -

o 50t

Brake interface temperoture ,C

Figure 4.4.2: Influence of contact temperature on the wear rate of a friction material
[Source: A.E. Anderson et al.,1992, wear control handbook].

The two braking conditions therefore depend on the applied pressure and the contact temperature
achieved i.e., normal braking when the contact temperature remains below a critical temperature
of about 300°C, while if it exceeds this temperature it comes to braking heavy. In fact, many
authors found that 300°C is a kind of transition temperature, beyond which it has the degradation
of the polymer matrix [J. Bijwe et al.,2007] with the release of ultrafine nanoparticles in the
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atmosphere, with possible serious damage to people's health. Table 4.1.1 summarized the above

two brake wear conditions.

Table 4.1.1: Different type of braking condition in disc brake system.

Braking Braking Deceleration Average Brake wear, Ka (m*/N)
conditions pressure rates contact
(pa, MPa) (m/SZ) temperature
Normal Braking 02-1 <2 <300°C 5107 — 4x10™
Heavy braking 1.1-4 >5 > 300°C Increases with Temperature

In addition to temperature and pressure, the tribological behavior of the system is also governed
by sliding speed, even with lower applied loads it has been expected to have moderate wear with
temperatures below the critical one, Heussaff et al., 2012 noted that for high sliding speed, there

IS Severe wear.
In Fig. 4.4.3, a schematic of the influence of p and v on braking conditions is shown.

A T> 250-300°C
Severe wear

Speed
T<250-300°C

Mild wear

>

Pressure

Figure 4.4.3: Schematization of the influence of sliding parameters on the braking
conditions.

So, here in this chapter, we have tried to understand the basic wear mechanism, in general and
the wear mechanism in pad-disc braking system. Fig. 4.4.4, is demonstrate the summary of the

basic wear mechanism in pad-disc braking system.
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Figure 4.4.4: Summary of the basic wear mechanisms in braking systems.

In the next chapter we will going to see the consequences and health hazard due to the release of
wear debris in atmosphere, which is produced during the tribological operation of pad and disc
together. It is interesting to know that these nano particles have a greater health damage for
human being. In chapter-5, we will going to see how these nano-particles would affect our
environment eco systems.
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Chapter 5

Particulate Matter: Hazard and Risk

5.1. Introduction

The wear mechanisms occurring at the pad-disc interface are responsible for the particulate
matter emission and the airborne particles area fraction of the total wear particles. Generally
speaking, in case of pad-disc braking system the wear particles are mainly formed by the
disruption of the friction layer, and possibly by the wear of the low-land regions. The
characteristics of the airborne particles depend on the characteristics of the friction layer and, in
turn, to those of the friction materials (their ingredients and their role in the wear process). The
high contact temperature may induce several chemical reactions in the contact spots, including
thermal degradation of the organic constituents (phenolic resin, rubbers); direct oxidation of Fe
and Cu, with the formation of different kinds of oxides; thermal decomposition of sulphides;
dehydration of vermiculite. Airborne particles are thus either primary and secondary in nature.
Secondary particles are small in size (with diameter lower than about 0.1pum) and they may form
in the atmosphere by volatilization and condensation, and by collisions among the emitted
precursors [Thorpe et al.,2008]. Secondary particles may also form under normal braking
conditions because of the high flash temperature achieved during sliding at the contact spots.

The wear particles as airborne released into the atmosphere and deposited away from the
roadside and non-airborne particles deposited on vehicle, retained on the wheel, brake and
steering/suspension equipment or on road surfaces. Materials deposited on road surface can be re
suspended by tyre sheer, turbulences and wind, having a temporally and spatially dynamics
[Barlow T.J. et al.,2007], or the emitted particles may be washed into the storm drains and end
into creeks, rivers and marine waters. Brake wear generates particles across a wide range of
diameters from a few hundred nanometres (nm) to a few tens of a micrometer (um). Whilst brake
wear emissions are predominantly the result of a mechanical process and thus expected to release
particles in the coarse size fraction, it appears that a significant proportion of brake debris may
be emitted in the fine size mode [Wahlin et al.,2006, lijima et al.,2007].

The particle size is an important parameter of atmospheric PM. Particle size controls the
dynamic behavior of particles as well as their chemical and physical impacts on the environment.
It is also certainly an important parameter for the health consequences of the respective human
exposure as particle size determines:

e The deposition of particles within human respiratory system;
e The amount of surface area that can contact tissues;
e The rate of particle clearance from lungs [Oberdorster et al.,2005].
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Figure 5.1.1: Schematic representation of the size distribution of atmospheric
particles[Source: http://dx.doi.org/10.5772/54775; Slezakova et al.,2013].

Fine mode is composed of particles with aerodynamic diameter smaller than 2500 nm. Typically,
these particles are generated by anthropogenic (caused or influenced by humans) sources. The
small sizes of the particles make them less susceptible to the gravitational settling resulting in
atmospheric lifetimes in range of days up to weeks and the ability to travel over very long
distances in the atmosphere [Anastasio et al.,2001].

In order to protect human health and the environment EU standards were established for
exposure limits to several air pollutants. National laws and regulations are targeted more at
reducing the exhaust emissions, both gaseous and particulate matter, from engines of road
vehicles, traditionally regarded as most responsible for air pollution from vehicular traffic.
Nevertheless, PM from non-exhaust sources provides a further significant contribution to
airborne matter. Brake and tyre wear are an important source of trace metals in the urban
environment, and at locations influenced by traffic can be more important than industrial
emissions.

5.2. Effect of particulate matters on human health

PM is a heterogeneous pollutant, particles are different in size, mass and chemical composition,
in such a way determining the health effects should take into account emission sources. Since
early '90s researchers revealed a link between air pollution and human health effects among
populations in cities throughout the world. An increasing number of studies and research efforts
were made since then, so adding further evidences that a number of respiratory and
cardiovascular system dysfunctions are caused by the ambient particulate matter. Exposure to
particulate matter in ambient air is associated with various impacts on health:

e Increase in lower respiratory symptoms;

e Reduction in lung function;

e Increase in chronic obstructive pulmonary disease;
33



e Reduction in life expectancy, mainly due to cardiopulmonary mortality and
probably to lung cancer.

The diagram shown in the Fig. 5.2.1 represents the correlation between the proportion of affected
population and severity of human health risk associated to exposure to atmospheric particulate
matter.

Severity

Doctor visits,
school absences

Respiratory symptoms,
medication use, asthma attacks

Lung function decrements, inflammation and
permeability, susceptibility to infection, cardiac effects

Proportion of affected population

Figure 5.2.1: The correlation between the proportion of affected population and
severity of human health risk associated to exposure to atmospheric particulate matter
[Source: https://fortress.wa.gov].

Nano-sized airborne particles and their effect on human health were studied by Oberdorster et
al.,2005, revealing that due to their increased surface area and higher reactivity with
biomolecules and tissues they can be easily inhaled into the respiratory tract, posing hazards
related to potential oxidative stress. Several studies proved that the nano-sized particles may
become blood-borne and translocated to other target tissues like liver, kidneys, and brain.
Furthermore, due to small size of nano-sized particles their sedimentation is very slow and when
released to air, these particles may be transported over thousands of kilometres from a source
[Oberdorster et al.,2005]. Particles less than 2.5 microns in diameter, categorized as “fine”
particles or PM; 5 penetrate into the small airways and air exchange regions of the lungs. Fine
particles are of concern because exposure to PM; can cause short-term health effects, such as
eye, nose and lung irritations, or long-term health effects, such as chronic bronchitis, reduced
lung function and increased mortality. The nano particles enter human body through the skin,
lung and gastrointestinal tract [Nel et al.,2006]. Because of their very small size, nanoparticles
can penetrate deeper into the lungs and enter the pulmonary interstitium and vascular space to be
absorbed directly into the blood stream [Terzano et al.,2010]. Nano particles have a large surface
area and that makes them more reactive and toxic leading to detrimental health effects such as
oxidation stress, pulmonary inflammation and cardiovascular events [Buseck et al.,2008, Nel et
al.,2006]. They may also translocate within the body to the central nervous system, the brain,
into the systemic circulation and to organs like the liver [Helland et al.,2007]. Though these nano
particles appear in smaller concentrations than other atmospheric nano particles they may pose
much larger health risks [Oberddrster et al.,2005]. Ultrafine particles possess a higher mutagenic
and toxic potential than larger particles, which might be partially explained by the enhanced
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ability of translocation from the respiratory tract to extra pulmonary sites, together with their
high number concentration and large surface area [Schlesinger et al.,2006, Spurny et al.,1998,
McClellan et al.,2002]. Studies have shown that ultrafine particles have a high capacity to absorb
organic molecules and possess the ability to penetrate cellular targets in the lung and systemic
circulation [Sehlstedt et al.,2012]. Agglomeration of particles may differ in effects as compared
with single particles of the same size and there are indications that the physical surface and
crystalline structure can account for some of the reactive potential. The biological response is
often correlated with the exposure dose; smaller particles can reach deeper in the tissues, while
particles larger than 10 um are filtered in the upper airways. Particles between approximately 5-8
um are most likely deposited in the tracheobronchial tree while those between 1-5 um often are
deposited in the respiratory bronchioles and the alveoli [Squadrito et al.,2001].

Metals that are components of ambient air particulate matter (including copper particles
generated from brake pad wear), and especially some of those that are within the fine PM
fraction, have the ability to generate reactive oxygen species (ROS) in biological tissues.
Oxidative stress may be one of the major mechanisms causing the adverse health effects and
copper is among the metals capable of inducing such oxidative stress. Gasser et al.,2009,
evaluated potential toxicological effects of human epithelial lung cells exposed to freshly
generated brake wear particles. Metals on brake wear particles damage tight junctions with a
mechanism involving oxidative stress, also increase pro-inflammatory responses. One of the
most commonly reported adverse health effect of copper is gastrointestinal distress. Copper is
also irritating to the respiratory tract. The liver and kidney are also sensitive targets of toxicity.

Table 5.1.1. Brake wear PM and human health effects — summary table.

Brake wear PM Effects Reference
PMy Cardiovascular and respiratory diseases, lung cancer AQEG
PM,5 Heart rate variability USEPA
<PM;s Blood born particles translocated in liver, kidneys and brain Oberdorster
Oxidation stress, pulmonary inflammation, cardiovascular events Buseck; Nel
PMio. PM2 5 Increased heart rhythm, elicits pro-inflammatory and pro-thrombotic Riediker
Brake wear debris Inflammatory reactions in bronchial branch Kukutschova
rich in copper and
iron oxides
Iron Oxidative stress, inflammatory response, Iron may cause Ghio
conjunctivitis, and retinitis if it contacts and remains in the tissues.
Nickel Allergic reaction, several Ni compounds are carcinogenic, causing EEA report
cancers of the lung, nose, larynx or prostate
Copper Gastrointestinal distress, irritation of the respiratory tract, liver injury Geiger
and kidney failure, eye irritation.
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Chapter 6

Defining Problems

In this thesis a set of four main issues for the friction materials has been identified and addressed
in order to find optimal solution for novel brake systems. In the following paragraphs, each one
of these problems has been introduced and discussed with the test highlight and study code-

names listed in table 6.1.1:

Table 6.1.1: List of problem defined in the thesis and test highlight.

Problem Defining Test highlight Tribometer | Frictional Code
Used material name
Tribological behavior of two low
Sits B (el ELs (W & Pin-on-disc test Pin-on-disc | M1 & M2 | Case |
M2) at room temperature.
Characterization of wear Particles collected
i icti Pol . .
partlc!es from M1 friction on o_ycarbonate Pin-on-disc M1 Case I
material. filter &
Aluminium Foil
High temperature wear behavior External high High
of M1 and M2 friction temperature Temperature
. . o . . . M1 & M2 | Case lll
materials: Role of the friction (>300°C) heating Pin-on-disc
layer in the high-temperature Test & Frictional Setup
pin-on-disc study. heating Test
Role of the heat-treatment of the | Heat treated cast Pin-on-disc M2 Case IV

cast iron disc.

iron disc
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6.1 Tribological behavior of two low steel friction materials
(M1 & M2) at room temperature - (Case I)

The performance of the brake is mainly controlled by the composition and microstructure of the
friction materials. Industrial pads usually contain a large number of different constituents like
ceramic particles and fibers, minerals, metallic chips, solid lubricants and elastomers, all bound
by, phenolic resins. In fact, brake materials should retain a relatively high, stable and reliable
friction coefficient over a wide range of braking conditions, temperature and humidity. Metals,
such as copper, steel and brass have been used in order to affect the frictional characteristics and
wear of friction materials by their type, morphology and hardness. The ceramic powders, like
zirconium silicate ( ZrSiO, ), zirconium oxide (ZrO,), calcium carbonate (CaCOj3 ),iron oxide
(Fe2O3 or Fe304 ) etc., are present in friction materials to create a high and stable level of friction
during braking.

This experimental work aims at comparing and investigating the tribological properties of two
commercial friction materials, codenamed M1 and M2. A pin-on-disc instrument has been used
for tribological testing and evaluation. A gray cast iron rotating disc has been used in all friction
materials (pin-on-disc) testing. The working conditions for both M1 and M2 friction materials,
resulted from a constant contact pressure load (2MPa) and a constant sliding speed of 3.14 m/s,
up to 50 minutes of run at room temperature (25°C).

M1
”|||||||||‘| RAAALE
o

Tribological operations
at room temperature

Result Results

A 4

A 4

Higher wear rate = More wear debris production

. . . Lower wear rate = Efficient frictional
and more airborne particles release into the OWEr wear rate e aldael

behavior

atmosphere

Figure 6.1.1: The flow-chart of tribological results of M1 & M2 friction materials.
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6.2 Characterization of wear particles from M1 friction
material - (Case 1)

The aim of this part of study was to establish an experimental protocol suitable for characterizing
particles coming from laboratory pin-on-disc wear tests, collected on different substrates, of M1
friction material. From Case I, we have the information about the tribological properties of both
friction materials. Characterization of wear debris produced during tribological testing is an
important piece of work and characterization results can have a leading role in the development
of novel friction materials. To develop the protocol for materials characterization, techniques
like, X-ray diffraction, Scanning electron microscopy (SEM) equipped with energy-dispersive X-
ray spectroscopy (EDXS), Transmission electron microscopy (TEM) were employed. The
experimental study required specific sample preparation procedures, that are important parts of
the streamline characterization procedure implemented and optimized in view of its systematic
application also to PM collected in other environmental monitoring contexts.

In Fig.6.2.1 the main finding and aspects of the overall methodology are summarized.

Flow chart of the streamline characterization methodology of products of
wear mechanisms of brake systems.

Sample
collection

Sample XRD * Crystallographic phases
preparation Whole sample analysis * Phase composition
SEM-EDXS * Microstructure
w:‘:,’f,,i',’,":f,::{::'f e * Qualitative composition
* Quantitative composition
TEM-EDXS L Mucrostructure.
single particle analysis * Crystallographic phases
* Qualitative composition
* Quantitative composition

Figure 6.2.1: The flow-chart of the characterization methodology.
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6.3 High temperature wear behavior of M1 and M2 friction
materials: Role of the friction layer in the high-temperature
pin-on-disc study - (Case I11)

The major findings of Case I, motivated us to know further more what exactly happens when
friction materials (M1 and M2) are subjected to high temperature working conditions. As
continuation of the Case I, concerning research work on dry sliding (frictional heating) test, an
attempt has been made to investigate the friction and wear behavior of commercial low-steel M1
& M2 friction materials at different high temperatures and to understand the mechanisms of mild
to severe wear transition during dry continuous sliding conditions (pin-on-disc), starting from a
mild regime (1.31m/s and 2MPa). Furthermore, the work aimed at gaining some understanding
on the formation and function of the friction layer forming at the mating surfaces. A heating
attachment for the pin-on-disc rig was developed (see Fig. 6.3.1) to conduct the friction tests
from room temperature up to elevated temperatures, i.e., 170°C, 200°C, 250°C, 300°C and
350°C.

Computer Display
Customize all high

Infrared High Temperature Sensor Iemperature seting. High temperature heat conducting paste
Software feedback to

To measure the surface temp. of the .
MTC & display of MTC

adopter and send feedback to MTC

Themmalresistance matenial coatings
(M Iy
ToMTC
ToH.T software
. . Infrared Camera
Main Temperature Control panel |4 To check and record the temperanwre
(MTC) around the pin area.
IMPa

ToHC

= . - Heating coils

High emissivity black
pamted disc adopter o

Cast iron disc

(a)

1.31m/s or 500 ﬂ .
&" th Heating coil: .
R hul] castiron| A ‘ | * \
[ ] — \
Cast iron adopter
4+ ~ »
| R

-~\
== Thermal insulation [

Figure 6.3.1: High temperature wear test rig.
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6.4 Role of the heat-treatment of the cast iron disc - (Case 1V)

It is confirmed that, irrespective of the braking conditions, the counterface cast iron disc plays an
important role in the wear process and in the formation of airborne particles. Therefore, an
increase in the wear resistance of the braking disc could produce a decrease in wear and
emission. A possible way to achieve this goal is through suitable heat-treatments, avoiding
though excessive embrittlement of the disc. As the major findings of Case Il, shows that iron
oxide has a major weight percentage contribution to the wear debris and airborne particles. This
major weight percentage of iron oxide reflects that the counterpart i.e., cast iron disc, wearing at
high rate during tribological operations, which directly affect the braking efficiency,
maintenance cost and life expectancy of the braking systems.

Therefore, in this section of study we had modified the mechanical and physical properties of the
tribo-counterpart i.e., cast iron disc, the role of a conventional heat-treatment on the dry sliding
behavior of a cast iron material, commonly employed in the production of braking discs, with
M2 friction material (having lower wear rate, as confirmed from Case 1), is investigated. The
wear tests were carried out again in a pin-on-disc configuration, and the pins were made of the
same commercial low-steel friction material as in the previous cases. The aim of the work is to
provide preliminary information on the feasibility of the disc modification process that of course
has to be possibly optimized to address all the engineering requirements of a real braking system.

Potential sources of iron oxides in wear debris

A 4 A 4

Steel fibers from friction Major fmdmg of Case Il P Cast iron disc

y

A\ 4

material (M1) Iron Oxide (Fexoy)

A

Since the wt% of steel fiber in friction material are known
therefore the major contribution of iron oxide is from cast iron disc

A 4
Need to modify the mechanical and physical
properties of the cast iron disc (Case 1V)

Figure 6.4.1: Highlighting the reason for the heat treatment of the cast iron disc.
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Chapter 7

Experimental Procedures and
Characterization Tools

7.1 Friction Materials - M1 & M2

The tribological wear tests were carried out on commercial low steel friction materials M1 & M2
pins, (@ 5.5 mm X 7.7 £ 0.3 mm long), dry sliding against a cast iron disc lamellar pearlite. After
carrying out the test, debris were collected and analyzed, with different techniques, together with
traces of wear of the disc and of the pins and the cross sections of the pins. The friction materials
(M1 & M2), whose XRF composition is displayed in table 7.1.1, used in the tribological pin-on-
disc tests have distinct features, as concerns structure and compositions, as you can see from
table 7.1.2.

In all tribological testing, the pins were cut from real brake pads with the help of conventional
mechanical machining. The friction material M1 is based on phenolic resin, featuring reinforcing
fibers, such as copper and iron whereas M2 is rich in zirconium and featuring potassium titanate
as reinforcing fiber. In addition to these components, there is a large quantity of other elements
in both the friction materials, which influence the wear behavior during braking.

The percentages by weight of the components, evaluated from data XRF and according to the
stoichiometries of the various compounds for M1 & M2 friction materials are listed in table
7.1.2.

: e ooy loe
pepreVreieet

Figure 7.1.1: Brake pad pins from the two different friction materials, M1 & M2.
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Table 7.1.1: Experimental composition measured by X-ray fluorescence spectroscopy

(XRF) for M1& M2 friction materials.

Elements Mg |Al| S|K |Ca|Ti|Fe|Cu| Zn | Zr | Sn| Si | Cr | Ba
M1 XRF (wt %) | 104 /9.1/52|06|5.0/0.2|7.1/54|125| 0.1 |8.7|5.8| 3.6 | ND
M2XRF (wt%) | 1.3 |[35(27|3.7|36|97|42|59| 35 (247|22|3.0/ND| 39

Table 7.1.2: Stoichiometries of the various compounds present in M1& M2 friction

materials.
M1 Components M1 wt % M2 Components M2 wt %
Magnesium oxide (MgO) 14.1 Zirconium Oxide (ZrOy) 31.0
Tin Sulfide (SnS) 9.3 Silicate of Al and Mg 9.5
Aluminium oxide(Al>Os) 2.0 Iron (Fe) 8.0
Vermiculate (MgzAl4S,) 13.6 Copper (Cu) 7.5
Zinc Oxide (ZnO) 13.8 Vermiculite (MgsAl4Sy) 6.0
Copper (Cu) 2.8 Barite (BaSQO,) 5.0
Iron Sulfide (FeS) 9.4 Potassium titanate (K,O3Ti) 5.0
Organic resin, graphite fibers Balanced Aluminum oxide (Al,O3) 3.0
and carbon-based
Calcium carbonate (CaCOs;) 2.5
Tin sulfide (SnS) 2.5
Zinc (Zn) 2.0
Bismuth (Bi) 0.6
Iron sulfide (FeS) 0.5
Organic resin, graphite Balanced

fibers and carbon-based

Table 7.1.1 shows an average X-ray fluorescence (XRF) probe as complementary elemental
techniques was used to identify the main constituent elements present in the two different friction
materials. Frictional additives, which is a mixture of lubricants and abrasives and which shows
the characteristic properties of a friction material has higher value in M2 and it is zirconium
silicate, zirconium oxide, aluminum oxide, graphite and tin sulfide. In addition to these
components, however, there may be a large quantity of other elements, which influence the
behavior during braking and to wear.
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In Fig.7.1.2 shows the microstructure of the virgin M1 & M2 friction materials. It is showing in
the figure that the fiber of potassium titanate (yellow outline) (refer Fig.7.1.2b) can be seen in
M2 (Fig.7.1.2b) while absent for M1 (Fig.7.1.2a). While in Fig.7.1.2a the distribution of
magnesium oxide (dark black phases) is clearly visible. In addition the distribution of tin and
sulphur rich area (small shiny phases) of M1 can also be seen in Fig.7.1.2a.

Figure 7.1.2: Microstructure of virgin friction materials (a) M1 friction material in which
A: Steel fiber, B: Magnesium oxide , C:Tin sulfide and D: Area rich in Fe, Mg, Ca and
Zn. (b) M2 friction material where A: Potassium titanate fibre, B: Tin sulfide and C:
Resin binder.

7.2 Cast iron disc counterpart

The counterface discs used for the tribological tests, were made of a gray cast iron. It is a
common lamellar pearlitic cast iron with a hardness of 287 + 37 HV 0.05. Two size of cast iron
disc were used, small cast iron disc (dia. 63.0 mm) was used in Cases Il & IV and large cast iron
disc (dia. 140 mm) was used in Case | & Il (Fig.7.2.1).

The physical properties of the lamellar pearlitic gray cast iron are given in the following :
e Density: 7.0 g/cm®
e Thermal conductivity (at 100°C): 49 W/m -K
e Specific heat (T = 20-200°C): 461 J/kg - K
e Thermal diffusivity (T = 20-100°C): 2.45 x10° m%sec
e Coefficient of thermal expansion (at 100°C): 9-12 x10*/meter -K
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Chapter 7: Experimental Procedures and Characterization Tools

Figure 7.2.1: a) Optical image of the small cast iron disc, used in case Il & IV b) Optical
image of the big cast iron disc, used in case | & |1, c)Microstructure of the grey cast iron,
d) microstructure after etching with 2% Nital + 2% Picral (50-50 vol%).

7.3 Pin-on-Disc (PoD) tribometer

The pin-on-disc test is primarily used to study the wear process of friction materials. Through
this test it is possible to simulate the mechanisms of adhesive and abrasive wear. In pin-on-disc
machine a pin is forced by an applied load to remain in contact with the surface of the disc and
the disc is put in rotation by a motor, which provides a constant rotation speed. The pin-on-disc
tests have allowed us to obtain information on the wear mechanisms occurring in the pads and
disc, as well as being able to measure the losses in weight and height to calculate the volume of
wear. In this way, once obtained the parameters of wear, we have been able to correlate these
results to supplement the analysis of fragments of wear and to obtain information on the
mechanisms of wear.
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Figure7.3.1: Simple pin-on-disc machine fundamentals.

7.3.1 Pin-on-disc used in Case Il for wear debris collection
(polycarbonate filter)

The pin-on-disc wear test is a robust method for studying wear mechanisms. In the thesis, this
test is used to study some tribological aspects of the brake action to be comparatively
investigated with the outcome of field tests [S. Abbasi et al.,2011]. Tests were performed using a
pin-on-disc machine with a horizontal rotating disc and a deadweight-loaded pin. A climate
chamber was used as a closed box with control of the cleanness of the incoming air. As shown in
Fig.7.3.2, the fan (B) takes the air from the room (A) into the box (G) via a flow measurement
system (C), a filter (D) and the air inlet opening (F). The connections between fan and
measurement system, between measurement system and filter, and between filter and chamber
were flexible tubes (E).The air in the box was well mixed due to the complex volume of the pin-
on-disc machine (H) and the high air change rate. This mixing was verified by the smooth
concentrations measured during the tests. The air in the box transported the generated particles to
the air outlet (J), where sampling points for particle measurement were situated. The fan had a
variable speed and was set at a flow rate of 7.2 m*/h; this corresponds to an air change rate
during the tests of 72 I/h. The inlet air was verified particle-free by measuring the particle
concentrations in the inlet and the outlet of the box before the tests started and after the tests
were finished. In both cases the measured particle concentrations were zero. During the
measurements one particle counter (P-Track) continuously monitored the inlet concentration.
Inside the box a small pneumatic tube was attached to the pin-on-disc machine to direct high
velocity air (>10 m/s) at the contact point in order to minimize the number of particles sticking to
the test materials. The pressurized air was filtered to remove all particles from this source. The
working conditions for the this test were:

e Linear speed = 13.0 m/s (corresponding to 500 rpm)
e Applied load = 1.39 MPa.

e Actual sliding distance = 14000 metres.

e Cast iron disc diameter = 63.0 mm.

e Test time = 180 minutes.
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Figure 7.3.2: Schematic of the test equipment [Olofsson et al.,2009]. A: Room air; B:
Fan; C: Flow rate measurement; D: Filter; E: Flexible tube; F: Inlet for clean air,
measurement point; G: Closed box (Chamber); H: Pin-on-disc machine; N: Air inside
box, well mixed; J: Air outlet, measurement points; L: Dead weight; M: Rotating disc
sample; I: Pin Sample.

Table 7.3.1. Characteristic features of Polycarbonate filter.

Filter Poly carbonate filter membranes
Material White
Diameter (mm) 24.8
Thickness (mm) 0.02
Grease applied High vacuum

7.3.2 Electrically Low Pressure Impactor (ELPI1+) - A particles
collector instrument

The main particles-collecting instrument for Case Il on polycarbonate filters was an ELPI+
impactor. The collection of wear debris made through an active sampler capable to capture fine
particles from the working atmosphere. These samples are provided with polycarbonate (PC)
filters on which a spray of vacuum grease is applied to improve their particle trapping capability.
ELPI+ is a new, improved version of the widely used system, with collection plate diameter of
25 mm, which enables real-time measurements of particle size distribution and concentration
over a size range of 6nm—10um with 10Hz sampling frequency and 10 litre/min flow rate.
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The ELPI+ operating principle can be divided into three main steps: particle charging, size
classification in a cascade impactor and electrical detection with sensitive electrometers.
Particles are first charged to a known charge level in the so-called corona charger. After
charging, the particles enter a cascade low-pressure impactor with 14 electrically insulated
collection stages, on which they get selectively stack according to their aerodynamic diameter
(Di).

(b)

Flow T

Nozzle Diameter 0y

Jetueloclty U

Jetto plate distance

(d)

Figure 7.3.3: ELPI+ particle collection instrument (a) and (b). Polycarbonate filters with
collected particles, (c). Scheme of working principles, (d).

Particles number and concentration are evaluated through the real time measure of the electric
charge deposited by particles onto each impactor stage using high sensitivity electrometers
[ELPI+, Dekati,2014]. These samples are provided with polycarbonate (PC) filters on which a
sprayed film of vacuum grease is applied to improve their particle trapping capability [Olofsson
et al.,2009 , Abbasi et al.,2012]. The impactor provides a set of 14 PC filters. Eight (stage 2, 3, 4,
7, 8,9, 12 and 15 shown in Table 7.3.2) of these have been selected for methodological study as
representative of the different particle size range interesting for our research.
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Table 7.3.2: List of different stages of ELPI+ with total particle number and total mass

(Case I, PC filters-1.39MPa, 13.0m/s).

Stages Di [pm] Total Particles | Total Particle
Number [1/cm3] | Mass [g/m3]

15 10.0 - -

14 6.8 0.25 million 69.6
13 4.4 0.44 million 31.1
12 2.5 0.86 million 13.1
11 1.6 2.2 million 8.5
10 1.0 2.9 million 2.8
9 0.64 3.5 million 0.81
8 0.4 11.7 million 0.68
7 0.26 18.4 million 0.29
6 0.17 59.5 million 0.24
5 0.108 253.8 million 0.22
4 0.06 1.9 billion 0.36
3 0.03 7.9 billion 0.24
2 0.017 26.0 billion 0.13

7.3.3 Pin-on-disc used in Case Il for wear debris collection
(aluminium foil) and also used in Case | & IV

A simple pin-on-disc tribometer is shown in fig. 7.3.4. It was used for the Case I, Il and IV with
maximum disc rotation capacity is 500 rpm. The tribometer installed with specific software that
can detect and acquire the main parameter of the pin-on-disc test i.e., coefficient of friction,
temperature of the tangential surface of the pin and measured point was 4mm & 6mm above the
real contact surfaces and change in elevation can be measured with the help of transducer which
is properly calibrated for every wear test.
With this dry sliding pin-on-disc tribometer another approach for collecting wear debris particles
was adopted by using an aluminium foil placed at the bottom part of the tribometer, beneath the
rotating disc. Tests were carried out at room temperature under controlled environmental
humidity. The working conditions for the test were:

e Linear speed 3.14 m/s (corresponding to 500 rpm) for case | (big cast iron disc 140
mm dia.) and 1.31 m/s for case Il & IV which is due to smaller size of counterpart
disc of 63.0 mm in dia.

e Applied load = 2 MPa.

e Actual sliding distance = 4000 metres.

e Cast iron disc diameter = 140.0 mm (case I) and 63.0 mm (case Il & IV)

The experimental time duration of the every wear test was 50 minutes.
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Applied load

— Pin

Figure 7.3.4: Pin-on-disc equipment with aluminum foil for collecting of wear debris.

7.3.4 Pin-on-disc used in Case 11 (high temperature PoD
or external heating test)

A modified version of the pin-on-disc tribometer used for high temperature is recalled in the
following as high temperature pin-on-disc (H.T. PoD). The experimental studies were carried out
in a laboratory made high temperature pin-on-disc wear test rigs. The tests were performed at
controlled temperatures, in which the temperature of the disc for a given test at elevated
temperature remain constant throughout the test. The high temperature wear tests were
conducted at different temperatures with a view to studying the influence of temperature on
friction and wear behaviour of commercial M1 & M2 friction materials were referred as,
temperature of the pin-on-disc system at room temperature (25°C) and at 170°C, 200°C, 250°C,
300°C and 350°C. The working conditions of the test were: linear speed of 1.31 m/s
(corresponding to 500 rpm), applied load of 2MPa and actual sliding distance of approx. 4000
meters, for a total duration of 50 min. per test. At the beginning of each test, a 10 minutes
running in period was conducted to obtain a good and a stable contact during the subsequent test.
This wear test condition were referred for every test at room and elevated temperatures. The pin-
on-disc wear test machine was equipped with an external heater, which enable the test at a
temperature up to 1000°C.
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Infrared high temperature sensor

Infrared camera

Pin-on-disc machine \}, - ¢L—’—-mv‘i

| with heating coils

Figure 7.3.5: Real time and schematic closed loop feedback high temperature wear test
setup.

A computerised feedback control system enables accurate control on the heater in order to have a
constant and fixed disc temperature during the entire test. The data acquisition system records
coefficient of friction, temperature of the pin and manually recording the weight loss of the pin.

Figure 7.3.6: a) Low temperature Pin-on-disc: Frictional heating system with
140mm diameter cast iron disc used in Case I. b) High Temperature Pin-on-disc:
External heating system with 63.0 mm diameter cast iron disc used in Case IlI.
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Fig.7.3.5 shows schematic view of high temperature wear test arrangement which is a closed
loop feedback system, in which the temperature of the cast iron disc were constantly maintain by
the Heating coils (HC) (Fig.7.3.6b) which is govern by the Main Temperature Control panel
(MTC) through infrared high temperature sensor and infrared camera (Fig.7.3.7).

Figure 7.3.7: Infrared camera images of high temperature pin-on-disc at different
temperature.

In this high temperature work, the testing counterpart, cast iron disc of diameter 63.0 mm was
fitted into the grove of another cast iron adapter (dia. 140.0 mm) (Fig.7.3.6a). The upper surface
of the adapter was coated with high emissivity black paint in order to eliminate the reflection of
infrared rays from the shiny metal surface, which otherwise infrared camera and high
temperature sensor would usually measure as an error in reading the disc surface temperature.
The clearance between the adapter and cast iron disc was filled with high temperature conductive
paste, which insures the correct and spontaneous heat flow without any important drop. The high
temperature pin-on-disc test rig was wrapped (Fig.7.3.6b) into an alumina refractory sheet,
providing thermal insulation, in order to minimize any damage to friction test rig and
surrounding, caused by heat leakage.
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Figure 7.3.8: Shows time lag of heating between the heating coils, adapter and cast iron
disc.

Before starting of the high temperature wear test, there was a time delay between heating of
heater to the desired cast iron heating (Fig.7.3.8). Heating coils reached rapidly to the set
temperatures, whereas couple of minutes was required for the adapter and cast iron disc to heat
up to the desired temperature. For low temperature heating, let say 170°C, when in the main
control panel shows the temperature of the heating coils reached 170°C at that moment the
adapter temperature is far behind of the desired temperature goal. At this temperature the time
taken by the adapter to match up with the heating coils temperature was nearly 30 minutes. This
was due to the higher mass and, therefore, thermal inertia of the adapter-disc and to the thermal
coupling between them and the heating coils. In fact that there is some air gap between the
heating coils and adapter and little clearance between adapter and cast iron.

At high temperature the tribo-oxidation of the cast iron occurred and with different high
temperature different colour of the cast iron achieved at the last of every wear test. Figure 7.3.9
shows worn cast iron disc at different temperatures.
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Figure 7.3.9: Tribo-oxidation of cast iron at different high temperature test.

Note:- In this thesis work, dry sliding (frictional heating tests) and high temperature wear
(external heating tests) tests were carried out using the pin-on-disc testing rig described in figure
7.3.5. The M1 & M2 pins were abraded on the bottom side with SiC 800 grit abrasive paper in
order to render this surface as more planar as possible in order to have a stable contact with the
pin-holder and a conformal contact with the disc. Pin wear was measured by checking its weight,
W, before and after each test using an analytical balance with a precision of 10 g. Data were
then converted into wear volumes using a measured density of the pad materials equal to 2.2
g/lcm® for M1 and 2.9 g/cm® for M2 frictional materials. It was calculated by using the following
relation:

W= [(W1- WP, Aleerroreeeeseeeeeeeeeoeseeseeeseeseeeeeeessseesseeeeens (7.1)

where W; and W, are the weight of the pin before and after the test, 'p' is the density of the
friction material and 'd" is the sliding distance. From 'W', the specific wear coefficient, 'K;', was
determined, by using the following relation:

where 'F' is the applied load. Disc wear was measured with a profilometer, used to evaluate the
cross section of the wear trace. During each test, the friction coefficient was continuously
recorded with the evolution of high contact temperature. For this purpose, two chromel-alumel-
type thermocouples were placed in two holes drilled in the pin holder at a distance of 4 and 6
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mm from the contact surface of the pin with the disc. The measurement of the temperature by the
thermocouple is a continuous contact with the pin and the data were recorded by the computer.

In the figure 2.3.10, two thermocouple was used and inserted into the hole 1 and 2 for
temperature measurement of the pin, at a distance from the surface of the pin equal to the height

of 6.0 mm and 4.0 mm respectively.

P 6

g}
- o
o N
0
N
hole 2 '
— Pin
o 2 holder
2,2
q:’ll hole 2

Figure 7.3.10: Pin holder with two holes for chromel-alumel-type thermocouples.

The temperatures involved with frictional pin-on-disc test rig are:
o Ty, is the surface temperature of the pin unknown that we need to calculate
e T is the temperature recorded by the thermocouple in the hole 1
e T, is the temperature recorded by the thermocouple in the hole 2

From the diagram 7.3.11 we can derive the T’ as:

th hmn
Tsuppin=T1+ *(To-Ty) =T+
hpm = (hpm = 3.5) 3.5

where "hyin" is the initial height of the pin used in the wear test. The other equation used to
calculate different wear parameters are the following:
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Figure 7.3.11: Diagram showing T, which is resultant linear gradient of T1 and T2.

e Wear rate (W) is calculated from the volume of wear, according to:

Vwear volume

W = [MM3MM].ceoeeee, (7.4)
Vv * t * 60000

where 'V' is the speed of the test expressed in m/s and 't' is the test time in minutes.

e Specific wear coefficient (Ka) is calculated from the wear rate, according to:

W * 107
Ka= [MZINT e (7.5)

where 'P" is the pressure, expressed in MPa and 'Ayin" is the area of the cylindrical pin, expressed
in mm?2. The measures of weight loss and loss of height were made both before and after the run-
in, and for the calculation of the wear rate and the coefficient of specific wear have been used.
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7.4 Characterization tools

For characterization of wear debris the leading idea was to combine together experimental tools
operating on large number of particles, so to provide average compositions, with techniques
suitable for a limited number of particles, even single particles, in order to obtain information on
microscopic scale. In this process two main selection criteria for the experimental methodologies
were adopted: the availability of material specimen and the dimensional resolution required by
the actual average size of the analyzed particles. Of course, crucial aspects of the proposed
approach are: first, the matching and compatibility of the results moving from large down to
small scale; second, the statistical significance of the experimental data.

7.4.1 X-ray diffractometer (XRD)

For identifying the crystalline phases of the wear debris powders collected on aluminum foil and
polycarbonate filters and to check the information on their crystalline phases and relevant micro
structural parameters, X-ray diffraction measurements were carried out on a IPD 3000
Diffractometer (compact 3K5 X-ray generator), using CuKo (A = 1.5406 A) radiation with Ni-
filter. The X-ray generator settings were 40 kV and 30 mA (Fig.7.4.1).

Figure 7.4.1: IPD 3000 Diffractometer.

Wear debris or airborne particles from pin-on-disc tests were either spread on the original ELPI1+
polycarbonate filters substrate or inserted into capillary glass tubes. Several reflection and
transmission geometries have been considered in order to optimize the diffraction geometry for
any specific sample. After these exploratory tests it has been concluded (Table 7.4.1) that the
transmission mode geometry can give better X-ray diffraction patterns and peaks of wear debris
collected on polycarbonate filters (Fig.7.4.3c).

The main problems with the reflection mode with these specimens were:

e In limited amount.
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In reflection mode it was particularly critical to place the powder with sample
holder exactly in the path of X-ray beam, due to constraints in the geometry of the
reflection mode, limitations which were not there in transmission mode.

Fig.7.4.2 shows the X-ray diffraction setup for the wear debris on polycarbonate and for a
0.5mm diameter capillary glass tube in transmission mode which shows higher degree of setup

flexibility as compared to the reflection mode (Fig.7.4.4).

Copper target, X- ray source

X-ray beam stopper X-ray beam collimator

Imaging plate X -ray  Wear debris powder 0.5 mm Capillary filled with pin-on-disc powder for X — ray diffraction
detector screen sample holder

Figure 7.4.2: IPD 3000 Diffractometer: transmission mode configuration.
In reflection mode, some precautions have to be taken in order to avoid or limit as much as

possible the incoming beam from impinging the sample holder outside the sample area. Images
in Fig.7.4.4 show the imaging plate X-ray screen detector with the diffraction pattern of a

standard silicon powder in both transmission mode and reflection mode.
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Chapter 7: Experimental Procedures and Characterization Tools

— Transmission setup

Reflection setup

Figure 7.4.3: Two different configurations of operation for XRD analyses.

Here it has to be noted that in both modes i.e., transmission and reflection, the amount of silicon
powder is definitely enough to intercept all incoming X-rays. The purpose of making the
diffraction pattern of the silicon powder was to calibrate the X-ray diffraction system in both

transmission mode and reflection mode.

() Transmission mode (b) Reflection mode

Figure 7.4.4: Imaging plate X- ray screen detector / Diffraction pattern of Si standard
powder.

The plane rectangular sample holder (Fig.7.4.2) with small hole in the center was used for the
diffraction of powder. The filter containing small powder spots of diameter (400um -700um) of
wear debris was placed exactly in the center of the hole of the sample holder in order to have
good alignment with the X-ray beam.
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Chapter 7: Experimental Procedures and Characterization Tools

Table 7.4.1: Comparison of two different mode of XRD operation.

Flat Image Transmission mode

Flat image reflection mode

Good X- ray diffraction geometry for small amounts of
powder, like ELPI+ (0.4 mm — 0.7mm diameter).

Unsuitable X- ray diffraction
geometry for small amount of powder.

Small quantity of powder is required to be mounted in a
capillary glass tube of 1mm or 0.5mm.

Large amount of powder is required
for diffraction. (1 cm® approx.)

Powders spots on filters can be easily align centrally and
perfectly X- ray beam can be focussed on the powder
with high degree of flexibility.

Wear debris powder diffraction of M1 on polycarbonate
filter, ring pattern in transmission mode.

In case of little powder it is difficult to
focus X- ray beam on the powder
spot.

Wear debris powder diffraction of M1
on polycarbonate filter, ring pattern in
reflection mode.

Depending on the size of the wear debris spot (Fig.7.4.3c) on the polycarbonate filters, several
different sizes of X-ray collimator (Fig.7.4.5) have been used in order to have good diffracted
intensity and, on the other hand, still a good X-ray focus on the wear debris spot, which has a

diameter varying from 400 um to 700pum.

Figure 7.4.5: Different size of incoming X-Ray beam collimators.
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The diffracted X-ray beam was collected on an imaging plate (Fig.7.4.2) of flat rectangular
shape, which was just placed beyond the wear debris powder sample, in transmission mode
(Fig.7.4.2). The diffraction pattern of wear debris on polycarbonate filter and wear debris powder
in capillary glass tube was recorded in the form of concentric circles, showing the polycrystalline
nature of the wear debris.

In our experimental set up, using Cu K-alpha radiation, the reach of diffraction angle (20) was
limited to 60° with relevant consequences on the range of the recorded diffraction patterns. This
is to be compared with nearly 180° (20) accessible to semi circular imaging plate used in
reflection mode.

Table 7.4.2: Diffraction instrument calibration setup used in MAUD software.

Intensity calibration None Cal
Angular calibration Flat image Transmission
Geometry Image 2D
Measurement 2Theta
Source X-Ray tube
Detector Scintillation
Instrument Broadening Caglioti PV

Using the Materials Analysis Using Diffraction (MAUD) software [Lutterotti et al.,1999,
Lutterotti et al.,2010] the following steps were implemented to analyze the XRD data:

e Rings were transformed into intensity vs diffraction angle patterns.

e ldentification of the diffraction peaks and assignment to crystalline phases (peak
search-search match).

e Fitting of the experimental data to the modeled spectrum.

e Refinement of the fitting through the least square procedure working on phase
composition and microstructural parameters.

The procedure requires an accurate calibration of the diffractometer, in order to take into account
the instrumental effects. Table 7.4.2 is showing calibration setup used in analysis of experimental
diffracted rings of wear debris on polycarbonate filters and in capillary glass tube. For reflection
geometry specific calibration parameters are available in the instrument and control program.
Due to limitation in sample placing in IPD 3000 Diffractometer, another X-ray diffractometer
(D8) using CuKo (. = 1.5406 A) radiation to have better count statistic, has been used for
characterization of friction layer on the worn surfaces of the M1 pin at high temperatures wear
test. The X-ray generator settings were 40 kV and 40 mA and the sample were exposed to the X-
ray at a scan speed of 3sec/step with an increment of 0.05 and 10° to 90° was the 2 theta range of
observation.
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Figure 7.4.6: a) D8 diffractometer, b) position of sample holder, ¢) Sample holder with
M1 pin.

7.4.2 Scanning Electron Microscopy - Energy Dispersive
X-ray Spectroscopy (SEM-EDXS)

In order to characterize the wear debris for microstructure and chemical composition,
observations were carried out using two SEMs: one that could be operated in the conventional
high vacuum mode only, the other also in low-vacuum mode. The SEM images were acquired
with an XL30 ESEM equipment, using Back Scattered Electrons (BSE) mainly, since
backscattered electrons allow us to distinguish areas with different atomic weights and thanks to
the fact that with increasing atomic weight, increases the scattering cross section. Therefore,
lighter areas correspond to higher atomic number, while the darker areas correspond to lower
atomic weights. Both microscopes were equipped with EDXS systems sensitive to energy
ranging from carbon to uranium. In case of high vacuum instrument, to prevent charging effects
because PC and nylon substrates are not conductive and tend to degrade under the effect of
electron bombardment, observations required the preliminary deposition of a thin carbon film on
the surface of the specimens [Suzuki et al.,2002]. In Fig.7.4.7 the equipment used for carbon
coating is displayed.
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High vacuum carbon
coating chamber

Figure 7.4.7: Carbon coating apparatus.

The wear debris collected on polycarbonate filters have been observed just cutting tiny pieces
(few millimetres) of filters with the help of cutter and sticking them on aluminium SEM stubs
(Fig.7.4.8), with a carbon two sided adhesive tape.

The same sample preparation processes for SEM observation were applied to the wear debris
powder produced during tribological operation and collected on aluminium foil.

Carbon Tape

Al Stub

Filter Containing
wear debris

Figure 7.4.8: Carbon sputtered samples for SEM observation. In this case, a graphite
disc substrate was also present on each SEM stub.

Non-conducting specimens may be imaged uncoated using low-vacuum SEM (LVSEM)
operation [H. Policarp et al.,2005]. Carbon coating was not necessary in case the LVSEM, as the
partial pressure of residual gas in the microscope chamber can be profitably used to eliminate
any surface charging effect. In LVSEM instruments (Fig.7.4.9) specimens are kept in a relatively
high-pressure chamber where the working distance is short and the electron optical column is
differentially pumped to keep vacuum adequately low in the electron-optical column. The high-
pressure region around the sample in the LVSEM neutralizes charge and provides even an
amplification of the secondary electron signal if gaseous secondary electron detector is available
(GSE). Backscattered electron (BSE) images can be also acquired and are not particularly
affected by the pressure conditions.

The main advantages of LVSEM are:
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e No risk to damage nylon and PC filters during carbon coating;
e No extra line, enhancement, or carbon K line in the EDX spectra of the specimens.

HIVAC condition

Figure 7.4.9: Switching valve for high vacuum (HV) or low vacuum (LV=ESEM) SEM
operational modes.

7.4.3 Transmission Electron Microscopy and Energy Dispersive X-
ray Spectroscopy (TEM-EDXS)

For identifying the single particle crystallographic phases and quantitative composition a
transmission electron microscopy (TEM-SAED) analytical instrument was used for single
particle analysis, acquiring bright field (BF) and dark field (DF) images, selected area electron
diffraction (SAED) pattern and EDXS spectra.

TEM samples were prepared by removing the particulate matter from the polycarbonate filters or
nylon substrates. This was achieved by putting a small fragment of nylon filter in ethanol and
ultrasonic bath for about 15 min. Then a single drop of ethanol suspension containing wear
debris was deposited onto TEM gold grids, which were coated with a thin carbon support film.
Since the film is amorphous and very thin and has a relatively low electron density, it provides a
uniform substrate for imaging wear debris samples. Gold was chosen for grid material, as it is
not providing X-ray lines interfering with most of the line of the elements present in the analysed
samples.

.
Figure 7.4.10: a) Ultrasonic bath. Beaker containing ethanol and small piece of filter.
b)TEM instrument with EDXS.
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For polycarbonate filters, due to the high vacuum grease applied on it for trapping the particles,
warm ethanol (about 50°C-70°C for approx. 7min.-10 min.) and then ultrasonic bath for about 15
min was needed to remove and clean the debris (Fig.7.4.10a). A suitable quantity of ethanol has
to be critically selected not to dilute too much wear debris.

A similar approach was adopted for the wear debris powder collected on the aluminium foil. The
wear debris powder suspended in ethanol with, so that the agglomerated wear particles can
separated from each other and to have a good number of single particles on the grid.

7.4.4 Raman Spectroscopy

The Raman spectrometer used for the study was a Thermo scientific DXR spectrometer using
diode pumped solid-state type laser as a source of illumination. The collection system was used
in back scattered configuration. The samples were analyzed without any sample preparation by
visualizing the sample using 10x microscope objective lens. To record the Raman spectra a
solid- state laser was used with a frequency of 532nm with maximum power output of 10mW. It
was necessary to use low laser power to avoid excessive sample heating. For this study a laser
power of 10mW was used. The laser spot diameter was 2 micron with 25 mm slit size, for the
fully focused laser beam. The spectral resolution was 5cm™ at 532nm with wavelength range
from 50cm™ to 3500 cm™.

—rr fa)
Figure 7.4.11: a) A thermo scientific DXR Raman spectrometer, b) wear debris Raman
analysis, ¢) worn pin surface Raman analysis.
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Chapter 8

Results & Discussions

In this chapter the results obtained from the characterization of wear products obtained from pin-
on-disc tribometer are presented. In particular, in this chapter, one by one we will going to
analysis the results obtained for every case i.e., case I, I, lll and IV.

8.1 Tribological behavior of two low steel frictional materials (M1 &
M2) at room temperature - (Case I)

8.1.1 Friction and wear behavior

Fig.8.1.1 shows the evolution with sliding distance of coefficient of friction of the two friction
materials, M1 & M2, subjected to a constant speed of 3.14 m/s and constant normal loading of
2MPa at room temperature (25°C) and humidity. Fig.8.1.1, is clearly showing an initial
continuous increase in the coefficient of friction for both the friction materials. However, at some
stage, M2 shows a stable coefficient of friction behavior and less fluctuations up to the end of the
experiment than M1.

The initial value of the coefficient of friction at the time of commencement of the test for M1 pin
at 25°C was ~ 0.45 and for M2 pin at 25°C was ~ 0.38. An increasing trend was observed for as
the test progressed and increasing again towards the end of the test to a value of ~ 0.7 for M1 and
0.4 for M2.

Under the same operating condition i.e., normal load (2MPa) and speed (3.14m/s) the M1 shows
the larger amount of height and weight loss of the pins as compared to M2 (Fig.8.1.2). From the
data in table 8.1.1, it can be concluded that wear rate of M1 is higher as compared to the wear
rate of M2.
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Figure 8.1.2 : Shows the height loss difference and weight loss difference between the
two friction materials: M1 & M2.

Table 8.1.1: Friction and wear data of M1 & M2 friction materials.

2.0 MPa and 3.14 m/s M1 M2
Friction Limit () 04-0.8 0.4-0.5
Loss in weight (g) 0.084 g 0.011g
Wear rate W (mm?*/mm) 13.5x 10 463x 107
Specific wear rate Ka (m*/N) 26.5x 10" 9.6 x10™
Height loss (mm) 1.65 mm 0.13 mm
Pin temperature T (°C) 49.0 31.0
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8.1.2 Analysis of worn surfaces of M1 & M2 (SEM-EDXS)

The fragments of wear released by a tribological system, like a pin-on-disc apparatus, are
important to know what happens at the interface between disc and pad, because the morphology
and chemical composition of the wear debris let us to understand the origin of these fragments
and the possible causes that have led them to form. The analyses were carried out using main
techniques, such as SEM-EDXS.

The SEM images (fig.8.1.3) it has been observed a different wear behavior for the M1 pin. It has
been noted that large amount of wear debris were scattered on the worn surface of M1 which is
associated with the fact that secondary plateaus were delaminated and flakes were formed and
large amount of micro crack is noticed (fig. 8.1.3a).

e
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Figure 8.1.4:Energy dispersive X-ray spectroscopy analysis of the third layer formed
on the worn surface of M1 pin when tested against rotating cast iron disc at different
location named 1 & 2 (see figures 8.1.5, a) and b)).
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In fig. 8.1.3 the friction layer is not continuous and uniform and it is severely torn apart. This
might be due to the abrasive hard particles (MgO, ZnO etc), which could not compacted under
the given load of 2MPa and thus enhanced large amount of material removal which results high
amount of wear debris generated. The evidenced shown in the fig 8.1.3 can justify the wear and
friction data presented in fig. 8.1.2.

Fig. 8.1.5a shows SEM image for the M2. On the pin surface well secondary plateaus developed
near the primary plateaus. The wear debris that generated during sliding, formed a sort of
protecting layer (friction layer) on the sliding surface of the pin, which results in major
decrement in the material removal process during the entire test run (fig. 8.1.1).

The formation of the friction layer is so extended once again due to the load applied. Indeed,
with a load of 2 MPa the fragments, once produced, are trapped and then compacted. Actually
two different modes of compaction of the fragments of wear have been identified: poor
compaction and high compaction, as shown by the SEM micrograph in figure 8.1.5b).

The chemical composition of the friction layer, obtained by means of EDXS analysis, appears to
be mainly iron oxide and zirconium oxide, with the presence of copper. The presence of iron, in
the form of oxides, in M1 & M2, is coherent with the tribo-oxidation of the counterface disc and
debris transfer onto the pin surfaces and friction plateaus.

Friction layer

Well compacted secondary plateaus

ActV ’ Spot Magn ' Det WD ———1 100 m AccV Spot Magn  Det WD F———1 20um
20.0 kV 4.4 200x BSE 9.9 0.6 Torr pastiglia B 2MPa - 3.14m/s 20.0kV 44 800x BSE 9.8 - 0.6 Torr pastiglia B 2MPa - 3.14m/s

Figure 8.1.5: SEM images of the M2 pin worn surfaces rubbed against cast iron
rotating disc.
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Figure 8.1.6: (a) Energy dispersive X-ray spectroscopy analysis of the third layer
formed on the worn surface of M2 pin when tested against rotating cast iron disc.

8.1.3 Analysis of wear debris (TEM-SAED and XRD)

The study of the wear debris produced during tribological tests are critical to interpret the
phenomena occurring at the interface between disc and pad. The chemical and Phase
compositions of the wear debris make us to understand the origin of these fragments and the
possible causes to their formation.

The TEM-EDXS analysis was integrated with SAED analysis with data processing using the
Process Diffraction software [Ruth Hinrichs et al., 2011]. TEM-SAED analyzes were conducted
on the number of fragments of wear with sizes below 500 nm.

In fig. 8.1.7 and fig. 8.1.9 show the single nano particle of M1 & M2 respectively. The fig. 8.1.7
a) and fig. 8.1.9 a) show the agglomerated particles of M1 & M2 respectively, The analysis of
SAED in fig. 8.1.7 b) represents the peaks of mixed phases of iron, zinc, magnesium and oxygen
for M1 whereas the SAED analysis in fig.8.1.9 b) reveals the strong presence of iron oxide and
zirconium oxide in the nano particle of M2 (fig. 8.1.9 a). The presence of large amount of iron
oxide, in both M1 & M2 wear debris, is mostly from the oxidation of cast iron disc. Fig. 8.1.7 ¢)
confirm the EDX analysis of M1 which represent the presence of mostly iron, magnesium, zinc
and tin respectively The single particle EDX analysis fig. 8.1.9 c¢) indicates the presence of
mostly iron, zirconium, copper and oxygen. Fig. 8.1.7 d) of M1 pin shows diffraction rings
corresponding to mixed phases of iron, zinc, magnesium and oxygen. The SAED analysis fig.
8.1.9 d) of M2 gives the diffraction rings corresponding to Fe,Os3, Fe304 and ZrO; as the main
phases present in the nano particle (fig. 8.1.9 a). Thus the TEM analysis of single particle of M1
shows iron oxide and other metal (Zinc, Tin) oxide where as for M2 gives the strong presence of
iron oxide and zirconium oxide.
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material wear debris. (d) Electron diffraction patterns (SAED) corresponding to
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corresponding to Fe3O4, SNO, and MgO.

200.0

100.0

Intensity [Count]

1000023 I
Zino Ouide I I ||
Iren(l magnesi

Iren diirenil) ox

WWMWMMMMWWMMWWWWWW

30.0 400

2-Theta [degrees]

Figure 8.1.8: X-ray diffraction of M1 wear debris powder (bulk) placed in a 0.5 mm

capillary tube diffracted in transmission mode.
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Figure 8.1.9: (a) Nano wear debris paricle of M2 brake material. (b) Process
diffraction — identification of iron oxide and zirconium oxide as a major phases
present in fig. 8.1.6a. (c) EDX analysis of fig.8.1.6a M2 friction material wear debris.
(d) Electron diffraction patterns (SAED) corresponding to nanocrystalline wear debris
fig.8.1.6a. The diffraction pattern shows concentric rings corresponding to Fe,0Os,
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Figure 8.1.10: X-ray diffraction of M2 wear debris powder (bulk) placed in a 0.5 mm
capillary tube diffracted in transmitted mode.
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Fig. 8.1.8 is showing the X-ray diffraction of M1 wear debris. Comparing with TEM analysis
shows strong presence of major peaks of magnetite-(36 wt%), zinc oxide-(13 wt%) and
magnesium oxide (48 wt%) respectively. However the presence oxidized iron may come from
both the pad and from the rotating cast iron disc.

The X-ray diffraction on wear debris (Fig. 8.1.10) of M2, shows a strong presence of zirconium
oxide and magnetite, with the presence of copper oxide, copper and hematite; also there is the
appearance of graphite in the fragments of wear. The X-ray diffraction spectrum analysis for M2
wear debris powder is shown in fig.8.1.10. In particular the major peaks are Magnetite- (38
wt%), tetragonal zirconium oxide-(35 wt%), copper oxide-(8 wt%), copper-(5 wt%), graphite-
(11 wt%) and Hematite-(2 wt%).

As it is seen from fig. 8.1.7b and fig. 8.1.9b, the presence of iron oxides, such as magnetite,
hematite and ZrO; is confirmed by both the technique X-ray and electron diffraction for M1 and
for M2. However, the XRD analysis were performed by inserting only those steps that are
considered significant by the integration of the information obtained from the analysis of the
spectra and by EDXS, TEM-SAED analysis. The presence of additional phases could be the
subject of study for future development.

8.1.4 Wear mechanisms at room temperature

The data obtained from the characterization of the wear products, presented in the previous
paragraphs, the relevant wear mechanisms were identified. In particular, the wear debris
generated during the tribological tests, presented the wear modes caused due to the constant
sliding and abrasion actions that affect considerably the constituents used to formulate M1 and
M2 friction materials.

For the analysis of wear mechanisms that underlie the pad-disc brake, | started from the analysis
of surface of the pin, in particular by SEM-EDXS, from these analyzes it became very clear that
for the two friction materials, M1 & M2, there is a distinctly different wear behavior. In general,
the worn surfaces of the M1 & M2 pins have smeared wear debris on the surfaces that was
caused by the deformation of the metallic particles, fiber (more in M1) and abrasive particles
(fig.8.1.3 b). The wear debris has compaction process to form a friction layer. The composition
of the friction layer is mainly from the wear fragments of the pins surfaces and oxide particles
from the disc. The detachment of the fragments were governed by tribo-oxidation of the disc and
the rolling and sliding abrasive (fig.8.1.11) action caused by the abrasive particles in contact with
the counter cast iron disc. The friction layer is important as it maintains the stable and consistent
friction coefficient between pin and disc. It seems that M1does not have uniform friction layer
and it is because of abrasion action of more abrasive particles (MgO, ZnO etc.) and steel fibers
chips, the friction layer is removed and new pin surface are exposed as the wear damage
continues (Fig.8.1.2). Steel fibers might cause excessive wear of the brake disc if they are
present in large proportions. Steel fibers have also been shown to increase friction coefficient
fluctuations [H. Jang et al.,2001]. This occurs since they abrade the friction layer, which is
responsible for friction coefficient stabilization. On the other side, M2 pins have relatively lower
content of the steel fiber (see table 7.1.1) and have higher weight percentage of potassium
titanate. This compound is present as fibers, prepared from highly refined single crystals have
high melting point (1250-1310 °C) [S.Kim et al.,2001], which give higher stability and shearing
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strength to the secondary plateaus. Presence of zirconium oxide, copper and potassium titanate
lower the friction coefficient and magnesium oxide increases the friction coefficient [M.H. Cho
et al.,2005].

From SEM-EDX of pins surface, we have large amount of iron oxides (mainly from counter
disc) as it formed by tribo-oxidation caused by the sliding wear of pin and disc surfaces. The
abrasive particles in the M1 friction pin has a positive impact on the friction behavior (higher
than M2) but at the same time it has a more wear behavior. From the TEM-EDXS and XRD
analysis, the wear fragments have revealed the presence magnetite, zinc oxide and magnesium
oxide for M1 and zirconium oxide and iron oxides primarily in the form of magnetite for M2.
The result is pretty obvious given that the major constituents of the M2 friction material is
analyzed as zirconium oxide and for M1 it is magnesium oxide and zinc oxide (table 7.1.1). The
most of the iron oxide is coming from tribo-oxidation of the cast iron disc. In the wear fragments
of the friction layer other elements also reported but in a much lesser extent which is due to the
absence of other elements in the field view of the TEM/XRD analysis.

Wear mechanisms Characterization Observations
tools
Tribo-oxidation XRD results + SAED Iron oxide, MgO, ZnO
Abrasive action SEM-EDX Wear debris analysis, worn
pin & disc surfaces

Thus, wear mechanisms identified in the wear testing of M1 and M2 friction materials at room
temperature were tribo-oxidation and three-body abrasive wear.

Wear rate: M1>M2
Wear Mechanism at room temperature

Tribo-oxidation & Three-body abrasive wear

73



Wear mechanism of M1 & M2 pin at room temperatures

Room temperatures pin-on-disc test |
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Figure 8.1.11: Wear mechanism involved in dry sliding of friction materials (M1 &
M2) at room temperatures.
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8.2 Characterization of wear particles from M1 frictional
material - Case 1l

In this section, a streamline characterization protocol for wear debris emitted under different
wear testing conditions by material (M1) used for disc brake assemblies is presented. An
important aspect of the experimental test methodology concerns the powder collection
methodology on different substrates: aluminum foil, for a gravitational integral collection, and
polycarbonate filters of an ELPI+ impactor equipment, on which particles are selectively
trapped, according to their average size. The deliberate aim of the study was to identify suitable
selection parameters, like specimen availability and average particle size, for an effective and
smart application of the mentioned experimental techniques so to optimize testing times and
obtain statistical reliable results.

Table 8.2.1: Impactor stage specification. For each stage, corresponding to different
aerodynamic diameters (Di), the total number of collected particles and the relevant
mass density is measured.

Stages Di Total Particles | Total Particle
[pm] | Number [1/cm3] | Mass [g/m3]

15 10 : :

14 6.8 0.25 million 69.6
13 4.4 0.44 million 311
12 25 0.86 million 13.1
11 16 2.2 million 85
10 1.0 2.9 million 2.8
9 0.64 3.5 million 0.81
8 0.4 11.7 million 0.68
7 0.26 18.4 million 0.29
6 0.17 59.5 million 0.24
5 0.108 253.8 million 0.22
4 0.06 1.9 billion 0.36
3 0.03 7.9 billion 0.24
2 0.017 26.0 billion 0.13

8.2.1 X-ray diffraction results

8.2.1a) Pin-on-disc wear debris powder of M1 frictional material
collected on aluminum foil (AF-M1)

Fig. 8.2.1 and Fig. 8.2.2 is the experimental X-ray diffraction pattern of the debris from test
carried out at a load of 2MPa and speed of 3.14 m/s respectively for M1. Fig.8.2.1 shows the
XRD rings obtained on image plate detector. The experimental peaks of the intensity v/s
diffraction angle plot are compared and modelled to match different phases, which have been
identified on the basis of the diffraction peaks present in the spectrum (Fig.8.2.2). From the
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Chapter 8: Results and Discussions

fitting of the modelled spectrum patterns to the experimental data the oxide phases and relevant

composition listed in Table 8.2.2 were found. The XRD analysis thus confirms the presence of
Fe304, MgO and ZnO.

Figure 8.2.1: Experimental imaging plate XRD ring pattern of AF-M1 sample.
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Figure 8.2.2: Experimental (blue dots) and modelled (continuous black line) XRD spectrum

patterns of AF-M1 sample. Main diffraction peaks of identified phases are marked in the
graph.

8.2.1b) XRD of different stages of M1 frictional material collected on
polycarbonate filters

Several stages of wear debris on polycarbonate filter, namely from stage_02 to stage 15 have
been considered and every stage has different concentration of wear debris on it. The
concentration of wear debris depends upon several factors such as:
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e Nozzle diameter (Di) of ELPI+ particle collection instrument,

e Jet velocity of the air flow (U) which contains wear debris particle.

e Jet to plate (filters) distance and pore size of polycarbonate filters within the ELPI+
particle collection instrument.

The stage 12 filter was placed just below the nozzle of the ELPI+ whereas the stage 02 filter
was placed at the bottom of the filter plate container of ELPI+ particle collection instrument.
Therefore, the mass density of the wear debris on filter varies from top to bottom. Table 8.2.1
shows the concentration of wear debris on those stages that have been selected as more
representative of the whole lot, to set up the experimental procedure. Stage 12 displays the
higher value of total particle mass and lowest value of total particle numbers, which means large
(coarser) particle size roughly in range (800nm < PM < 10micron) were entrapped on the
polycarbonate filter. On the other hand stage_02 shows least value of total particle mass and
highest value of total particles number, among all the stages, having ultra-fine particle range
(200nm < PM < 1000 nm).

It turns out that XRD patterns obtained from stage 02 to stage 09, i.e., upper stages, are too
weak to provide reliable data. This is in agreement not uniformly distributed and scarce present
of wear debris, mostly clustered in a comparatively few large agglomerates Fig.8.2.8a, on the PC
filters, as resulted from SEM observations. Therefore the overall amount of debris was not
enough to produce a good quality XRD spectrum.

From stage 10 to stage 15 the powder on the filter was uniformly distributed and at the center of
wear debris spot it has layers of wear debris powder which provide enough quantity of powder to
have a good XRD spectrum to obtain, as shown in Fig. 8.2.8e. The major peaks were (Fig.8.1.3)
hematite and wustite for stage 12 of polycarbonate filter having wt% as shown in Table 8.2.2.
Fig.8.2.4 shows the diffraction pattern of stage_15 of polycarbonate filter having major phases
shown in Table 8.2.2.
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Figure 8.2.3: (a) Experimental imaging plate XRD ring pattern of stage 12 of PC-ML1. (b)
Experimental (blue dots) and modelled (continuous black line) XRD spectrum patterns of

stage_12 of PC-ML1. Main diffraction peaks of identified phases are marked in the graph.

Table 8.2.2: List of different phases present in M1-AF and different stages of polycarbonate filter.

Phases | M1-AF | M1-stage 9| M1-stage 12 | M1-stage 15
Zn0O 13 - = -
MgO 49 - - -
Fe;04 36 = = -
Fe,O3 - - 25 -
FeO - 75 44 66
Fe - 25 31 34
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Figure 8.2.4: Experimental (blue dots) and modelled (continuous black line) XRD spectrum
patterns of stage_15 of PC-M1 sample. Main diffraction peaks of identified phases are marked in

the graph.
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It can be concluded that from Stage_09 to stages_15 the relevant XRD patterns are very clear
and detectable and also a good match between experimental and modelled XRD spectrum
patterns has been obtained by using MAUD software. From stage_02 to stage_08 the sensitive
range of the imaging plate is appropriate to detect the diffraction cones and indeed dark rings
have been detected. However these dark diffracted rings were from PC filter, whereas the
diffracted rings of the stage 02 was very week, as coming from a too little number of
agglomerated particles scattered on the PC filter substrate. From the other ELPI+ stages XRD
observation it has been concluded that stages below 9 has a poor sensitivity for the X-ray
diffraction and this is because the stages below 9 does not have sufficient amount of wear debris
powder in a single debris spot. It has been calculated that a critical mass is required to perform a
successful X-ray diffraction, powder mass than 30 mg will not be sufficient for diffraction. In
figure 6 shows the X-ray diffraction detectability range of different ELPI+ stages. Stages 9 and
10 has a high detactability of diffracted X-rays which is due to the higher single wear particle
spot mass than the stages 8 to 2.

In Table 8.2.1 an example of number and weight of the particles collected on each stage are
indicated. The finer the average particle size the larger is the number of collected particles. A
generally decreasing trend can be noticed in the total weight of collected particle with their
average size (Fig. 8.2.5). This weight reduction introduces a limitation in the applicability of the
XRD approach, since below a certain mass of the available specimen, the diffracted signal
becomes too weak to provide statistically meaningful results.
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o
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Figure 8.2.5: X-ray diffraction spectrum of powders collected on polycarbonate filters.
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8.2.2 Scanning Electron Microscopy -Energy Dispersive X-ray
Spectroscopy

8.2.2a) SEM of pin-on-disc wear debris of M1 frictional material
collected on aluminum foil (AF-M1)

The SEM images (Fig.8.2.6) are wear debris of M1friction material from pin-on-disc tests (AF-
M1). In Fig.8.2.6b the cluster of many ultrafine particles (agglomerated) can be seen. These
agglomerations are typical of nanoparticle and are due to their high surface energy. SEM images
also reveal that the pin-on-disc produce ultrafine size (Fig.8.2.6b) and also coarser size wear
debris particle (Fig.8.2.6d). EDXS spectrum of sample AF-ML1 of fig.8.2.7a shows the peaks of
oxygen, in association with those of iron, magnesium, aluminum, zinc etc, confirms the presence
of different metal oxide.

ot Magn  Det WD

SpotMagn Det WD - "
0x BSE 101 0.3 Torr BRMO0B
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g Dt WD :
X “'BSE 101 0.3FarvBRMI0S

Figure 8.2.6: SEM images of pin-on-disc wear debris of AF-8.
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8.2.2b) SEM of pin-on-disc wear debris of M1 frictional material

collected on polycarbonate filters (PC-M1)

From the SEM images of PC filter it has been observed that the ultra fine particle range (200nm
< PM < 1000nm) are, as expected, at the upper stages, i.e., stages_2, stage 4 and stage 7
respectively and coarser size particle range (800nm < PM < 10micron) and uniform distribution
is at the lower stages i.e., stages_9, stage 12 and stage_15 respectively. In Fig.8.2.8a ultra fine
particles are agglomerated to form bigger particles. This tendency can be seen up to stage 7,
although to lesser extent. In Fig.8.2.8d to Fig.8.2.8f the coarser particles can be seen having
uniform distribution on filter which helps with EDXS analyses.
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In Fig.8.2.10 shows the average wt% of main elements present in the different stages of
polycarbonate filters and aluminum foil substrates (bright red dots). Fig.8.2.10b showing average
wt % distribution of iron along the different stages of polycarbonate filters and aluminum foil.
This shows that irons is a main constitution of wear debris which is coming from M1 pin and as
well as counterpart cast iron.
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Figure 8.2.10: Average elemental wt % of different stages of polycarbonate filters and
aluminum foil.

8.2.3 Transmission Electron Microscopy - Energy Dispersive X-
ray Spectroscopy - Selected Area Electron Diffraction

TEM-EDXS analyzes were conducted on the wear fragments collected on aluminum foil and
specific stages for polycarbonate filters, for the determination of the phases and compounds
present in them, we have used electron diffraction. The SAED patterns are analyzed with the
package Process Diffraction [Labar et al.,2005, 2008]. SAED is referred to as "selected” because
the user can easily choose from which part of the specimen to obtain the diffraction pattern.
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8.2.3a) TEM - EDXS - SAED of wear debris of M1 frictional material
collected on aluminum foil

An ultra fine particle (200 nm) is visible in bright contrast surrounded by an agglomerate of fine
particles (Fig.8.2.11a). Some of the fine particles appear in dark diffraction contrast [Osterle et
al.,2009], thus contributing to the ring pattern shown in Fig.8.2.11b. The rings can be attributed
to the magnetite and magnesium oxide though not unambiguously, because their intensity is very
weak and not all diffraction rings are clearly visible. The EDX spectrum of the iron rich nano
particle mostly reveals a mixed composition. The main constituent is always iron oxide followed
by silicon, Sn, Cu, Zn and Mg corresponding to the major pad constituents. Furthermore, small
amounts of elements from the pad constituents like Cr and Ca are also visible.
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Figure 8.2.11: TEM image (a) and relevant SAED of sample AF-M1. (c) Process Diffraction
analysis of the same SAED pattern showing the imaged particles contain iron (red) and
magnesium (green) oxides.

84



8.2.3b) TEM-EDXS-SAED of airborne particles of Stage 03 &
Stage 12 of M1 frictional material collected on polycarbonate filters

The TEM analysis of the particles shows a strong presence iron oxide. In Fig.8.2.12b Process
Diffraction of airborne particle, spectrum can be indexed according to iron oxide (Fe;O3).Process
Diffraction of airborne particle informed us the presence of iron oxide phase. Fig.8.2.11c shows

the nanoparticle wear debris of stage 12 of PC-M1 sample. From the Process Diffraction the
phase identified was Fe;0s.
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Figure 8.2.12: (a) TEM image of stage 03of PC-M1. SAED of the same field of view as
fig.8.2.12(a). (e) Process Diffraction of the airborne particle of of stage 03 of PC-M1
showing Fe,O3 phase. (c) TEM image of stage_12 of PC-M1. SAED of the same field of view
as fig. 8.2.12 (c). (f) Process Diffraction of the airborne particle of of stage 12 of PC-M1
showing Fe,O3 phase.

8.2.4 Discussion on the characterization methodology

In the chapter 8, section 8.2 the results of the different characterization techniques have been
presented, i.e., XRD, SEM-EDXS and TEM-SAED-EDXS. In this section of 8.2.4, we show
how suitable combinations of the above techniques may be adopted for a better and more
effective characterization of the samples, even in case only limited amount of powder is
available, so that not a complete set of analyses can be carried out. This aspect can be
particularly interesting when a set of filters from ELPI+ is considered with very different
quantities of collected particles. As an example we show how to deal with a specimen featuring
an amount of particles sufficient to perform all the analyzes mentioned in the report, like sample
PC-M1 stage 12
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As concerns crystallographic data, SAED and XRD patterns of debris M1-stage 12 confirmed
the presence of iron oxides (Fig. 8.2.13). In the SAED, the Fe,O3; phase only is explicitly
indicated, in apparent discrepancy with the corresponding XRD pattern, where FeO and Fe
reflections are also visible.

Actually, additional phases are probably present in the electron diffraction pattern too, although
to a too lower concentration to be undisputably detected, this is due to the field of view of the
TEM Image analysis. The presence of minority phases can be inferred from a number of
characteristic X-ray lines in the TEM-EDXS spectrum in Fig. 8.2.15.

The results obtained from TEM-EDXS are coherent with those of SEM-EDXS (Fig. 8.2.15) and
relevant quantifications displayed in table 8.2.3. These finds assign a central role to scanning and
transmission electron microscopy in association with X-ray spectroscopy in this sort of
investigations, since they may straightforwardly validate single particle analyses and
crystallographic data obtained through SAED. Moreover, no limitations to the applicability of
these techniques come from the more or less large quantity of specimen.

8.2.4 a) TEM'SAED(singIe particle analysis) Vs XRD(bqu analysis) of M1
friction material collected on polycarbonate filters

From both characterization tools (SAED and XRD) it has been confirmed the presence of
different iron oxides. Other phases are present in the SAED but the relevant lines are too weak to
be reliably indexed. We can summarize the above results with the intersection diagram in Fig.
8.2.14. Clearly the situation might be improved when a sufficiently large number of particles is
considered, even on the basis of EDXS analyses both in SEM and TEM (see next section). Both
set of techniques can be profitably used to characterize the wear debris of PC-M1 stage 12
sample.
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Figure 8.2.13: SAED (left) and XRD (right) patterns for PC-M1 stage_12 sample. In the SAED
in green reference lines for Fe,O3. As concerns the XRD pattern, the main diffraction peaks of
identified phases are marked.
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Figure 8.2.14: Intersection diagram for SAED and XRD results of sample PC-M1
stage 12 sample.

8.2.4b) TEM-EDXS v/s SEM-EDXS of M1 friction material collected
on polycarbonate filters

The qualitative and quantitative EDXS data provide useful indications to guide and complete
even other analyses, such as the already mentioned SAED and XRD. As expected, data in Table
8.3.1 confirm iron oxides to be the main phases in sample PC-M1 stage_12. On the other hand,
other elements are present, although present to a lower extent, so that could not be reliably
detected in the XRD spectra of this sample. Nonetheless, the information provided by TEM,
SEM and EDXS are efficiently completing, with XRD, the characterization of the examined
sample.
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Figure 8.2.15: PC-8 stage_12 sample TEM (left) and SEM (right) wear debris and relevant
EDX spectra. In both spectra the main detected elements are indicated. Gold lines in EDXS-
TEM spectrum are due to carbon coated gold grid used for TEM sample preparation.

Table 8.2.3: PC-8 stage_12 sample. Quantitative analyzes of the EDXS data taken from the

spectra in Fig.8.2.15.

(TEM-SAED) | Wt % | (SEM-EDXS) | Wt %
MgO 33 MgO 4.1
Al,O3 7.1 Al;O3 3.7
SiO; 319 SiO; 4.3
SO; 5.7 SO3 3.6
SnO, 8.1 SnO, 4.3
CaO 2.3 CaO 1.4
Fe,O3 55.4 Fe,O3 66.8
CuO 6.8 CuO 5.3
ZnO 6.4 ZnO 5.1
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We conclude the discussion part with Table 8.2.4, which indirectly provides selection rules for
the experimental techniques to be used with powder samples coming from wear tests. It turns out
that a critical aspect is the amount of available material. Our approach is providing a tool for
getting anyway reliable results in the characterization of the powders so that relevant wear
mechanisms may be effectively investigated.

These observations are summarized in table 8.2.4, that provides a synthetic view of the outcomes
of the present methodological study. The effectiveness of electron microscopy is determined by
the generally little amount of required powder specimens. Still with regard to Table 8.2.4, two
more points can be made. The first one concerns the limit in using XRD when a sufficient
amount of sample is not available, that indeed, in the present study, cannot be used for ELPI+
stages below stage 9. As concern TEM observations, its effective application to particle imaging
is basically associated to an excessive average thickness of the wear particles and consequent
lack of electron transparency.

Table 8.2.4: Summary indications about the experimental protocol for wear debris characterization
emerging from the present study. < : indicates that the technique can be profitably employed; X :
unsuitable techniques; ?: TEM observations can be conducted in principle, although imaging may
result quite problematic owing to the excessive average thickness of the particles.

Wear Diameter | Total | XRD|SEM | SEM- | TEM- | TEM | TEM-
debris on (um) particle EDXS | SAED EDXS

PC filter mass

(g/m’)
X v v | v | v | +

Stage-02 0.017 0.131
X | v | + v v v

Stage-03 0.03 0.238
X | v | v v v v

Stage-04 0.06 0.355
X e v v v v

Stage-07 0.26 0.296
X | «+v | + v | v | v

Stage-08 0.4 0.680
v v v v ? v

Stage-09 0.64 0.813
v e v v ? v

Stage-12 2.5 13.10
v v v v ? v

Stage-15 10 -
Wear debris collected on Al foil v v v v v v
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8.3 Role of the friction layer in the high-temperature pin-on-disc
study of M1 & M2 friction materials - Case 111

This section of work is the extension of work that has been done in Case I, in which frictional
behavior of a M1 & M2 friction materials dry sliding against a cast iron disc at room temperature
are considered. In the low wear behaviour friction material, the formation of primary and
secondary plateaus was observed. Two main kinds of secondary plateaus were identified: well
compacted plateaus rich in copper, zirconium and iron oxide particles, forming quite large plate
like fragments; less compacted plateaus, featuring a lower copper content, that tend to form
comparatively smaller degradation fragments, whereas in M1 (higher wear behavior) friction
material, the friction layer coverage in limited and destroyed by the abrasive particles and metal
chips. In this section an attempt is made herewith to investigate the friction and wear behaviour
of the above low-steel friction pad materials at different disc temperatures.

The degradation mechanisms observed in the friction material induced a transition from mild to
severe wear during continuous dry sliding conditions. Through this study, it was possible to gain
further information on the main wear mechanisms and in this way identify critical parameters to
develop better friction materials, as concerns performances, lifetimes and pollutant emissions.

8.3.1 Thermal behaviour of M1 &M2 friction materials

The TGA curves shown in Fig.8.3.1 shows the thermal decomposition pathway of phenolic
resins in M1 & M2 friction materials, in air at a heating rate of 10 K/min. In TGA curve, the red
line represent the thermal behaviour of M1 friction material and green for M2 friction material. It
is clearly noticed that M1 friction material has more mass reduction when compared to M2 at
any given temperatures. The inset image (fig.8.3.1) shows details on the thermal behaviour of
M2 friction material.

In both pin materials, there is a two mass-loss step representing partial decomposition. A first
minor mass reduction appears at 150°C and major decomposition starts in between 230°C-350°C
with a maximum decomposition rate (Fig.8.3.1) which can be attributed to a process
decomposition of the phenolic resin, which is used as a binder in the friction materials, that
proceeds by forming a char [Eriksson et al., 2001]. Similar effect has been observed by G.M.
Ingo et al.,2004, reporting on the thermal decomposition of a organic friction materials has broad
exothermic drift in the temperature range from 200°C to 375°C with an associated weight loss of
3-5wt%, which is due to the oxidation or evaporation of organic compounds. Different authors
reported the thermal degradation of phenolic resin at elevated temperature [Patel et al.,2012].The
main components evolving during the decomposition of the phenolic resin at 230°C-450°C are
H,O and CO,, which mainly correspond to the decomposition of binder and combustion of
carbon [Seong et al.,2000]. Bijwe et al.,2005, have investigated similar effects of deterioration of
resin in brake pads during operation at 300°C - 400°C. Huong et al.,2009, have investigated wear
of three friction materials, featuring three different types of phenolic resin. They observed that up
to 200°C the wear process was due to breaking of hydrogen bonding, and at temperature higher
than 300°C the phenolic resin undergoes a random scission of polymeric chains, oxidation and
carbonisation.
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Figure 8.3.1: TGA curves of friction materials M1 & M2 in air. DTG curve of M2 in
inset.

8.3.2 Friction and wear behaviour of M1 & M2 friction materials

Fig. 8.3.2(a, b) shows the frictional characteristics results obtained from different temperature
tests (155°C/170°C - 300°C) with M1 & M2 friction materials sliding against cast iron disc. The
friction behaviour of M1 & M2 pins at room temperature (25°C) was already discussed in Case
I, the reader is referred to previous paragraph. The friction behaviour at higher temperatures i.e.,
155°C/170°C for M1 & M2 is described herewith. The frictional behavior as a function of
temperature of friction materials is shown is table 8.3.1. As the working temperature is increased
an increase in the coefficient of friction is observed (fig.8.3.2).

The initial coefficient of friction value at the time of commencement of the test for M1 pin at
155°C was relatively higher than the M2 (table 8.3.1), which might be due to the surface
abrasion by the hard particles entrapped in the surface interface during test. For M1 pin, at higher
temperature >200°C, there was decomposition of phenolic resin and the decomposed resin
product i.e., carbon widespread on the plateaus (mainly primary plateaus) which act as a
lubricant in the sliding friction (as shown by XRD of friction layer of M1, Section 8.3.7) and
thus maintain the stable coefficient of friction at higher temperatures, in the range of 0.4-0.6.

The friction results from the test at 170°C for M2, have shown different frictional behaviour as
compared to other higher temperatures tests. The friction coefficient is almost constant which is
due to the formation of friction layers, reducing frictional coefficient and wear rate. The
frictional coefficient is almost smooth and attains a steady state value as the test progressed,
which reflects in lower wear rate and better frictional behaviour. It is clear from the Table 8.3.1
that at 170°C the frictional coefficient varies over narrow band as compare to other high
temperature tests. Frictional behaviour of brake pin at 200°C is shown in Fig.8.3.2b). The initial
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frictional coefficients at the commencement of the test were ~ 0.51 and then decrease trend was
observed as the test progressed, to the final value of ~ 0.39, which is due to the compaction
(sintering process) of wear product at high temperature. At high temperature, the frictional
behaviour at 250°C and 300°C increases with increase of temperature. Both the friction curve
shows the same trend up to 2500 meters and afterward, there is slight drop in frictional behaviour
of 250°C curve, which is believed to have some compaction of wear debris on the frictional
surfaces. At 300°C high temperature the coefficient of friction increases with increase of
temperature which is due to the fact that at this range of temperature corresponds to degradation
of phenolic resin of friction material (Table 8.3.1).

Fig.8.3.2(c, d) shows the extrapolated temperature as a function of sliding distance which is a
representative temperature of friction materials (M1 & M2) measured by two chromel-alumel
type thermocouples at 6mm (T;) and 4mm (T,) from the contact surface of the pin with the disc.
As a matter of fact, a sharp temperature gradient should be present at the surface since the pin
temperature must strongly increase to the contact (disc) temperature. This also shows that the
thickness of (pin) material subjected to very high temperature (the disc temperature) is quite
small. Increase trend of temperature at 155°C/170°C test and other high temperatures for both
the friction materials were shown as the test progressed. At 155°C/170°C, frictional heating
between two sliding surfaces caused the increase in temperature. As far as temperature of pin at
elevated temperature is concerned, a major part came from external source heating (heating
coils) and less from frictional heating.

0.7

~

= 0.6 1

=

S 05 -

d

9

= 0.4 A

e

S 03 -

=

)

o 0.2 - -B-155°C
= —4—200 °C
v 0.1 4 ——250 °C
S M1 (a) --300 °C

0 . ' '
0 1000 2000 3000 4000

Sliding Distance (m)

93



0.7
. 0.6 1
=
= 0.5 -
2
2 0.4 -
[y
S 0.3 4
:-Ea -m-170°C
2 -2 1 —4-200°C
E 0.1 - M2 (b) ——250°C
(@] -@—-300°C
0 : x :
0 1000 2000 3000 4000
Sliding Distance (m)
150
0 M
(=]
.E 100 = MM
@
L5
z W
B
[~
-
R T T eragegpe———— L S L o L
£ -B-155°C
ﬁ -4—-200 °C
C ——-250 °C
5 M1 (©) -9-300 °C
0 1000 2000 3000 4000
Sliding Distance (m)
150
&) W—W—"
(=]
£100 - W

si gk aasheie aaasbaaia

Temperature
1%
(=]
L

-B-170°C
—4-200°C
~-250°C

M2 (d) -8-300°C

0 1] L] L]

0 1000 2000 3000 4000

Sliding Distance (m)

Figure 8.3.2: Evolution of the friction coefficient of M1 & M2 friction materials (a & b) and
(c & d) extrapolated contact temperature of pins measured by thermocouple at 6mm and at
4mm.
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Table 8.3.1: Wear rates, Average pin temperature and friction coefficient of the M1 & M2
pins at different temperatures.

Specific wear rate (m2?/N)

Wear Rate Specific Wear Pin Coefficient of
Temperature | [mm*mm]*107 | Coefficient temperature friction (p)
of the cast [m?N] *10™° Tomax (°C)
iron disc M1 M2 | M1 M2 M1 | M2 M1 M2
170 °C M2/ 30.7 4.1 61.2 8.5 55.0 | 73.0 | 04-06 | 04-05
155 °C M1
200 °C 43.2 6.1 86.1 | 126 | 880 | 83.0 | 0.4-0.6 | 04-0.5
250 °C 65.0 8.7 130.4 | 180 | 97.0 | 112.0| 05-0.6 | 05-0.6
300 °C 102.5 | 27.7 | 2046 | 575 | 1350 | 1380 | 0.4-0.6 | 0.5-0.6
250
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Figure 8.3.3: Specific wear behaviour of M1 & M2 friction materials pin at different

temperatures.
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Here, in wear comparison section, | have considered the wear behavior at room temperature
(25°C) in order to have a better plotting and wear understanding as a working temperatures
increases and also in the upcoming results and discussions sections, | have considered the SEM
microstructure at (25°C) to better understand the evolution of friction plateaus with respect to the
temperature rise.

The wear trend was same for the two friction materials i.e., exponentially increased w.r.t
temperature and from the figure 8.3.3 it has been clear that M1 has more wear rate than M2 at
higher temperature. The lower friction and wear of material M2 with respect to material M1 (Fig.
8.3.3) can be attributed to the formation a quite uniform friction layer, due to the presence of
ingredients, such as zirconium oxides, able to form small particles during sliding that are
compacted and held together by the presence of metallic ingredients, such as copper. The
absence of zirconium oxides in the formulation of M1 and the presence, in their place, of hard
and abrasive Mg and Zn oxides, reduced the formation of friction layer. Such oxides favored the
abrasion of the counterface disc and formed friction layer, as confirmed from the XRD of M1
wear debris from Case 11, thus increasing the coefficient of friction and wear rate (Table 8.3.1).
Table 8.3.1 summarizes the results of the frictional and wear tests for materials M1 & M2.

Figure 8.3.3, shows the experimental wear coefficients as a function of the disc temperature for
materials M1 & M2. As expected, the wear coefficient is initially constant up to a working
temperature, that is in the range 150-200°C for M2 material, which indicated that, the wear
characteristics curve has an exponential trend after 170°C-200°C and before this temperature it is
linear, which indicates wear rates are very less. The same phenomenon for M1 pin but have one
degree higher magnitude of wear (table 8.3.1).

For M2 pin, at 25°C, when the mating surfaces sliding under given load conditions, there were
formation of compacted layers of oxide and other alloy oxide particle from the friction material
on the sliding surfaces. These layers further developed by agglomeration and compaction of the
wear debris produced during sliding operation. The wear debris undergo deformation,
fragmentation and breaking down in to smaller debris. As the sliding continues these compacted
layers made by, agglomerated clusters of particles were subjected to thermos-elastic stresses,
which act as load-bearing regions or friction layers helps in protecting further wearing of the
sliding surfaces. At 170°C the value of specific wear rate slightly goes down as it is observed
that rise in temperature and constant load could leads to the occurrence of sintering process in
which the fine particles are sintered together to form more stable compacted layers. Rise in
temperature increase the sintering rate which further increase the development of very solid
smoothly surface i.e., friction layers, these layers helps in minimising the wear rate. Thus, Mild
wear region existed between temperatures 170°C to ~200 °C with the oxide sintering to form a
stable comprehensive friction layers; hence reduction in the specific wear rate. As the
temperature increased the nature of the oxide deposit changed. The loose wear particles undergo
agglomeration and sintering at around 170°C with the result in formation of friction layers. The
extent of friction layers formation increased with temperature (under mild wear region). Ones the
friction layers is formed the wear of the friction material substantially reduced, but for M1, at
155°C, the delamination of plateaus acquired (fig.8.1.3b) by the three body abrasive mechanism,
thus higher wear.

The wear characteristics of both friction materials at 300°C have shown higher wear as compare
to 250°C, which shows temperature play an important role in wear and the main reason was
degradation of the phenolic resins at higher temperatures. As higher temperature both pin
materials losses their density, porosity increased, since M1 has a potassium titanate as a fibres,

96



these fibres are prepared from highly refined, single crystals, which have a high melting points,
always hold the material ingredients firmly. The absence of such fibres in M1leads to more wear
than M2.

8.3.3 SEM observations of high temperature worn surfaces of M1
& M2 friction materials pins

Fig.8.3.4 (a) and (b) shows SEM images of the worn surfaces of the friction materials M1 & M2
pins at different temperatures respectively. For M1 pin (fig. 8.3.4 a) at 25°C, the deterioration of
secondary plateaus can be observed which is due to abrasion action by the abrasive particles such
as MgO. More wear debris and flakes can be seen on the surface of the pin. The EDX analysis on
less compacted plateaus indicates that higher content of Fe rich particles followed by Zn, Sn and
Cu. At temperature 155°C, 200°C and 300°C, few area of the pin were spotted to have secondary
plateaus, only torn primary plateaus can be seen in the micrographs. At high temperature~300°C,
the deterioration of phenolic resins is at higher extend, this will be shown in the next paragraph,
in the Raman spectrum as formation of disordered graphite lattice which is a temperature
dependent phenomenon. The EDX analysis at 155°C, 200°C and 300°C on the less compacted
secondary plateaus indicates the higher presence of Fe, which is mostly coming from cast iron
disc and torn out steel fibers and other elements like Al, Sn, Zn and Cu. Cu is next most finding
in EDX at higher temperatures for M1, as from XRD of friction film of M1 at different
temperatures also confirm higher wt% of copper. The presence of copper is from brake M1 pin
and at high temperature it might be possible to see more copper rich primary plateaus than iron,
as copper has more ductility as compare to the steel fibers which get torn out during the high
temperature tribological operation.

A severe wear regime persisted at 200°C and 300°C, high-temperature oxidation in which
phenolic resins decomposes by charring and evaporation. This process decreases the density of
the brake friction material at the wear surface and increases its porosity, thereby losing its
structural integrity thus promoting the large size flattened debris generated by adhesion and
delamination wear was unable to remain at the sliding interface that led to further adhesion
between wear surfaces and continued high wear rate. The failure of wear debris to undergo the
level of sintering required for the formation of the low residence time of the debris between the
wear interfaces as a large amount of debris was ejected at higher temperature, thus reducing the
contact times between the particles. Agglomeration and sintering require the particle to maintain
their shape and integrity. The deformed particle failed to satisfy this condition thus between
200°C to 300°C, a severe wear mechanism dominated in M1 friction material. Although
increasing temperature clearly increases the rate of oxidation, no friction layers formation
occurred mainly due to the low debris retention and low residence time of the debris on the
friction material surface. Which results almost no friction layers at the interface, as it is found in
cross section of the M1 pin, high rate of thickness loss and wear rate is noted. In the absence of
friction layers, under the high temperature condition, higher friction coefficient has been
observed. As the temperature increases the, the main penomenon start with in the brake system
materials:
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e The phenolic resin starts decomposing and the structural integrity of the pin is degraded
and a large amount of debris was ejected (Fig.8.3.4-350°C). Hence higher wear rate of
the friction material pin at higher temperature.

In fig. 8.3.4 b) for M2 pin at 25°C, show the formation of different contact plateaus. Contact
plateaus consist of two parts - primary plateaus and secondary plateaus. The primary plateaus
first form due to the lower removal rate of the mechanically stable and wear resistant ingredients
of the pad: hard particles-fibers, protruding to the surface and making the barrier against which
the small wear particles accumulate and are compacted. In a second stage, these protruding hard
phases may form nucleation sites for the growth of secondary plateaus [Osterle et al.,2004].
These secondary plateaus, made by the compaction of wear particles (including the oxides from
the counter face) were less compacted plateaus and very well compacted plateaus. The wear
debris undergone a compaction process to form friction layers. The formation of the friction
layers extended due to the applied load that the fragments that are produced, are compacted more
effectively, thus reducing wear.

The chemical composition of the friction layers formed, obtained by means of EDXS analysis
appears to be mainly iron, zirconium and oxygen, with the presence of copper. There are also
barium, silicon, aluminum, magnesium, zinc, carbon, titanium and potassium, although in
smaller quantities. The presence of iron in large quantity indicates a possible transfer of the disc
material.

The primary plateaus derive from a lower removal rate of the mechanically stable and wear
resistant ingredients of the pin material: hard particles and fibers, protruding from the surface of
the pins when they start to wear out. The primary plateaus act as barriers to the movement of the
finer wear particles, that therefore tend to stop and to accumulate at the interface with such
barriers. If these particles start to stick together, this promotes the formation of the secondary
plateaus The friction layer displays a progressive reduction at increasing temperatures i.e., 170
C. At 170°C the formation of a secondary plateaus was observed and the loose particles were
agglomerated and sintered to form a wear protective layers. The formation of secondary plateaus
was examined by other researchers previously like Osterle, W. et al.,2006 and Eriksson, M. et
al.,2000.

Note here:- In the EDX analysis of wear protective layers shows the main wt% is of Iron as it
was come from both disc and friction material, zirconium and copper from friction material. At
200°C, less compacted secondary plateaus observed with few black patches. These black patches
are the decomposed phenolic resin carbonaceous product. The EDX analysis on less compacted
plateaus indicates that higher content of Zr abrasive particles followed by Fe, Ti and Cu. Primary
plateaus are also observed on a smaller area, their chemical composition also contain Zr, but the
Cu and Fe content is much higher, Fe increased amount may indicate the particles transferred
from the disc surface, in view of lower Ti concentration. The EDX analysis at 250°C and 300°C
on the less compacted secondary plateaus indicates the higher presence of Zr, as an abrasive
particles originating from the pin; other elements are present too such as Ti, Cu, Al and less Fe
which is mostly coming from friction material and less from disc. Still the area covered by the
friction layers is smaller, probably due to the higher wear rate at high temperature caused by
breaking of weak bonding between pin ingredients and polymeric matrix.
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Figure 8.3.4: SEM of worn surfaces of M1 (a) & M2 (b) friction materials pins at different
elevated temperature.
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planar view.

102

Department of Industrial Engineering - University of Trento, Italy.



8.3.4 Raman spectroscopy of black spot at higher temperatures

[Please note that in the below paragraphs the following alphabets represent: G = Ideal graphitic lattice. D1 =
Disordered graphitic lattice. D3 = Amorphous carbon. D4 = Disordered graphitic lattice, ionic impurities.]

Fig.8.3.6 shows the typical Raman spectra observed for black carbonaceous product, which
evolved during different temperature frictional test, with a laser having a A = 532 nm in the range
of 50 - 3300cm™. The spectra exhibit two broad and strongly over lapping peak at intensity
maxima ~ 1360 cm™ and at~ 1590 cm™ for 250°C and 300°C. Previous studies [Fatima et
al.,2015] revealed that the intensity maxima at 1590 cm™ (known as G band) is similar to the
ideal graphitic vibration mode and other peak intensity maxima at~ 1360 cm™ corresponds to
disordered graphite structure. This peak is known as D1 peak (Defect bands). The high signal
intensity between the two peak maxima can be attributed to another band at~ 1500 cm™,
designated as D3 band which originates from the amorphous carbon fraction of decomposed
resin (organic molecules, fragments or functional groups) and/or amorphous sp® bonded forms of
carbon. sp? bonded carbon in planar sheets in which the bond energy of the sp? bonds is high.
The higher energy of the sp® bonds in graphite pushes the vibrational frequency of the bonds and
hence the higher frequency of the band in the Raman spectrum. W. Osterle et al.,2004 showed in
Raman spectroscopy that the binder during oxidation produces amorphous carbonaceous
product, which is also termed as “highly disordered graphite”. Raman spectra recorded with A =
532 nm also exhibit second order spectra in the range of about 2300 cm™ to 3300cm™. For the
given studies only first order spectra have been considered for further analysis.

Fig.8.3.7 shows the analysis and determination of spectral parameters by curve fittings various
line shapes were evaluated. In this study we have used the Lorentzian peak fit for all three peaks
of high temperature black carbonaceous product as it offers the best fit. At 250°C and 300°C,
Raman spectra of black product exhibit a broad band at about~1500 cm™. The band at 1500cm™
is associated with amorphous sp? bonded carbon. Fig. 8.3.7(b, c) shows that the best fit was
invariably achieved by either combination of line shape for G, D1 and D3 peaks and a fourth
peak (D4), which was introduced in the fitting to takes into account for the disordered graphitic
lattice due to ionic impurities. At 25°C, the polycrystalline graphite exhibits a sharp peaks at
1590cm™ and mild peak at 1360 cm™ that correspond to the G and D1peak, respectively and also
peak of D3 at~1500 cm™ (Fig. 8.3.7a), which showed that the formation of distorted graphite
layers started at this temperature (at 25°C, temperature of the cast iron disc after frictional test
was measured about 115°C). The graphite with just the D1, D3 and G peak was fitted with three
Lorentzian curve fits. This fitting of the spectrum is in good agreement with recent studies
[Fatima et al.,2015, Georges et al.,1967]. The curve fitted spectra of black carbonaceous product
of high temperature frictional test are show in Fig. 8.3.7[(a)—(c)], respectively.
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8.3.5 SEM observation of high temperature worn surfaces of M1
& M2 cast iron discs

The SEM micrographs of the worn surfaces of cast iron disc of M1 (a) & M2 (b) observed at
different temperature are shown in Fig.8.3.8. In a mild wear friction test, friction layer play an
important role since it maintains a stable and consistent friction coefficient between the friction
material and cast iron disc.

For M1disc, fig.8.3.8 a), at lower temperature i.e., 155 C, grooves were identified but at higher
temperatures ( > 200°C) the detached friction layer can be seen on the surface of the cast iron
disc. At higher temperature an interesting observation on the M1 cast iron disc surface is the
attachment of the detached flakes of friction layer to the surface of disc, which is likely to be
caused by the adhesion, which might be acquired due to the damaged to the secondary plateaus
and consequently to friction layer caused by the hard abrasive particles and metal chips during
the tribological operations. For this reason the friction layer is not favourably remained in the
SEM cross section of the M1 pins (section:8.3.6). Such deformation in the friction layer is
always carried by initiation of crack and is propagated in the combined fracture mode of tensile
and shearing. When the crack reaches the contact interface, a detachment of friction layer
acquired and adhesive transfer on the disc surface occurs due to enough adhesive bonding at the
contact interface. EDX analysis (fig. 8.3.9 a) on flakes surfaces revealed the compositions as
majority of Fe, Al, Sn, Zn and Cu on the high temperature disc surfaces. Although these
compositions are of friction layer which was found on the M1friction pin at similar temperature
range.

An interesting observation of M1 pin at higher temperature is the size nature of wear debris,
which are mostly released from the degrading resin, do not suffer too intense grinding associated
with the relative sliding against the cast iron disc. The microstructure of these debris, particularly
those of the discs tested at 300 °C and 350°C appear coarse grained. The increasing coverage of
the disc surface with wear debris is in agreement with the slight reduction in the wear coefficient
that the discs. However, the surface of the wear tracks on the cast iron discs becomes
increasingly covered with wear debris, whose composition qualitatively resembles the outer layer
on the pin worn out surface, particularly as concerns the presence of iron oxide and copper, that
of course are coming from the M1pin material.

The formation of friction layers on pin surface also depends upon the cast iron grooves. For M2
disc, fig.8.3.8 b), when the cast iron counterpart at high temperature (300°C), shallow grooves
were formed (Fig. 8.3.9 d)). The shallow groves could not able to retain oxide wear debris to
support the friction layers, whereas at low temperature (170'C), deep grooves were formed on the
cast iron disc surface (Fig. 8.3.9 c)), these deep grooves potentially capable to hold and retain the
oxide wear debris, which helpful in the formation of wear protective layers or friction layers on
pin surface. At 300°C the larger area of disc surface is covered by particles transferred from the
pin surface. EDX analysis (fig.8.3.9 b) revealed the compositions as Zr, Al, Ti, Fe and Cu. The
large amount of particles discovered on the disc surface covering large area of the counterface
may be explained by the previous observations on pin friction layers, as at 300°C the friction
layers on the pin is detected in small spots obviously detached from the surface, while the
presence of particles on the disc surface increases.
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Figure 8.3.8: SEM observation of disc surface of M1 (a) and M2(b) at different temperatures.
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Figure 8.3.9: Average elemental composition of wear debris on M1(a) & M2(b) disc surface
respectively.(c) & (d) profilometry profile of worn cast iron disc of M2 at different
temperatures.

8.3.6 SEM of cross-sections of M1 & M2 pins - evolution of
frictional layer with temperature

The SEM micrographs of the pin cross sections M1(a) & M2(b) at different temperatures are
shown in Fig.8.3.10.

Cross sectional views of M1 pin surfaces, after the wear tests carried out at higher temperatures
(25°C, 155°C, 200°C and 300°C) (fig.8.3.10 a), shows there is no any sign for friction layers,
only plateaus flakes and torn metal fibers has been observed at some places. Low magnification
observation indicate that at 155°C the pin surface displays a poor coverage by the friction layers
and also observed torn primary plateaus (mainly metals fibers) caused by abrasive particles. The
primary plateaus derive from a lower removal rate of the mechanically stable and wear resistant
ingredients of the pin material: hard particles and fibers, protruding from the surface of the pins
when they start to wear out. The primary plateaus act as barriers to the movement of the finer
wear particles, that therefore tend to stop and to accumulate at the interface with such barriers. If
these particles start to stick together due to load and working conditions i.e., temperature, this
promotes the formation of the secondary plateaus, which further developed, when well
compacted and sintered, a friction layer which is the primary cause of reduction in wear
behavior. The cross sectional view of M1 pin at higher temperatures (155°C, 200°C and 300°C)
confirms that the secondary plateaus are nearly absent and the pin surface would rather display
typical components of the torn flakes of plateaus and abrasive particles. The EDX revealed the
presence of Fe along with Al, Cu, Zn and Mg.

For M2 friction material (fig.8.3.10 b), the vertical extent of the friction layers at 25°C, with high
applied load, it is noted that the fragments are better compacted. At 170°C, cross-sectional
observations indicated the same less compacted structure, but the higher thickness. The degree of
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coverage of pin surface is still un uniformed, friction layers is composed by particles detached
from the pin matrix and also from the disc predominating elements which are Fe, Zr, Cu, Ti. As
the temperature increases 200°C to 250°C there is decrement in the formation of the wear
protective layers and at 300°C, the layers is almost vanished, only small spots of friction layer
are covering randomly the pin surface, which is due to the inclusion of more and more zirconium
oxide particle in the friction layer at higher temperature, which breakdown the wear protective
layers. The area covered by the friction layer is smaller, probably due to the higher wear rate at
high temperature caused by breaking of weak bonding between pin ingredients and polymeric
matrix. Cross section of 350°C indicates primary plateau, formed by zirconium particles as a
base for the new friction layer formation.

As a general trend for friction layer evolution: by moving from 25°C to 350°C the area covered
by friction layer is smaller and thinner, from the planer view it may be noticed that small spots of
friction layer increase and cover larger surfaces and primary and secondary plateaus are
distinguished up to 250°C, after this temperature friction layer is more compacted and decrease
in thickness, ending at 350°C as small spots covering randomly the pin surface. As concern
elemental composition Zr amount is bigger in less compacted friction layer, Cu and Fe wt% is
bigger for more compacted friction layer as a general trend, but at 350'C was observed that white
edges of friction layer are reach in Cu while the rest of friction layer is composed more from Fe.
Due to the fact that thickness of friction layer is decreasing when testing temperature increase,
and it became more compacted, also the surface area covered are evaluating into small spots.

The interesting observation can be drawn from figure 8.3.10 (a, b), at temperature >200°C, area
enclosed in a red circle on both M1 & M2, the presence of void in the form of gas bubble within
the vicinity of plateaus, These gas bubble (CO,) or voids might be formed due to the byproduct
of decomposition of phenolic resin (binder) at elevated temperatures and their occurrence is
higher at high temperatures [Patel et al.,2012]. This finding needs further investigation for better
representation of black spots in friction materials at elevated temperature. In this case, the
presence of void might lower down the density of the friction materials and enhancing the
porosity within the material structure. The consequence of this phenomenon shows structure
(friction plateaus) collapse or not supporting the plateaus firmly at elevated temperatures, which
causes higher rate of wear debris generation and thus higher wear rate of the friction materials at
elevated temperature (table 8.3.1).
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Figure 8.3.10: Cross section of worn pin surfaces of two friction materials M1 (a) & M2(b)
at different temperatures.
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Figure 8.3.11: Average elemental composition of friction layer on M2 cross section surfaces.

8.3.7 Additional information of M1 pin at higher temperatures
o X-ray diffraction of the friction layer at higher temperature

X-ray diffraction of the frictional layer of M1 pin at elevated temperature is shown in fig. 8.3.12.
All the M1 pin samples were measured in reflection geometry, with fixed incident beam
(omega=10°), to ensure a constant penetration depth of the beam in the friction layer and avoid
collecting an excessive amount of signal from the substrate.

Raw experimental data collected on samples M1-155°C, M1-200°C, M1-250°C and M1-300°C
are reported in Fig.8.3.12 respectively.
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Figure 8.3.12: Comparison of XRD spectra acquired on samples M1-155°C,

M1-200°C, M1-250°C and M1-300°C.

Based on the qualitative results, quantitative analysis was performed using a full-profile Rietveld
approach using the Maud software [Lutterotti et al.,1999, Lutterotti et al.,2010]. Example fits
relative to samples M1-250°C are reported in Fig.8.3.13 respectively.

XRD analyses were conducted in order to identify the phases present in the wear fragments as
well as friction plateaus present on the surface of pin and to evaluate their concentrations. In
Table 8.3.2 the results of the quantitative evaluation of the phase compositions are listed. In any
case the majority phase is graphite, mostly coming from the decomposition of the resin binder at
high temperature. All other detected phases were already in the pad material from which they
were removed by the wear process. Copper is found in the friction layer as a pure metal. The
detailed quantitative analysis for all the samples is reported in Table 8.3.2.
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Table 8.3.2: Quantitative crystallographic analysis results obtained for M1 pin.

Phase W% / Sample 155°C | 200°C | 250°C | 300°C
Graphite (C) 2046 | 18.22 | 23.39 | 23.19
Alfa-Fe (Fe) 0.17 0.84 0.81 0.41

Ematite (Fe;O3) 0.23 0.78 0.21 0.13
Magnetite (Fe3Oy) 2.63 3.10 4.79 4.48
Zincite (ZnO) 0.32 3.03 2.53 1.13
Periclase (MgO) 3.06 6.30 11.54 5.68
Copper (Cu) 50.03 | 31.79 | 4211 | 48.67
Zinc (Zn) 22.18 | 35,57 | 1341 | 15.92
Tenorite (CuO) 0.92 0.37 1.21 0.39

Table 8.3.2 demonstrated the different phases present on the friction plateaus at different
temperatures. The presence of copper phase in large amount at different temperatures indicate
that the copper is present in a form of primary plateaus, as displayed by SEM microstructures
and EDX analysis of pin surface, which is present in the initial brake pin as a metal fibers. At
elevated temperatures the presence of disordered graphite (black carbonaceous byproduct) is
higher, which is due to the decomposition of the phenolic resins. The lesser amount of Fe, might
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be due to the removal of iron plateaus by the hard particles (MgO). The results obtained from
XRD helps in determining the prominent thermal tribo-oxidation wear behavior of M1pin at high
temperature.

o Raman spectroscopy of friction plateaus at higher temperature

Fig.8.3.14 shows the comparison of Raman spectroscopy at secondary plateaus of a M1 worn pin
surface under different working temperature i.e., 155°C, 200°C, 250°C and 300°C respectively.
The result is very interesting when it comes to the presence of carbon black (characteristic lines
at 1360 cm™ & 1590 cm™) on the secondary plateaus. The spectrum with high frequency line at
about 1590 cm™ is attributed to crystal phase graphite and Raman spectra for disordered graphite
structure corresponds to the peak intensity at 1360 cm™. The carbon black is spotted by Raman at
every high temperature wear test and the evolution of disordered graphite lattice is higher at
300°C temperature wear test than 155°C. One more thing to be considered here is due to higher
temperature and shearing force, the resin binder get decomposed and decomposition product
carbon black disperse in every direction i.e., on the plateaus from the source of origin, thus
providing a mixed carbonaceous friction layer, which is also verified by the XRD results carried
on friction layer of high temperature pins. In addition to the carbon black spectra at 1360 cm’
'and 1590cm™, there are other spectra for copper sulfides corresponds to the peak intensity at
967 cm™,Sn0, at 774 cm™ and Mg;,SiO, at 794 cm™.
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Figure 8.3.14: Comparison of Raman spectroscopy at secondary plateaus of a worn pin
surface under different working temperature.

The interesting observation can be drawn from figure 8.3.14, the presence of carbon on friction
plateaus, due to tangential shearing force the decomposed product of phenolic resin i.e., carbon,
spread in every direction on the friction plateaus, degree of occurrence of this phenomenon is
totally depend on the working temperature. The black spectrum in fig.8.3.14 at 155°C, shows
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that, when the temperature is low, the carbon released is not so intense as compared to relatively
red spectrum which is at 300°C. The presence of carbon on friction plateaus might provide some
sort of lubrication during the tribological testing at higher temperatures, for this reason, the
coefficient of friction of M1 friction pin at higher temperature i.e., 300°C (fig.8.3.2), has a
uniform and more stable friction behavior than the others lower temperatures tests.

8.3.8 Wear mechanisms at high temperature

Wear mechanism of the two friction materials M1 & M2, tested under dry sliding conditions
against a cast iron disc with a modified pin-on-disc heating apparatus (see paragraph 7.3.4), is
discussed below. Tests were conducted at increasing temperatures of the disc i.e.,

Friction Materials —» M1 M2
155°C 170°C
Elevated working 200°C 200°C
temperatures 250°C 250°C
300°C 300°C
----- 350°C

The results showed a clear evolution of frictional parameters with temperature.

For M1 pins, at all temperatures there was progressive reduction of friction layer coverage. The
order of wear for M1 pins was one degree higher in magnitude when compared to M2 Pin wear.
The complimentary XRD and Raman analysis of friction layer of M1 pin at different
temperatures shows presence copper which is in the form of deformed primary plateaus and
presences of carbon in a form of graphite, is due to the thermal decomposition of phenolic resin
which was accomplished with the Raman results of carbon spectra.

Wear tracks on the discs form from the piling up of wear fragments produced both by the tribo-
oxidation of the disc itself and from the wearing out of the pin materials (M1 & M2). This
accumulation of wear debris on the disc surface nearly compensate for the weight loss associated
with disc wear. The analyses of the cross sections showed that temperature exert major
appreciable influence on the characteristics of the friction layers. These results support the idea
that the in the severe wear regime the wear mechanisms are entirely different to those observed
in the mild regime with the only difference given by the degradation of the binder that reduces
the cohesion of the ingredients in the friction materials, thus increasing the wear rate.

The observed tribological behaviour at higher temperature for both friction materials is very
much influenced by the thermal degradation of the phenolic binder of the friction material. The
thermal decomposition kinetics was confirmed by thermogravimetric analyses, conducted on
purpose on the pin material (fig. 8.3.1), and by Raman spectroscopy results (fig. 8.3.7), that
confirmed the presence of carbonaceous products on the worn out pin surface. Although
referring to rather extreme conditions and simplified sliding conditions, the results obtained in
Raman study provide useful indications on the role that the thermal stability of the organic
component may have in determining wear rate in brake systems in which the temperature rise
may be induced by actual operational conditions. During high temperature tests, the breakdown
of phenolic resin takes place and its constituent element expose to high heat and high mechanical
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stress, which leads to the formation of disordered graphite lattice and amorphous carbon at
higher extend. The complimentary tools like Raman Spectroscopy and TGA have a coherency in
results which justify the severe wear loss of frictional material at higher temperature.

For M2 pin, above 170°C a transition from mild to severe wear was observed (fig. 8.3.3). This
transition can be ascribed to the drastic changes occurring in the friction layers, in particular, the
secondary plateaus, which develop on the pins and disc surface during sliding, as proved by
electron microscopy observations and X-ray spectroscopy analyses (see fig.8.3.4 and fig. 8.3.5).
At 170°C, the friction layer consists of primary and well compacted secondary plateaus. At
200°C and above, a progressive reduction of the pin surface coverage by the secondary
component of the friction layer and a corresponding thinning of this component are observed.
Secondary plateaus are barely present on the samples tested at 350°C. The evolution of the
compacted plateaus formed and decomposed phenolic resin at the pin surfaces as the wear
particles are mainly dislocated from the friction materials at higher temperature.

Therefore, considering all above mentioned observations and results, the wear mechanism for
Mipin, at 155C, higher order of abrasive wear mechanism with the participation of hard
particles and metals chip, caused delamination of the friction plateaus. For M2 pin, at 170°C, is
based on primarily three-body abrasive wear, agglomeration and compaction of wear debris
caused by sintering effect and adhesive wear. While the wear mechanism at 300°C for M1& M2
pin, is based on thermal decomposition of phenolic resin, higher wear rate and large friction
layer detached from the pin surface and adhere to the counter disc under given compressive load,
highlighting the adhesive wear, tribo-oxidation and abrasive wear mechanisms.

Wear mechanisms Characterization tools Observations
Tribo-oxidation XRD results, TEM- Iron oxide, graphite,
SAED and Raman data MgO, ZnO
Abrasive action SEM-EDX Wear debris analysis,

worn pin & disc surfaces

Worn pin & disc

Adhesive action SEM-EDX surfaces, transferred

friction plateaus on the
disc surface.

Thus, wear mechanisms identified in the wear testing of M1 & M2 friction materials at higher
temperature is adhesive wear, tribo-oxidation and three-body abrasive wear.

Wear behavior at higher temperatures

MZ1(one degree of magnitude higher) > M2

Wear Mechanism at higher temperatures

Three-body abrasive wear + thermal tribo-oxidation + Adhesive wear
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Wear mechanism of M1 pin at high temperatures pin-on-disc test

High temperatures pin-on-disc test for M1 pins

2MPa, 1.31m/s & S.D: 4000m (155°C, 200°C, 250°C & 300°C)

Relative motion between pin and cast iron disc
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Figure 8.3.16: Wear mechanisms involved in dry sliding of M1 friction material at higher
temperatures.
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Wear mechanism of M2 pin at high temperatures pin-on-disc test
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Figure 8.3.15: Wear mechanisms involved in dry sliding of M2 friction material at
higher temperatures.
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8.4 Role of the heat-treatment of the cast iron disc - Case IV

This section will illustrate the role of conventional heat-treatments of the disc on the friction and
wear behavior. The heat treatment has been carried out in an industrial plant by “Trattamenti Termici
Ferioli & Gianotti SpA”, Rivoli-Torino following a typical treatment cycle of austenitization at
850°C in controlled atmosphere for 2 hours, oil quenching followed by tempering at 180°C for 1 hr
to exploit its elevated hardness.
The cast iron disc counterface was investigated in three conditions:

1. Untreated (reference condition)

2. Heat-treated

3. Heat-treated and ground
The microstructure of the base untreated disc is comprises a fine pearlitic matrix and graphitic
lamellae. The microstructure of heated treated disc is shown in fig. 8.4.1 a) (please refer fig.7.2.1
¢ & d for microstructure of untreated disc). In the core, a uniform martensitic matrix was
obtained but at the surface some decarburization was observed as it can be seen in fig. 8.4.1 b). It
has been induced by the treatment cycle which is a usual case in this treatment of cast irons.
Some heat treated sample were mechanical grinded in order to remove the decarburized layer
characterize by lower hardness. Roughness of discs were measured and the surface roughness of
the untreated and heat-treated disc was about R;= 2um because of the presence of the machining
grooves/asperities. The ground disc had a surface roughness of R,= 0.58um.

Figure 8.4.1. a) Martensitic microstructure of heat treated disc, b) The decarburized surface of the
heat treated disc.

8.4.1 Friction and wear behaviour of heat-treated cast iron disc

Fig.8.4.2 displays the friction coefficient and the average contact temperature during wear test
using different disc conditions i.e., untreated, heat treated and heated treated + ground disc. The
average steady-state values of friction coefficient, attained after about 4000 m of sliding, are
listed in Table 8.4.1.
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Table 8.4.1: Average pin temperature and friction coefficient attained after 4000m of

sliding.
Type of disc Tmax [°C] n
Untreated 28-30 0.5
Heat treated 23 0.3
Heat treated + ground 32 0.4

The heat-treated disc have a reduction in the friction coefficient value with respect to the
untreated disc and also if the heat treated disc is further ground, the decrease in frictional
behavior is quite limited. The recorded average contact temperature was not proportional to the
coefficient of friction. The highest values of the contact temperature were achieved by the heat-
treated + ground specimen, which showed an intermediate friction coefficient.
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Figure 8.4.2: Evolution of the friction coefficient (a) and of the average contact
temperature (b) during wear tests.
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Fig. 8.4.3 shows the surface profile obtained perpendicularly to the wear scar to evaluate the
wear volume of the heat treated disc. In Table 8.4.2, the experimental wear rates and the specific
wear coefficients, for pin and discs are listed.

From the table 8.4.2, the wear rate of both the pin and the disc are one order of magnitude lower
than the untreated condition. The specific wear rates range between 10 and 10™** m#N,
indicating that a mild form of wear was present in all disc conditions [Straffelini et al.,2015].
Fig.8.4.4 compared the specific wear rate of the three different disc and M2 pin. The best
performance is displayed by the heat-treated + ground disc characterized by the highest hardness
in the contact region (Table 8.4.3). This result can be attributed to the high hardness of the disc
achieved by the heat treatment. The reduction in wear of the disc is accompanied by a reduction
in wear of the pin.
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Figure 8.4.3: Surface profile across the wear track of heat treated disc.

Table 8.4.2: Wear rates of the pin and different discs.

Wear Rate Specific Wear Coefficient
Type of the disc [mm*/mm]x10”’ [m?/N] x 10
Pin Disc Pin Disc
Untreated 5.78 4.39 1.20 0.91
Heat Treated 2.44 2.54 0.51 0.52
Heat Treated + Ground 1.22 0.65 0.25 0.13

Table 8.4.3: Treated disc surface hardness.

Disc Area of measurement HV 0.05
Untreated Surface and core 287 + 37
Surface 717 +48

Heat Treated
Core 957 + 30
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Figure 8.4.4: Comparison of specific wear coefficient, K,, of the M2 pin and
different discs.

8.4.2 SEM observation of the wear tracks on heat-treated cast iron
disc

Fig.8.4.5 a) shows the microstructure of the pin used for test against untreated disc. The friction
plateaus formed have the higher degree of coverage on the pin surface. There are clear evidence
of two distinguish friction plateaus, primary plateaus- less compacted and secondary plateaus -
more compacted. EDXS analysis highlighted higher concentration of Fe in primary plateau,
while Cu is dominant in the well compacted secondary plateau. The compacted friction layer
formed at the surface of pin stabilized friction and reduce wear, copper content has an important
role in this issue [Lee et al., 2013]. The composition of primary plateaus are mainly Fe, Cu, Zr,
Ba, Al, as concern the composition of secondary plateaus is a mixture of oxides coming from
both surfaces of pin and disc. The highest extend is for iron oxides originated from the thermal
oxidation of cast iron disc, but also zirconium oxides and silicates from the pin. Cu concentration
differs in these two types of friction plateaus, it is in a higher extend in well compacted plateau
then in less compacted one.

For heat treated disc, the friction plateaus formed (Fig.8.4.5 b) have the less degree of coverage
on the pin surface than in the case of untreated disc tests. Chemical composition provided by
EDX prove the same composition as for untreated disc.

The heat treated + ground disc and corresponding pin microstructures are shown in fig.8.4.5 c).
Friction layer formed at the surface of the pin has a lower extend, primary and secondary plateau
are hardly identified (fig.8.4.5 c).
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Chapter 8: Results and Discussions
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Figure 8.4.5: SEM micrographs of the wear tracks on the pin surface after sliding against the
untreated (a), the heat-treated (b) and the heat treated and grinded disc (c).

The worn surfaces of the counterface cast iron discs were also observed. Fig. 8.4.6 shows the
wear track for the untreated disc. EDX results show that the area which is indicated by point 1 in
fig. 8.4.6 is graphite lamellae emerge at the disc surface. However in point 2, an accumulation of
wear debris occurs. The EDXS analyses revealed that the debris originate from both the friction
materials and the cast iron disc. Similar debris accumulations were observed close to the surface
graphite lamellae in the heat-treated and heat-treated + ground specimens. According to Eriksson
et al.,2002, the wear of the counterface disc is tribo-oxidative in nature, with the formation of
iron oxides (both magnetite and hematite) that exert an abrasive action on the pin surface and
may also transfer onto it entering the friction layer.
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Figure 8.4.6: SEM planar view of the wear surface of the untreated cast iron disc. The picture
shows a region where the graphite lamellae emerge (point 1) at the surface and there is an
accumulation of wear fragments from the friction material (point 2) and corresponding EDX
spectra of the highlighted regions.

The cross sectional investigation of the pins determines the main features of the friction layer.
Fig. 8.4.7 shows the SEM images of the cross section of pin surface of untreated disc. The
presence of friction layer coverage was higher observed on the pin used against the untreated
disc with respect to heat treated conditions. On these friction layer EDXS analysis was
performed to get information about the chemical composition (Table 8.4.4) and results shows
almost all the element of the brake pin are present along with high addition of iron, which
originated from the tribo-oxidation wear of the counterface cast iron disc.
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Figure 8.4.7: Cross sectional SEM micrographs of the friction layer on the pin after sliding
against the untreated disc. Low (Sx) and higher (Dx) magnification.
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Table 8.4.4: Chemical composition of the friction layer based on EDXS.

Element wt %
Al 3.4
Si 3.2
Zr 22.9
K 4.5
Ca 2.9
Ti 15.7
Fe 28.3
Cu 10.3
Zn 10

Fig. 8.4.9 shows the SEM images of the cross section of pin surface of heat treated disc and heat
treated + ground disc respectively. In both heat treated discs, the friction layer was present over
small regions only. The EDX analysis shows a very similar data (table 8.4.4) have been obtained
for the friction layers formed on the pin tested against the heat treated discs and shows almost all
of the elements of the virgin pad are present, with the important addition of iron, that originates
from the wear of the counterface cast iron disc.
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Figure 8.4.8: Cross sectional view of the pins against a) Heat treated, b) Heat treated and
ground.

The results in section 8.4 show how a conventional heat-treatment of the cast iron disc provides a
noticeable decrease in the wear rate of both the pin and the corresponding cast iron disc (fig.
8.4.3). From the table 8.4.2, it has been concluded that the specific wear coefficient of the
friction material (M2 pin) and the corresponding untreated cast iron disc (approximately 1074
m?/N) decreases down to 10™*® m?/N for the heat-treated and ground disc i.e., decrease in the
wear of the pin and the disc, after the disc heat-treatment. The heat treatment of discs i.e., heat
treated and ground discs, decreases the value of friction behavior when compared to the
untreated disc and have no direct proportionality between the evolution of friction coefficient
and the corresponding average contact temperature.
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As Table 8.4.1 and Fig. 8.4.3, summarized the steady-state friction coefficient for the untreated
disc, which is equal to 0.5, in agreement with literature data for similar types of low metallic
friction materials [Day et al.,2014]. From the friction test results of heat-treated + ground disc,
there is a reduction in the coefficient of friction to 0.4, which occurred due to the strong increase
in disc hardness that greatly reduces the abrasive interactions at the contacting asperities.

The SEM results provide useful information in predicting such reduction in wear and friction
behavior of heat treated disc. SEM observation revealed the presence of surface oxide on the heat
treated disc may have reduced the average shear stress at the asperity contacts during sliding
[Kong et al.,1995], which could be one of the reason for such reduction in friction behavior, as
confirmed from the heat treated + ground disc, when the surface oxide was removed, the friction
coefficient rose to about average value of 0.35 (fig.8.4.2). The average temperature rise in the
contact region due to sliding is directly proportional to the dissipated frictional power, given by
the product of the friction coefficient, the applied load and the sliding velocity, and inversely
proportional to the thermal conductivities of the mating materials [Sraffelini et al.,2015, Lim et
al.,1987].

When using the heat-treated disc, the lowest temperature rise during sliding was detected (Fig.
8.4.2 b), in agreement with the observed lowest friction coefficient (Fig. 8.4.2a). Whereas, the
heat-treated and ground disc displayed the highest contact temperature, despite of the
intermediate value of the friction coefficient. This occurrence can be better explain by the effect
of the heat-treatment on the thermal conductivity of the cast iron disc. Martensitic
microstructures in ferrous alloys feature a lower thermal conductivity than the same alloy in the
annealed or heat-treated and tempered conditions [Kuepferle et al., 2015, Wilzer et al.,2012].
However, the presence of carbon atoms in solid solution in martensite strongly reduce the
electronic component of heat conduction. In addition to this, the reduction in the phononic
component of heat conduction is due to the increase in the dislocation density caused by the
tetragonal distortion of the crystal lattice exerted by carbon atoms [Wilzer et al.,2012].

Table 8.4.2 shows the progressive decrease in the specific wear coefficient for the cast iron disc
in passing from the untreated to the heat-treated and then heat-treated and ground conditions, this
decrease in the specific wear coefficient have a coherency with the evolution of the disc surface
hardness, as shown in table 8.4.3. A decrease in the tribo-oxidative wear of disc occured when
the disc alloy matrix develop the surface oxides layer and therefore an increased surface hardness
give ability to the disc to sustain the surface oxide layer [Day et al.,2014].The increased hardness
of the disc also lower down the wear rate of the pin material. This behavior can be explained
considering the active wear mechanisms. As known and also shown in paragraph analysis of
wear tracks are characterized by the formation of friction layers. Particles detached from the pad
and tribo-oxidative wear of the counterface cast iron disc, were agglomerated and compacted
during sliding, being influenced by pressure and temperature. In such a way secondary plateau is
formed (fig. 8.4.7) and disruption of such plateaus produce wear debris by adhesion or by brittle
contact. This behavior is typical for this tribological pin-on-disc system and shown by number of
authors [Osterle et al.,2001, Eriksson et al.,2002]. In this respect, the abrasive action of loose
iron oxides helps in the formation of the friction layer through the formation of small particles
(mainly Zirconium oxides) able to enter the friction layer, in agreement with a our previous
investigation. Therefore an increase in the surface hardness of the disc results in a lower
production of loose iron oxide which further lower down the surface damage by abrasion of the
friction material and therefore the formation of a wide covering friction layer and thus decrease
in the wear rate of the M2 friction pin.
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Chapter 9
Concluding Remarks

9.1 Conclusions

In the present work, a characterization protocol for wear products has been developed and wear
mechanisms that underlies the pin-on-disc experiments have been investigated. The study has
been conducted on two different brake friction materials (M1 & M2) sliding against a cast iron
counterface, both at room and, at higher temperatures. The effect of specific heat treatments of
the cast iron disc on the wear behaviour has been also considered. To study the tribological
phenomena, two different types of tribometers have been used:

e Simple Pin-on-disc tribometer (Frictional heating)
e High temperature pin-on-disc tribometer (External heating)

If we see the overall results of the different Cases, we highlight very promising conclusions in
the following paragraphs, interesting for further developments of the research of novel friction
materials and to reduce the PM emission in the atmosphere. The effect of the composition on the
tribological characteristics of friction materials M1 and M2 were studied and also the wear
resistance and coefficient of friction for both friction materials were investigated. The
tribological outcome from different cases i.e., Case | is the wear behavior of M1 & M2 at room
temperature, Case Il is the characterization procedures adopted for wear debris, Case Il
includes high temperature wear behaviors of M1 & M2 friction materials and Case IV is the
specific heat treatments of the cast iron disc, as discussed below:

e As regards the composition, M2 friction material shows the presence of potassium
titanate, zirconium oxide and copper which decrease the coefficient of friction under
testing conditions for which the wear behavior of M1 material is dominated by MgO and
ZnO with a consequent rise in friction coefficient.

e The evolution of the friction coefficient with sliding distance and temperature shows that
M2 has a steady and uniform trend over entire period of the test where as M1 displayed a
unsteady and high fluctuations of friction coefficient.

e The wear resistance of M2 pin is high as compared to the M1 pin.

e Wear rate of M1 is much higher as one degree of magnitude than the M2 friction
material.

e \Wear mechanisms involves at room temperature are tribo-oxidation and three body
abrasive wear.
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The main aspects of a characterization protocol developed is to study wear products involving
disc brake materials, as illustrated in Case Il (section 8.2). The goal was to use in an optimized
way, based on the kinds of available samples, instrumentation and related methodologies in order
to get comparatively fast responses useful to identify wear mechanisms and, thereby, improve
materials properties from the functional and environmental point of view. The main challenges
of the study raise from the broad compositional and dimensional range of the wear debris and, on
some occasions, the need to analyze critically limited amounts of particles.
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Major observations

A 4
Iron oxide, mainly from cast iron disc

Figure 9.1.1: Reliable combination of characterization tools for particulate matters.

Fig. 9.1.1 shows the smart and reliable combination of the results obtained from different
techniques, although not necessarily on exactly the same specimens, turned out to be very
important for the success of the approach, proved by the fact that the results could be profitably
used to identify the main wear mechanisms active under the different wear testing conditions.
The particles considered in Case Il belong to the broad category of PM, which is a major concern
for its environmental and health implications. Impactor dust collectors of the same or similar
kind as the one employed in this investigation are also used in laboratory tests and on field
monitoring for environmental studies, a field that may therefore benefit from the proposed PM
analysis methodology.

In my view, the proposed experimental approach could be profitably employed also in other
contexts, like environmental and health monitoring, as far as particulate matter, even from other
sources than brake systems, is concerned.
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Apart from the reliable characterization protocol development for efficient and in optimized
characterization of wear debris, another major outcome of Case Il is the large percentage of iron
oxides in wear debris, which are due to the wearing of counterpart cast iron disc.

The focus of Case Il is the effect of temperature on the pin-on-disc wear behavior of a M1 &
M2 friction materials. Tests were conducted at disc temperatures ranging from 25°C (room
temperature) up to a maximum of 350°C, in order to study how thermal evolution of the
components of the friction materials, in particular the decomposition of the organic binder,
influences the main wear mechanisms. These were inferred from the analyses of the wear tracks
left after the tests on the surface of the pin and disc specimens. Raman spectroscopy and SEM
coupled with EDXS were the main experimental tools used for this purpose. The following main
conclusions can be drawn for Case IlI:

e The TGA results of M1 & M2 friction materials shows that the major thermal
decomposition of the phenolic binder starts in between 230°C-350°C with a maximum
decomposition rate.

e Friction layer progressively decreases for M2 at higher temperature. Friction layer at
higher temperatures were absent in M1 pins.

e A transition in wear rate from mild to severe wear is observed in passing from 170°C to
200°C disc temperature for M2, whereas for M1, the wear values has one degree higher
magnitude than M2 i.e., under the same working condition i.e., 2MPa and 1.3 m/s (PV),
the wear performance of the M2 pin is far superior than the M1 pin.

e Friction behavior for M1 & M2 pin at higher temperature is more stable and uniform,
which is due to the presence of thin carbon film on the friction plateaus, acting as a
lubricant.

e Carbonaceous products are present on worn surfaces of the pin specimens, referable to
different carbon based structures.

e A carbonaceous friction layer formed at higher temperature, has more weight percentage
of carbon then the other element, which is due to the decomposition of resin binder,
analyzed at characterization of friction layer by XRD and Raman spectra.

e For M1, wear mechanisms involved at high temperature pin-on-disc test are higher
percentage of three body abrasive wear + thermal tribo-oxidation + higher percentage of
adhesive wear. For M2 friction material, higher percentage of three body abrasive wear +
thermal tribo-oxidation + lower percentage of adhesive wear.

Although results obtained under relatively extreme conditions, as compared to those faced in real
brake systems, the study highlight some critical aspects of the tribological behavior of brake
materials that can be taken into account in the development of better performing brake systems.
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Pin-on-disc tests were employed (Case 1V) to investigate the role of heat-treatment of a cast iron
disc in dry sliding against a low-metallic friction material. The main results are as follows:

e Wear rates of both discs i.e., heat-treated disc and heat-treated and ground disc and M2
pin were reduced by almost one order of magnitude when compared it to untreated disc
test.

e The decrease in wear rate of heat treated disc is due to its increased surface hardness.

e Reduction in the steady-state friction coefficient when considering untreated disc (u=0.5)
to heat treated (u=0.3) and heat treated and ground disc (u=0.4).

e The heat-treated and ground disc displayed the highest temperature rise during test with
intermediate friction coefficient, among other disc samples. This was attributed to the
decrease in the thermal conductivity induced by the martensitic microstructure.

Fig. 9.1.2 and table 9.1.1, shows the overall findings of every Cases in a synthetic way.
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Figure 9.1.2: Flow chart describing major findings of each one of the tribological Cases.
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Table 9.1.1: Major results highlights of each one of the tribological Cases.

Cases Friction Major highlights
Materials

e At room temperature, wear rate of M1 is higher than the
M2 friction material.

e Three body abrasive wear and tribo-oxidation wear
mechanisms in M1 & M2,

e Formation of compacted friction plateaus for M2 and
delamination of friction plateaus for M1 due to hard particles.

Case | M1l & M2

e Major phases present in the wear debris of M1 at room
temperature is MgO, ZnO and Fe30,.
Case 11 M1 e Most of the Iron oxides in the wear debris were from
cast iron disc.

e Pin-on-disc rig can be used to produce wide range of
wear debris from micron - nanometer.

o Decomposition of phenolic resin at higher temperatures.

e Decomposed product i.e., carbon spread on the friction
plateaus.

e Absence of friction layer for M1 at higher temperatures.

e Decrement in the friction layer coverage for M2 as
M1 & M2 temperature increases.

e Wear rate of M1 is much higher than M2 at elevated
temperatures.

e Friction behavior for M1 & M2 pin at higher
temperature is more stable and uniform.

e For M1, wear mechanism involved, higher percentage of
three body abrasive wear + thermal tribo-oxidation + higher
percentage of adhesive wear.

e For M2, wear mechanism involved, higher percentage of
three body abrasive wear + thermal tribo-oxidation + lower
percentage of adhesive wear.

Case 11

e Wear and friction behavior of heat treated cast iron disc
Case IV M2 is lower compared to untreated iron disc.

e The decrease in wear rate of heat treated disc is

due to its increased surface hardness.
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9.2 Future developments

The results presented herewith validate the experimental protocol that has been developed, and
that can be effectively adopted for the characterization of wear debris, irrespective of the total
amount of powders actually available.

On the other hand, the samples analyzed within the work would require further methodological
developments. The results allow us to put forward some guidelines for future developments:

e The samples that have been considered so far are mostly wear debris, i.e., particulate
matter of different grain size.

e Other important wear products are wear tracks both on pads/pins and discs. Preliminary
observations, mostly SEM-EDXS, XRD and Raman, have been conducted on planar and
cross sectional samples obtained from pins. The results turn out to be extremely
important for a full characterization of the wear systems and will be definitely pursued
further for a better understanding and modeling of the wear mechanisms. Therefore,
observations and analyzes will be carried out even on discs.

e An important aspect we will consider is the statistical relevance of the chemical,
morphological and crystallographic data, obtained with the techniques considered in the
present thesis. This is a critical aspect particularly as concerns single particle analyzes
and, in general, measurements involving a limited number of powder particles.

e For high temperature wear test future work could be collection methodology of high
temperature wear debris since with our high temperature wear test rig has a limitation for
collection of wear debris at elevated temperature.

e As far as the friction material is concerned, the formation of a well compacted friction
layer could be advisable to stabilize friction, reduce wear and also reduce the particle
emission. In material M2, Zr-oxides were found to play an important role in the
formation of the friction layer with the presence of copper that seem to aid in increasing
the layer cohesion. A possible route to further favor this process is the use of Zr-oxide
particles with reduced average size and already inter mixed with a thin copper layer. This
objective might be achieved with an optimized ball milling of this two ingredients.

e Heat treated pin-on-disc test results turn out to be extremely important and open the door
for further development or modification of the disc. Wear examination of different types
of treated disc is highly recommended for the development of the novel brake pad-disc
system.
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Appendixes

Appendix A: Abbreviations and definitions

ASTM = American Society for Testing and Materials

BSE = backscattered electrons

CCSEM = computer controlled scanning electron microscopy

DI1I = Department of Industrial Engineering, University of Trento, Italy (existing from 2013)
DICAM = Department of Civil, Environmental and Mechanical Engineering, University of
Trento, Italy (existing from 2013)

EC = elemental carbon

EDXS = energy dispersive x-ray spectroscopy

EEA = european environment agency

EM = electron microscopy

EPA = environmental Protection Agency of the United States of America (USA)

ESEM = environmental scanning electron microscopy

HEI = health effects institute

ISO = international organization for standardization

LVSEM = low vacuum scanning electron microscopy

MAUD = materials analysis using diffraction

OM = optical microscopy

PC = polycarbonate

PoD = pin-on-disc machine

PM = particulate matter

PM10 = particulate matter with an aerodynamic diameter lower than 10 pm (which includes
also PM2.5)

PMZ2.5 = particulate matter with an aerodynamic diameter lower than 2.5 pm

PTFE = teflon

SAED = selected area electron diffraction

SE = secondary electrons

SEM = scanning electron microscopy

SPA = single particle analysis

STEM = scanning transmission electron microscopy

TEM = transmission electron microscopy

UAAA = ultrafine anthropogenic, atmospheric aerosols

UF = ultrafine (referred to particles with diameter smaller than 0.1 pum)

UFPM = ultrafine particulate matter (referred to particles with diameter smaller than 0.1 um)
USEPA = United States Environmental Protection Agency

WHO = World Health Organization

XRD = x-ray diffraction

XRF = x-ray fluorescence
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Wear debris materials from brake systems:
environmental and health issues

R. Ciudin, P. C. Verma, S. Gialanella & G. Straffelini
Department of Industrial Engineering, University of Trento, Italy

Abstract

The environmental and health concerns related to Particulate Matter (PM) released
in the environment from different sources have attracted increasing attention in
recent years. The present paper is focused on the PM pollution coming from the
wear of automotive brake systems. Generally, brake pads have a complex
composition containing even more than 30 different components, some of them
more polluting than others. The extent of such emissions depends on their physical
and chemical properties and on the tribological interactions with the counter face
disc during the braking stages. The main topic of the ongoing research regards
the potential impact of the emitted PM on the human health, depending on the
mechanisms of formation and toxicity of the particles. Since specific
epidemiological studies indicated a link between airborne PM and adverse health
effects experienced by urban populations throughout the world, it is important to
reduce emissions of pollutants at source, i.e. in the present context, brake systems.
The EU funded REBRAKE project is one of the many international research
projects that are tackling the problem of wear debris emissions from brakes. The
first results achieved by REBRAKE team are presented and discussed with regard
to the updated situation as emerging from a detailed review of the present
knowledge on this topic.

Keywords: REBRAKE project, brake wear, particulate matter, environmental
impact, health impact, pin-on-disc, wear testing.

1 Introduction

In order to decrease the impact on human health and on environment, it is
important to reduce emissions of pollutants at source. Particulate Matter (PM)
released in the environment from industry and traffic have attracted increasing

@- WIT Transactions on Ecology and The Environment, Vol 191, © 2014 WIT Press
: www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/SC141202
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braking control systems.

The tribological phenomena that occur in brake systems are interesting even in other respects than just
the braking action. One important issue, that is gaining increasing importance over the last years,
concerns the environmental impact of wear debris produced by the braking action. In this context, the
present study is focussed on the tribological behaviour of a commercial friction pad material dry sliding
against a cast iron disc. Pin-on-disc tests were conducted at room temperature under mild wear
conditions, as concerns load and rotating speed. The effect of some components of pad material,
in particular of copper, on the dynamic of formation of tribological layer and wear debris is presented.
The results obtained so, although referring to quite a simpler system that real brake systems, still may
provide interesting indications, for instance in view of the development of novel brake pad materials and

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Brake pads are an important part of braking systems for all
those vehicles that are equipped with disc brakes. Brake pads are
made of a steel backing plate with a friction material bound onto
the surface facing the disc. Brake pads convert the kinetic energy
of the vehicle into thermal energy by friction.

The performances of brakes are controlled to an important
extent by the composition and microstructure of the pad material.
Industrial pads usually contain a large number of different con-
stituents, such as ceramic particles and fibres, minerals, metallic
chips and fibres, solid lubricants and elastomers, all bound by, for
instance, a phenolic resin [1,2]. In fact, brake material should
maintain a relatively high, stable and reliable friction coefficient
over a wide range of braking conditions, temperature and humid-
ity. Metals, such as copper, steel and brass are used in order to
affect the frictional characteristics and relevant wear behaviour of
involved materials by a suitable selection of their type, morphol-
ogy and hardness [3-5].

Nowadays, brake material manufacturers are regularly testing
materials to develop new formulations for brake pads that might
respond more efficiently to the end users demands for materials
featuring steady frictional coefficient [6,7], low wear rates [8-10],

*Corresponding author. Tel.: +390461282458; fax: +39 0461281977,
E-mail address: giovannistraffelini@ing.unitn.it (G. Straffelini).

hittp://dx.doi.org/10.1016/j.wear.2014.11.019
0043-1648/© 2014 Elsevier B.V. All rights reserved.

reduced emission of particulate matter (PM) in the atmosphere
(hazardous debris) [11-13], and noise [7,9,11]. Particular attention
has been recently paid to the environmental related problems, due to
the release of fine particles produced by brake wear. For example, it
has been estimated that around 35% of the break pad wear is emitted
as airbome PM, and 86% of these partides are smaller than 2.5 pm
[11]. The wear processes that take place at the interface between
braking disc and pad are responsible for the production of the wear
debris that is possibly released in the environment. Such processes are
quite complex, reflecting the complex composition of brake pad
materials, that may contain up to 30 different constituents held
together by a phenolic resin [1,2]. Several investigations carried out
so far have shown that wear processes are characterized by the
formation of a friction layer, also called third body or mechanically-
mixed layer, which bears the contact load and strongly influences the
actual frictional and wear behaviour [14-16]. In particular, it has been
shown that wear initially induces the detachment of particles from the
phenolic matrix close to large and hard constituents, which thus form
protruding primary plateaus. The components that may form such
plateaus were found to be typically larger than 100 pm, and with
hardness values greater than that of the counterface disc material,
typically pearlitic cast iron. Tough pad constituents too, such as steel
fibres and highly strain-hardened copper or brass particles, are
involved in the formation of such primary plateaus [17]. Subsequently,
micrometric and submicrometric wear particles tend to accumulate
close to such plateaus, where they are even compacted to some extent,
depending on the contact pressure and sliding shear stresses. In this
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In this worlk a streamline characterization protocol for debris coming from wear tests on materials used
for disc brake assemblies is presented. An important aspect of the methodology concerns powder
collection involving aluminum foil, for a gravitational collection, and polycarbonate filters of an
impactor, on which particles are selectively trapped, according to their size. The protocol is based on
the application of scanning and transmission electron microscopy, X-ray spectroscopy, X-ray and
selected area electron diffraction. The aim of the study was to identify selection parameters, like
specimen availability and average particle size, for an effective and smart application of the techniques.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Brakes dissipate energy by converting rotational motion into heat.
Disc brakes slow the rotational motion of automobile wheels with
friction caused by a brake pad pushing against a brake disc. During
this operation, both brake pad and counterface disc wear out, releasing
huge amount of wear debris in the surrounding atmosphere. These
hazardous wear debris need to be addressed in order to reduce their
potentially hazardous effects on human health and, in general, on the
environmental conditions. For this reason, one of the main guidelines
for the development of new materials for disc brake systems for road
vehicles is the reduction of wear debris release. Indeed, this aspect is
becoming more and more important in view of the increasing
percentage of emissions due to vehicular traffic coming from non-
exhaust sources [1], like road surface 23], tires [2,4-8] and, of course,
the mentioned brake systems [9-11], whose contribution to particu-
late matter (PM) concentration is equaling exhaust component [12,13].
In this respect, the study of wear products from real brake assemblies
is providing not only paramount information to understand the main
active wear mechanisms, but also data on potential health and
environmental threats that brake contribution to atmospheric PM
may have [14,15] On the other hand, to get the actual composition and
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features of wear particles released in the atmosphere is very challen-
ging, considering the diffuse character of this pollutant source,
resuspension effects [16] and the possible changes introduced by
interactions with the environment and with other PM components.
Therefore, although conventional [17] and novel | 18,19] environmental
monitoring approaches are providing more and more reliable data, the
lab test route still stands as a very effective tool to test brake materials
concerning their tribological behavior. Their main aspects can be
identified thanks to the experimental characterization of the wear
products, ie., debris and tracks that can be found after the test on the
surface of pad material and counterface disc.

The aim of this study was to establish an experimental protocol
suitable for characterizing particles coming from laboratory pin-on-
disc wear tests, involving brake disc materials, collected on different
substrates. All materials characterization techniques involved in the
study required specific sample preparation procedures, that are
important parts of the streamline characterization protocol imple-
mented and optimized in view of its systematic application also to
PM collected in other environmental monitoring contexts.

2. Experimental details
2.1. Sample collection and preparation procedures
Tests were performed using a pin-on-disc machine with a

horizontal rotating disc and a deadweight-loaded pin (see Fig. 1
condition 1). A fixed sliding speed of 13 m/s (corresponding to
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The tribological behavior of a commercial brake pad material, wear tested under dry sliding conditions
against a cast iron counterface disc with a pin-on-disc apparatus, was investigated. Wear tests were
conducted at the following disc temperatures: 25 °C, 170 °C, 200 °C, 250 °C, 300 °C and 350 °C. Above
170 °C a transition from mild to severe wear was observed. At 25 °C and 170 °C, the friction layer on the
pin surface consists of primary and compacted secondary plateaus. At 200 °C and above, a progressive
reduction of the pin surface coverage by the secondary plateaus, that are barely present after the 350 “C
test, is observed. Wear tracks on the discs derive from wear fragments due to the tribo-oxidation of the
disc itself and from the wearing out of the pin material. The observed tribological behavior is very much
influenced by the thermal degradation of the phenolic binder of the friction material, confirmed by
thermogravimetric analyses, conducted on purpose on the pin material. Raman spectroscopy indicated
the presence of carbonaceous products on the high temperature worn out pin surface. Although referring
to rather extreme and simplified sliding conditions, the results obtained in this study provide useful
indications on the role of the thermal stability of the organic component.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Brake materials transform the kinetic energy of the vehicle into
thermal energy by friction between pad materials and metal,
usually cast iron, disc [1]. Heat is then dissipated through
exchange mainly with the environment and during braking, tem-
perature may even rise tremendously in the contact regions. Wear
behavior at the elevated temperatures resulting from the braking
conditions, is highly dependent on the ingredients of the friction
materials. These are to be selected in order to guarantee suitable
braking conditions, high temperature stability and, consequently,
reduced wear rates. However, at high temperatures, the degrada-
tion of friction material is a major issue, mostly associated with the
thermal decomposition of phenolic resins, widely used as binders
for friction materials [2-4]. They embed the ingredients effectively
over most of the operational regimes, thanks to a good combina-
tion of mechanical properties, such as high hardness, compressive
strength, creep resistance, and very good wetting capability.
However, these resins are sensitive to heat and humidity, which
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cause serious threat to frictional, wear behavior at elevated tem-
peratures, notwithstanding the common practice to add to the
formulation suitable, carbon-based stabilizers, like graphite, coal,
etc. [5,6]. Therefore, binder decomposition is blamed for various
brake operational drawbacks, with specific studies displaying the
importance of the heat resistance and mechanical strength of the
binder in the wear behavior of brake materials.

Thermal decomposition of the phenolic resins involves several
reactions, depending on the actual formulation and thermal his-
tory of the material. Temperatures falling in the 250-475 °C
interval are reported for the onset of the main transformations
involved with the resin decomposition [7,8]. Another important
aspect affecting the tribological behavior of sliding wear systems is
the trapping of wear debris in between the sliding surfaces [9-13],
leading to the formation of the so-called friction layer, or friction
film, that is paramount in determining the friction behavior of the
mating surfaces in sliding contact [14-17]. Jacko et al. [18] con-
cluded that “when stable friction films, commonly called friction
layers, are readily formed for a given friction couple, a stable
friction level and low wear rates can be maintained at various
temperatures, as long as the friction film is not destroyed”. The
wear processes, that occur at the pad and disc interface, display
several steps, including the formation of the primary plateaus,
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In commercial automotive braking systems, consisting of a friction pad dry sliding against a pearlitic cast
iron disc, the wear of the disc contributes significantly to the overall wear. In the present work, pin-on-
disc sliding tests were carried out for determining the role of conventional heat-treatment conducted on
cast iron discs on the friction and wear behavior of the above coupling. Wear rates of both disc and
friction materials were reduced by almost one order of magnitude when the disc is preliminarily heat-
treated and then ground to remove the surface decarburized layer that forms during the thermal cycle.
Heat-treatment and heat-treatment plus grinding resulted also in the decrease of the friction coefficient,
which was comparatively lower for the ground samples. The friction and wear behavior along with the
contact temperature evolutions were rationalized according to the actual materials characteristics, as

Contact temperature
Cast iron
Friction material

resulting from the different treatments.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The optimal performances of the pad-disc braking system
depend on the properties of the friction material and of the
counterface disc [1]. During braking, the kinetic energy of the
moving vehicle is converted into thermal energy. The disc provides
an appropriate friction coefficient during sliding against the fric-
tion pad. Moreover, it ensures an important contribution to the
cooling of the system, since the largest fraction of the frictional
heat abandons the system through the disc [2]. The discs in
automotive braking systems are typically made of pearlitic grey
cast iron. This material has several advantages and interesting
features. It shows good dry sliding behavior against different
counterface materials due to its relatively high hardness and for
the presence of graphite lamellae, protruding from the disc surface
during sliding, providing a self-lubricating effect [3,4]. The lamel-
lar morphology of graphite also improves the thermal conductivity
of the material, and, consequently, its resistance to thermal
stresses associated with the braking action [5]. Finally, cast iron
discs are relatively cheap, another important element for mass
production components. On the other hand, the pearlitic cast iron
disc greatly contributes to the overall wear of a braking system

* Corresponding author. Tel.: +39 0461282458; fax: +39 0461281977.
E-mail address: giovanni.straffelini@ing.unitn.it (G. Straffelini).
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[1,6]. Recent investigations have demonstrated that wear debris
from the discs are an important fraction of particulate matter (PM)
emissions in the environment [7|, mostly concerning particles
with an average size below 20 pm [7,8].

So far, most experimental investigations on the reduction of the
wear in braking systems have been especially focused on the
optimization of the friction materials, by selecting suitable ingre-
dients and relevant concentrations [9-11]. The present research is
focused instead on the cast iron disc. According to literature
reports, several alternative approaches can be followed. Thornton
et al. [12] have recently shown that a deep cryogenic treatment
may increase the wear resistance of pearlitic cast iron when sliding
against a bearing steel counterface. Also conventional heat-
treatments increase wear resistance of cast iron dry sliding
against a steel counterface [13]. These treatments include the
usual quenching plus tempering and austempering, recommended
to obtain a comparatively more ductile cast iron material [14,15].
The laboratory experimental results are definitely promising and
provide solid indications that excellent wear performances can be
achieved by adopting a suitable treatment that may induce the
formation of a hard phase in the alloy matrix, which creates the
conditions for a mild tribo-oxidative wear and shifts to highest
loads the occurrence of a severe adhesive wear [3].

In the present work, the role of a conventional heat-treatment
on the dry sliding behavior of a cast iron material, for brake discs,
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ABSTRACT - The characterization of wear debris and tracks is paramount to understand the
dominant wear mechanisms active in tribological systems. In this paper we present the main
aspects of a streamline characterization protocol we have implemented to characterize wear
products, particularly disc brake materials, obtained in different ways and from different wear
11gs.

The protocol is based on the smart application of different materials characterization tools, like
X-ray diffraction, scanning and fransmission electron microscopy, energy dispersive
spectroscopy. It 1s validated by studying wear debris and tracks obtained under different
experimental conditions with the aim of identifying the main wear mechanisms.

A discussion on the best practice for experimental testing, even as concerns the statistical
significance of the data, is presented. In this respect the proposed experimental approach may
be profitably employed even in other contexts, like environmental and health monitoring, as far
as particulate matter. even from other sources than brake systems. is concerned.

INTRODUCTION — The development of new materials for disc brake systems for road vehicles
1s nowadays conducted not only in the attempt to improve brake performances but also to reduce
the release in the environment of the wear debris produced by the tribological events involved
with the braking action. Indeed, this aspect 1s becoming more and more mmportant in view of
the increasing percentage of emissions due to vehicular traffic coming from non-exhaust
sources. like road and tires consumptions and the mentioned wearing out of brake discs and
pads (1-2). In this respect, the study of wear products from real brake assemblies is providing
not only paramount information to understand the main active wear mechanism, but also data
on potential health and environmental threats that brake contribution to atmospheric particulate
matter (PM) may have (3). On the other hand, to get the actual composition and features of,
particularly, wear particles released in the atmosphere is very challenging, considering the
diffuse character of this pollutant source and the possible changes introduced by interactions
with the environment and with other PM components. Therefore, although conventional (4) and
novel (5-6) environmental monitoring approaches are providing more and more reliable data,
the lab test route still stands as a very effective tool to test brake materials concerning their
tribological behaviour. Their main aspects can be identified thanks to the experimental
characterization of the wear products, i.e., debris and tracks that can be found after the test on
the surface of pad material and counterface disc. In view of the complexity of this sort of
specimens a multi-analytical approach is very much recommended for the characterization of
wear tracks and debris (7-8), these latter even as concerns the nanometric range (9-10). In fact,
the finer fraction of wear debris from brake systems 1s attracting interest and raising concern
owing to their sanitary and environmental implications (11).
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« Workshop on Testing of friction materials and possibilities for evaluation of wear
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e Three month of research internship at University of Texas at Arlington, USA.
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