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Preface

This thesis collects all the experimental work carried out in the three past years of research on
the physico-chemical characterization of the non-exhaust emissions generated by brakes. These
three years represented for me the extraordinary chance to leave for and live in a new terrific
journey, once again. For this reason, in spite of (hopefully) maintaining the suitable and necessary
scientific rigor, | have approached, lived, felt and developed this project as a travel exploration:
in the end, exploration and research are synonymous. For every travel to begin, a mix of previous
little knowledge, great curiosity towards a place and peculiar fortuity is always necessary. My
personal mixture was brewed in the R&D Department of Brembo S.p.A., where | arrived in 2016,
leaving the academy shortly after a PhD in Chemistry. Since my arrival in the company, | had the
opportunity to work at the chemical characterization of emissions generated by braking devices,
through the participation to EU-funded research projects such as LOWBRASYS and ECOPADS. In
the previous years, the research related to the brakes emissions was mainly focused on the
definition of reproducible protocols for reliable collection of particulates and the determination
of the variables influencing the emission level of the braking devices. These projects started to
shift the general interest towards a deeper characterization of the physico-chemical properties
of the brakes emissions, with the final aim of finding clearer correlations with their toxicological
behavior and environmental impact. These projects, together with several other internal
development activities, represented my first contacts with the air quality topic and the
corresponding research community. They both prepared the substrate and create the spark to
ignite my curiosity. Therefore, the random event necessary to align all the pieces happened in
2019 in form of a regional program of research collaboration between companies and universities
of Regione Lombardia, providing to companies the possibility to set industrial PhD projects for
their employees. In my case, everything began as a mere joke with a younger colleague of mine,
who was interested in the program, but doubtful. | still clearly remember the coffee break we
were discussing about the possibility and his doubts: | was really convinced that it would have
been a great opportunity for him, but the conversation eventually landed in the same deadlock
as the previous ones. Thus, in that moment, | decided to raise the pot to make him call my bluff:
“If you do it, I'll do it, too. We will pass through it together”. Few days later, we started our
respective registration procedures to the Environmental Science and Mechanical Engineering
Doctorate schools. A couple of months later, my colleague eventually decided to pursuit a new
career path moving to a different institution: | was left alone just before the journey beginning.
Even if it started as a pure joke, | decided to go on, even by myself alone. Indeed, that is because
actually there was hiding in the background another reason pushing me to jump in this new
adventure. It was more personal, painful and obscure. During my previous academic experience,
the guy who happened to be my best friend during my youth decided to reach our common
equilibrium state as human beings but following a wrong -too fast- kinetic, due to an incurable
disease. He died by leukemia at the age of 27. Being him perfectly aware of my extremely poor
capability to manage feelings (especially if bad) and not having time to improve his negative chess
record against me, he decided to leave me with a final spectacular checkmate: “Don’t you dare
to stop living, since from now you have to live twice, also for me”. | never had the courage to
make it explicit, since somehow | have always been afraid to fail or to quit this new project, which



| slowly started to consider my best “twice” option to his memory. In the end, | can finally confess
the little burden of his curse, which actually turned out into a real benediction. Because as every
great exploration journey, together with the fear, the fatigue and the confrontation with the
shadows from the past, they arrive also new skills, new perspectives, new travel mates and plenty
of wonder for new landscapes and discoveries. For each of these things, which | found in
abundance in the last three years, | am infinitely grateful. At the same time, | really hope to pay
off the debt of such fortune with the studies and the results reported in this thesis, providing my
personal little brick to the creation of a better home for all the living beings. This is the genesis
and the spirit of this thesis work.
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1. Introduction

Non-Exhaust Emissions (NEE) produced by disc-brake systems are introduced in this
chapter as subject of this thesis. Their link to the general air quality topic is described
reporting and summarizing results from most recent source apportionment studies and
air quality guidelines. Therefore, a summary of the generation mechanisms of these
emissions is provided, together with their possible interactions with the environment.
With specific reference to the study of their chemical composition and the currently
available information in the scientific literature, several fields of investigation are
identified and stated as aim of this work.

1.1. Air Quality: Why Being Interested?

Air quality and its influence on the human life have gained worldwide the
increasing attention of the general public since the late ‘80s, when the World Health
Organization (WHO) started to issue periodical guidelines, since the most recent version
published in the 2021.1Y These air quality guidelines identify the most dangerous and
diffuse pollutants, suggesting governments and civil society to reduce the human
exposure to specific threshold values and estimating their adverse effects on human
health, economy and society. Following this, an increasing number of international
institutions and national governments adopted air pollutants monitoring programs as
well as dedicated reduction policies.l*® Therefore, in the past decades, a growing body
of scientific evidences has been collected to corroborate how air pollution has adverse
effects on health and, more in general, on well-being. As a matter of fact, nowadays air
pollution is globally perceived as a serious problem by citizens all around the world: good
air quality is a necessary condition for healthy life. Indeed, air pollution in both indoor
and outdoor environment is currently one of the major health risk for human beings,
similarly to unwholesome diets and tobacco smoking. It represents the single most
dangerous environmental threat to human health: every year, the exposure to polluted
ambient air is estimated to cause 4 to 9 million of deaths!*® and hundreds of millions of
lost years of life through increased morbidity and mortality in a wide range of non-
communicable diseases (NCDs) affecting mainly respiratory, cardiovascular and
neurological systems./”# In addition, air pollution represents also a significant economic
problem, since it increases medical costs and generate loss of working days, therefore
reducing the global welfare and productivity in the order of trillions and hundreds of
billions, respectively.®! Furthermore, it is also source of strong geographical and social
inequality, since it affects disproportionately developing countries, people living in urban
environment and the most vulnerable population groups, such as children, elderly and
individuals with chronic illnesses.!*>”! Finally, air pollution has a profound impact on the
environment. In first place, air pollutants are also detrimental and hazardous for the life



of all the other living beings. Moreover, they can stimulate climate change, which in turn
can furthermore worsen the air quality on both local and regional scale.?

The problems related to air pollution are vast and complex. Thus, it is evident that a
global, evidence-informed and long-term policy-making approach is necessary condition
in order to implement suitable corrective actions to mitigate effects due to the current
situation and to set the basis to improve air quality in the future. However, in spite of all
the well testified critical issues linked to air pollution and the current availability of
several air quality guidelines and standards on both international and local level, they
are far to be adopted worldwide. For instance, several nations do not even have active
monitoring programs.™! Table 1.1 summarizes the distribution of countries having
guidelines or standards for at least one air pollutant (60%), countries with no standards
(27%) and countries where air quality information is completely lacking (12%).1%

WHO Countries with Countries without ~ Countries with no
Region standards / % standards / % information / %

Africa (47) 36 45 19
Americas (35) 57 37 6
South-East Asia (11) 64 27 9
Europe (53) 94 4 2
East Mediterranean (21) 52 5 43
Western Pacific (27) 44 48 7
Total 60 27 12

Table 1.1: Adoption of air quality guidelines and standards in different world regions.!® The number of
countries for each region is reported within brackets.

Looking at the geographical distribution of the nations showing the highest level of
interest towards the air quality topic, it is evident that Europe is currently the region
with the widely diffused and most structured approach to the air quality issue. This is
mainly due to the policy-making action carried out by the European Union (EU),
following the referencing of the WHO guidelines in the Ambient Air Quality Directive!!
in 2008. In addition, EU air quality policies are constantly updated and driven by a
comprehensive report on air quality produced every year by the European
Environmental Agency (EEA).B! All the legislation activity and the countermeasures
adopted in EU in the two past decades resulted in an overall continuous improvement
of the air quality in the continent. Notably, the constant reduction of air pollutions in the
recent past years came together a period of continuous good economic performances,
therefore testifying the compatibility between environmental-driven policies and a
growing and healthy economy. This can be observed by the clear decoupling of the Gross
Domestic Products (GDP) and several air pollutants trends showed in Figure 1.1.5!
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Figure 1.1: Global emission trend of several air pollutants in the 27 EU countries set against their global
Gross Domestic Product (GDP). Reprinted from EEA — 2021 Air Quality Report.3

In spite of a gradual improvement of the air quality in most EU and other high-income
countries in the American and West Pacific Region, pollutants concentrations still
frequently exceed suggested threshold values in many of these areas, exposing a
significant fraction of the population to hazardous levels of air pollution. For example in
the EU, this is particularly evident: j) around the most densely populated areas, such as
the bigger cities, mainly due to the heavy traffic conditions; ji) in the east of the Union,
where the combustion of fossil fuels for domestic heating and energy production for
industrial activity is more diffuse; and iii) in those areas where high density of population
and productive activities combine with peculiar geographical and meteorological
conditions, such in the northern Italy or the Catalan region in Spain.® Therefore, it is
reported that in 2019 in EU, a significant percentage of the urban population still
remained exposed to concentrations of air pollutants exceeding the EU standards.
Notably, this percentage turns in the vast majority if considering the most recent
threshold values suggested in the WHO guidelines, as shown in Figure 1.2.F!

Conversely, developing and low-income countries are currently facing significant air
quality deterioration, following the combination of large scale urbanization, economic
development mainly based on the consumption of fossil fuels, poor dedicated legislation
and limited interest in the policy-makers.!t Therefore, it is possible to conclude that, in
spite of the spark of hope represented by the most recent notable improvements of the
air quality in some areas of the world, plenty of work still remain to be carried out to
reduce air pollution and mitigate its effects on the human health on a global basis. Since
the air motion is typically not particularly affected by national borders, spatially
heterogeneous or even remote air problems tend to have ubiquitous impacts on the
long-term perspective. Fortunately, most recent scientific evidences and technological
development clearly demonstrated that successful interventions are feasible, effective
and compatible with economic growth.*3!
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Figure 1.2: Share of the EU urban population exposed to air pollutant concentrations above EU standards
(left side) and WHO guidelines (right side), in 2019. Reprinted from EEA — 2021 Air Quality Report.B!

1.2. Air Pollutants: What is the (Particulate) Matter?

In general, pollutants can be defined as external substances introduced in an
environment which have the functional capability of being hazardous or harmful
towards that specific environment. They acquire relevance when being introduced at a
rate exceeding the absorptive capacity of the affected system or in concentrations
sufficient to manifest acute and/or long-term negative impacts. Referring to the air,
there exist a wide and heterogeneous range of different pollutants having both natural
and anthropogenic origin, with the latter ones being dominant since the beginning of
industrialization. They can be single substances in all the physical states as well as be
composed by more species mixed or interacting together. These pollutants can be
emitted directly in air from their origin source (primary pollutants), but can be also
formed in the air through a wide range of complex physico-chemical processes and
interactions (secondary pollutants). Typically, they are categorized depending on their
source origin. The major contribution to the air pollution is the combustion process, in
particular of fossil fuels for energy generation and domestic heating. In addition,
outdoor combustion sources include also the transport sector and, secondary, fires,
agricultural burnings and volcanic activity. Other important contributions to the air
pollution are the resuspension of surface dust, construction activity and mid-to-long
range atmospheric transportation in natural events (such as sand storms). Finally, also
biogenic emissions from agriculture and live-stocks contribute appreciably to the
generation of air pollutants. %% The WHO guidelines reports on six different major air
pollutants, which are particulate matter, Ozone, Carbon monoxide, Sulfur oxides,
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Nitrogen oxides and Lead.™ On this basis, the US Environmental Protection Agency (EPA),
as well as other national environmental agencies, nowadays monitors and reports
mainly on these suggested air pollutants.’”’ More extensively, the European Environment
Agency annual Air Quality report takes also into consideration other species, such as
Black Carbon (BC), Ammonia, volatile organic compounds, Methane, Benzo-a-Pyrene
and additional heavy metals (Arsenic, Cadmium, Mercury and Nickel).® All this
pollutants show detrimental effects on both the environment and the health of living
beings, which are widely documented and supported by an extensive amount of
scientific evidences.

Among all of these pollutants, particulate matters (PMs) are usually the most poorly
affected by the countermeasures adopted to limit their presence in air, showing at the
same time extremely severe effects on the human health.*32*° Therefore they are
commonly considered among the most hazardous air pollutants. PMs are particles with
aerodynamic diameter lower than 10 um. In environment, they are typically mixtures of
solid and liquid material formed in atmosphere as the result of physico-chemical
processes occurring between different pollutants emitted by a whole variety of specific
emission sources. Most often these particulates are categorized following their size
dimensional distribution: i) PMyo includes particle with diameter lower than 10 um; ii)
finer PM,s includes particles with diameter lower than 2.5 um; iii) ultra-fine particulates
(UFP), including particles with nanometric dimensions (d < 100 nm). As far as their
environmental impact and toxicological behavior is assessed, the finer fractions are
progressively more dangerous and penetrate deeper into the biological systems,
exhibiting at the same time a stronger chemical and bio-chemical reactivity due to their
higher surface area. Figure 1.3 and Table 1.2 show respectively a size comparison
between different PMs and their size-related capability to penetrate progressively the
whole human respiratory system.B*Y Numerous epidemiological studies have been
performed on the health effects of PMs, demonstrating positive correlations between
both short and long —term exposure to these pollutants and several pathologies
affecting respiratory®>292% cardiovascular?®?”), neurological?®??! systems, as well as
other apparatuses such as the skin®®” and the eyes®3?. In general, their toxic effects are
strongly dependent on their physico-chemical properties: the chemical composition is
typically the defining factors, while size distributions and morphologies of the
constituting particles strongly modulate the behaviors. In addition, PMs tends to be
significantly persistent in air: due to their small dimensions and weight, they can remain
in suspension in the atmosphere for long time, therefore increasing their chance to be
transferred and spread also to locations distant from their origin.!*¥ This phenomenon
is typically related to long-scale transport effects in natural event, such as example dust
storms, fires and volcanic activity, but can easily apply to industrial and other
anthropogenic particulate emissions.
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Figure 1.3: Dimensional comparison of PM1o and PM,s. Reprinted from US Environmental Protection
Agency - Internet database and report.[?

Particle Size / um Penetration in human respiratory system

>11 Nostrils and upper respiratory system
7-11 Nasal cavity
4.7-7 Larynx

33-47 Trachea-bronchial area

2.1-33 Secondary bronchial area

11-21 Terminal bronchial area

0.65-1.1 Bronchioles

0.43-0.65 Alveoles

Table 1.2: PMs penetrability in the human respiratory system in function of the dimensional distribution of
the particulates.

The excessive exposure to particulate matters is a problem affecting a wide share of the
global population: in 2019, more than 90% of the global population lived in areas with
PM,s already exceeding previous 2005 WHO guidelines of 10 pg/m3. Highest
concentrations were recorded in the South-East Asia, Mediterranean and Africa regions,
while general decreasing trends are observed in Europe, America and West Pacific.
Looking more in detail at the European situation, in 2019 the 97% and 81% of the urban
population in EU was exposed respectively to PMio and PM3 s concentrations exceeding
the WHO guideline values.!® Similar exposure levels (96% and 71%) were recorded in
2020, in spite of the strong limitations related to the surge of the Covid-19 pandemic.?
Congruently, in the same year, the 61% and 68% of the PMs reporting monitoring
stations registered PMo concentrations exceeding respectively the daily and the annual
WHO guideline values (16% and 5% if the EU limits are considered). The situation is even
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worse when looking at the PM;s, with almost all the reporting monitoring stations
exceeding both the daily and the annual WHO guideline values, as showed in Figure 1.4.

Share of reporting Share of reporting Share of reporting Share of reporting
stations that registered stations that registered stations that registered stations that registered
concentrations above concentrations above concentrations above concentrations above
the EU daily limit the WHO daily the EU annual limit the WHO annual
value of 50 ug/m* guideline of 45 pg/m? value of 40 pg/m? guideline of 15 pg/m?

2020  ooee sesvessssssssese P sevesesesssrssses
validated B 16% HEEEEEEE 61% | 5% EEEEEEER U es%

Share of reporting Share of reporting Share of reporting
stations that registered stations that registered stations that registered
concentrations above concentrations above concentrations above
the EU annual limit the WHO annual the WHO daily
value of 25 pg/m?® guideline of 5 pg/m* guideline of 15 pg/m?
2020 =
validated 4 <

Figure 1.4: Percentage of reporting monitoring stations registering PM1o and PM, s concentrations above
EU limits and WHO guidelines in 2020. Reprinted from EU Air Quality Status online report.!3!

Notably, all the 36 countries participating in the EEA monitoring activity registered PMg
concentrations above the daily WHO guideline targets, while only the Iceland was able
to limit the annual suggested limit.®! The strongest exceedances are typically recorded
in Italy, mainly localized along the Po valley, in eastern countries and in other densely
populated and industrialized areas, such as close to many national capitals (Figure 1.5).
Similar trends are observed when considering PM5s: all the 33 EEA reporting countries
registered annual and daily concentrations exceeding the most recent WHO guidelines
values, with the only exception of Estonia."

90.4 percentie of Phio daily

7
concentrations in 2020

.
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Figure 1.5: Concentrations of PMysin relation to the EU annual limit value and the WHO annual guideline,
2020 validated data. Reprinted from EU Air Quality Status online report.[3!




For all these reasons, the legislation activity focused on the improvement of the air
quality is moving towards new and more ambitious objectives. For instance, under the
European Green Deal’s Zero Pollution Action Plan, the European Commission set the
goal of reducing the number of premature deaths caused by fine particulate matter, by
at least 55% compared with 2005 levels, within the 2030. To this end, the European
Commission started the revision of the ambient air quality directives, aiming to align the
air quality standards more closely with WHO recommendations. In parallel, stricter
requirements are also foreseen to tackle air pollution at source, such as pollution from
agriculture, industry, transport® and buildings” and energy supply sectors (§, # = see
Notes on the following legislation paragraph at Pag. 24).

1.3. Sources of PMs: Road Transport and Brakes Wear

As already introduced, air pollutants and PMs can have several different origins,
both from natural and anthropogenic sources. The former ones can be considered as a
sort of natural background with a stochastic pattern of mostly unpredictable peak events,
for which little limitations or countermeasures can be adopted on standard basis.
Conversely, the latter ones are consequence of the human activity, and therefore they
can be more easily controlled and tackled, if there exists the will to do so. First of all, it
is of pivotal importance to map all the possible anthropogenic source and to understand
their relative contribution to the total, in order to select the most widely affecting,
effective and convenient policies and countermeasures. At this aim, a huge body of
knowledge based on source apportionment studies was produced in the last decades.!*
3l For example, Figure 1.6 shows the most updated picture of contribution of several
human activity sector to the global generation of air pollutants in Europe.®

sc HENEINCEN
co E
NH,
NMVOCs

NO,

PM,
PM,,

so,

CH,

0% 20% 40 % 60 % 80 % 100 %
M Agriculture B Manufacturing and extractive industry B Mon-road transport Waste

Energy supply Residential, commercial and institutional Road transport

Figure 1.6: Contribution to anthropogenic emissions of several air pollutants from the main source sectors
in 2019 in the EU-27 countries. Reprinted from EU Air Quality Status online report.!3!
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As can be observed from the reported graph, the road transport sector is recognized as
significant source for the emission of several pollutants, such as Black Carbon (BC),
Carbon monoxide (CO), Non-Methane Volatile Organic Compounds (NMVOCs), Nitrogen
oxides (NOy) and particulates matters (both PMip and PM;s). With particular reference
to the latter ones, the transport sector is estimated to produce the 10% of both the PMg
and the PM,s generated by anthropogenic sources on global basis in EU.B However,
these figures can easily increase up to six times when the urban environment is
specifically considered.?* The road transport emissions are commonly divided into the
two following categories: i) Exhaust, referring to mixtures of gases and particulates
generated by combustion engines; and iij) Non-Exhaust, accounting for particulates
generated by the wear occurring at brakes, clutches and tires-to-road interfaces,
together with material (road dust) resuspended in air by the motion of circulating
vehicles. The former ones have been historically dominant since the introduction of
specific legislations dedicated to their reduction in the first ‘90s, such as the European
Emission Standards.?>3® Notably, within this framework, particulates matters (PMs)
have been inserted officially as controlled pollutants starting from the 2011: since that
moment, continuous and steady reduction of PM emissions from exhaust sources have
been reported.®! Therefore, following the continuous improvement in the exhaust
emissions treatment, the non-exhaust counterpart has progressively gained relative
weight and it is currently estimated to contribute equally to the exhaust fraction.
Furthermore, it is expected to become dominant in the next years, due to the increasing
electrification of road mobility.3738

With particular reference to the non-exhaust emissions, brake wear is currently assessed
as one significant source of particulate generated from traffic, being estimated to
contribute respectively by the 55% and 21% to the total PMio and PM,5.B73940 Braking
is in fact the operation of slowing down or stopping the motion of a vehicle by conversion
of kinetic energy into heat. This process is commonly pursued by the friction generated
by two rubbing surfaces. In the case of the automotive sector, this operation is
commonly performed by disc brake systems (Figure 1.7): the driver pushes the brake
pedal or pinches the brake lever, delivering pressure to the calipers via hydraulic or
electro-mechanical actuation. Then the calipers transmit the pressure to a couple of
braking pads, which are finally pushed against a rotor joint to the wheel. Thus, a braking
torque is generated, which is responsible of slowing down or stopping the vehicle
motion. The conversion of kinetic energy via heat dissipation is intrinsically accompanied
by undesired side effects, such as the generation of sound vibrations (noise) and the loss
of mass (wear) occurring at the tribological interface, i.e. the contact surface between
the braking disc (BD) and the friction material (FM) from the braking pads.**% Since the
tribological interface represents the place where the brake emissions are actually
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generated, the interplay between its features and the physico-chemical properties of
the corresponding generated emissions will be widely discussed along this thesis work.
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Figure 1.6: Schematic representation of a brake disc system and the tribological interaction between
braking discs and pads producing brake emissions. 1- Braking Disc (BD); 2- Caliper; 3- Braking Pads; 4-
Friction Material (FM); 5- Friction Couple (FC = BD+FM); 6- Tribological Interface (Tl); 7- Particulate Matter
(PM); 8- Wear Debris.

1.4. Tribological Interface: a Closer Look

In the disc-brake system, the objects composing the friction couple are typically
made by complex materials. On one side of the friction couple there is the rotor, which
is typically composed by pearlitic grey cast iron (GCl), i.e. a Fe-based alloy containing
floccular graphitic structures called lamellae. Its microstructure is typically finely tuned
through the addition of secondary alloying elements to obtain the desired mechanical
properties. Figure 1.7 shows the microstructure of one typical GClI used for the
production of most of the BDs used in this research work, while Table 1.3 summarizes
its nominal chemical composition.

Element C Si Mn Cu Cr Fe Others
wt% 3.8 1.8 0.5 0.2 0.1  balance traces

Table 1.3: Elemental composition of a GCl typically used for braking discs production. Traces indicates
concentrations below 0.1 wt%, while balance represents the remaining amount of material to close the
mass balance.
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Figure 1.7: Microstructure of pearlitic GCI after Nital etching under the metallographic microscope. It is
possible to appreciate different phases composing the alloy (ferrite, cementite, lamellar graphite and
precipitates such as inter-metallics and sulfides).

As can be observed in Table 1.3, the elemental composition of GCI for BDs production is
usually characterized by relatively high concentrations of Carbon and Silicon, while all
the other elements are found in minor or trace amounts, typically lower than 0.5 wt%.
These elements are in general ubiquitous impurities of Iron (such as Mn, Cr and Cu) or
can be voluntarily added in the production phase as alloying elements in order to modify
the microstructure, thus increasing GCl physico-mechanical properties such as hardness,
wear resistance and corrosion resistance (Al, Ti, V, Nb, Mo).“**I However, on the market
can be found rotors based on other metallic alloys, such Steel (mainly for motorbike and
light vehicles) and Al or Ti -based alloys.

In addition, also Carbon-ceramic composites can be used to produce braking discs,
typically exhibiting superior mechanical properties in respect with the GCl counterparts.
They are typically made by infiltrating carbon fiber preforms with metallic Silicon at very
high temperatures. Therefore they are composites featuring the coexistence of the
three following main phases: i) Silicon carbides (matrix); ii) elemental Carbon in form of
Carbon fibers; and iii) unreacted Silicon from the infiltration process, constituting a
minor component of the matrix. Figure 1.8 shows a SEM image of the braking surface
of a carbon ceramic BD.
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Figure 1.8: SEM image of the braking surface of a carbon-ceramic disc. Back-scattered electrons (BSE) are
used in order to highlight phase contrast between the Carbon fibers and the SiC/Si matrix.

Silicon carbides, the main matrix component, assures great hardness for the composite
material, while carbon fibers guarantee high mechanical strength resistance and
providing fracture toughness required for braking rotors. Thus, these discs are
characterized by having overall superior mechanical and thermal properties (hardness,
wear resistance, thermal shock resistance) and significantly lower weight in respect with
the GCl counterpart. However, all these excellent functional properties are obtained
through expensive production and surface refinement processes. Therefore, they find
natural application in high-performance braking systems, such as for racing and high-
end vehicles.

Finally, new BD products, namely “coated” braking discs, are currently under
development aiming to obtain improved wear and corrosion resistance. Notably, since
the overall wear of the brake device is strictly related to its emission level, coated discs
are nowadays considered as one of the most promising hardware solution to reduce
particulates generated by brakes.***® More in detail, they are GCI BDs whose braking
surfaces are covered or cladded with coatings being composed by a wide range of
different materials with the specific aim of improving their functional properties. They
are a relatively young technology, which in most cases rarely dates back more than 10-
15 years and are currently positioned between the prototypal and the small pre-series
production stage. However, coated discs are expected to diffuse very quickly into the
market in the next years, mainly due to possible future legislations targeting NEE in the
road transport sector. Since they are more expensive in respect with the uncoated
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counterparts, they will likely diffuse first in the medium to high BD market segments.
The coatings for BDs can be single layer as well as ensemble of more layers with the most
external one representing BD side of the tribological interface. Their thickness is
calibrated in order to endure the working life of the BDs, and depending on the material
composing the coating, can vary between few tenth to few hundreds of microns. They
can be deposited with a wide range of different techniques, such as cold-spraying, high-
velocity air/oxygen fuel (HVAF or HVOF) depositions, laser cladding (LC) or laser melting
deposition (LMD). An example of BD coating can be observed in Figure 1.9.

Layer 2
>srMet .
‘ J CerMet Coatlng
i Ensemble
. Layer 1
- : - v
et T WY B M 3
2 g /, -.\\ ! / (7
= 8 \ /
R _\\.\I LA : == ,/ “ L \, X
—r= A ! N - N Z/
100 um Mag= 250X EHT =20.00 kV
Signal A = CZ BSD WD = 8.0 mm

'E At C 3 e e S T A

N - = \ N ! \

Figure 1.9: SEM section image of a coated BD. Detail of the coating ensemble, composed by two different
layers deposited on the GCl braking surface.

The materials deposited on the braking surface must exhibit superior physico-
mechanical properties in respect to the GCI. In particular, higher hardness, wear
resistance and corrosion resistance are specific targets for BD coatings. At the same time,
they are required to closely match the thermal properties of the substrate to avoid
thermal shock or thermal stress —induced cracking of the braking surface, eventually
leading to delamination of the structure and potential safety failure of the braking
system. For the same reason, they must assure optimal adhesion with the substrate,
with the linking interface being able to sustain significant compressive and shear forces.
Therefore, materials typically suitable to be applied as BDs coatings are CerMet
composites, i.e. dispersions of ceramic powders (carbides, oxides, nitrides and borides)
in a metallic or intermetallic matrix, with relative ratio between Cer and Met fractions
suitably tuned to match all the desired functional properties. In particular, the Cer
components typically provide high hardness and wear resistance to the braking surface,
while the Met fraction assure the overall integrity of the ensemble and the adhesion to
the GCl substrate.
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On the other side of the tribological interface lays the friction material (FM), i.e. a
composite material being usually made by a complex mixture of up to thirty/forty
different compounds of both organic and inorganic nature. Figure 1.10 shows a section
image of a friction composite, in which is possible to appreciate the presence of several
different phases.

' 700um '

Figure 1.10: SEM section image of a friction composite (false color reconstruction, based on differences in
electron density). It is possible to appreciate several different granulometries and morphologies, thus
testifying the presence of a variegated ensemble of different compounds.

Their formulation is typically finely tuned in order to match specific requirements in
terms of safety, comfort, performances, environmental concerns and target costs.
Therefore, they should exhibit: i) good mechanical properties; ii) good thermal
resistance; iii) adequate, stable and reproducible friction coefficient over a wide range
of different braking conditions (temperature, pressure, speed, environment, etc.); and
iv) high wear resistance and good coupling against the rubbing BD counterpart. In
addition, since it was recognized in the recent past as fundamental in determining the
emission profile of the friction couple, it is nowadays more and more frequently
formulated with great attention to the replacement of potentially hazardous ingredients
(such as Cu, Sn, antimony trisulfide, and whisker materials).>%->3!

According to the terminology conventionally accepted in the automotive industry, which
indeed is particularly ancient and obscure, brake materials typically used in the same
industry are categorized as NAO (non-asbestos organic), low metallic (LM) or low steel
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(LS), semi-metallic (SM). These friction materials can be considered organic-inorganic
composites, since their matrix is formed by one or more organic polymers. In addition,
a new class of emerging prototypal friction materials started to appear, which is based
on inorganic binders such as cements and geopolymers. For this reason they can be
referred as inorganic bound (IN) friction materials. They are being developed at the aim
of completely eliminating the gaseous emissions related to the thermal decomposition
of the organic binders contained in all the other FMs families. Since the SM formulations
have progressively lost large share in the automotive market, remaining essentially
related only to the motorbike (or train) counterpart, they are not considered in the
investigations reported in this thesis work. Therefore, three different typologies of FMs
are used in the following investigations: i) Non Asbestos Organic (NAO); ii) Low Steel or
Low Metallic (LS/LM) FMs; and iii) Inorganic bound (IN) FMs.

The compounds constituting the friction material can be classified on the basis of their
functional properties and several different classifications exist in literature accordingly
to various authors, while the relative ratio or the use of specific components usually
define the membership to a particular family (with a high degree of subjective discretion).
Following the classification reported in reference [49], all the compounds typically
constituting the friction material can be divided in the following four classes:

1- Reinforcements: compounds giving mechanical strength to the composite. They
are typically metallic fibers an powders (Fe, Steel, Cu, Cu-alloys, Sn, etc.),
ceramic and mineral fibers and polymer fibers or pulp (aramid or acrylic fibers).

2- Friction Modifiers: compounds determining and modulating the friction
coefficient. They are divided in abrasives (typically inorganic oxides and carbides)
and solid lubricants (Graphites, cokes and inorganic sulfides).

3- Binders: compounds linking and holding together all the composite compounds.
They are typically phenolic resins, but inorganic binders such as cements and
geopolymers are being currently under extensive development.

4- Fillers: thermally/mechanically stable and inexpensive compounds, increasing
volume of the composite while exhibiting minimum impact on the performances.
They are typically materials from geological origin and insoluble inorganic
carbonates, hydroxides and sulfates.

Typical general compositions for materials of the three different typologies of
composites selected for the following investigations are reported in Table 1.4, together
with other parameters of interest. As can be observed in the table, NAO friction
materials exhibit overall higher content of binder and lower content of friction modifiers
(strong abrasives and lubricants) in respect with the LS/LM formulations. In particular,
metals are frequently absent and, where present, they are always non-ferrous.
Conversely, NAO friction materials usually contain significantly higher amount of
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compounds which can be classified as fillers or mild abrasives. All these compositional
features are well coherent with overall slightly lower friction coefficient values (0.33-
0.35) and gentler tribological behavior showed by these formulations when coupled
against standard GCI BDs. They are relatively soft materials, particularly sensitive to
elevated temperatures and exhibiting overall low friction performances. Conversely,
they tend to generate low level of abrasion (and consequently lower emissions) and
noise. LS/LM and IN formulations are in general characterized by slightly higher binder
content and significantly higher metals and friction modifiers concentrations. The higher
presence of metals and strong abrasives determines a more aggressive tribological
behavior towards the standard GCl braking discs and, consequently, higher friction
performances and durability in respect with the NAO counterparts. More lubricants are
usually needed in these formulations in order to stabilize and module their friction
coefficient (u = 0.35-038).4%*4 Finally, IN formulations share overall similar
characteristics with the LS/LM family, with a couple of main differences. In particular,
these composites are currently being developed in order to minimize the emissions of
organic compounds, thus they are not bound with soft organic resins. Instead, inorganic
binders such as glasses, cements and geopolymers, are most frequently used. Notably,
these binders show in general also significant abrasive capability at the same time. For
this reason, they usually contain low amounts of strong abrasives and fillers, while
maintaining significant concentrations of lubricants.

wit% NAO LS/LM IN
Binder 10-25 5-15 10-20
Metals 0-10 15-30 20-30
Abrasives 20-30 25-40 5-15
Lubricants 5-15 20-35 15-25
Fillers 20-40 5-15 0-10
Hardness (HRR) 80-100 100-150 >150
Friction Coefficient () 0.33-0.35 0.35-0.38 0.38-0.42
Normalized Emission 0.2-0.3 1 0.8-0.9

Table 1.4: Compositional detail and mechanical properties of different typology of friction materials.
Hardness is reported in HRR. Friction coefficient (u) is reported considering the coupling with standard GClI
braking discs.

1.5. From Brake Wear to Brake Emissions: Hints on Generation Mechanisms

Every typology of braking friction process leads to the wear of both the rubbing
surfaces from the BD and FM side of the tribological interface. As already introduced,
this wear is responsible of the release of particles (and eventually liquid and gases) into
the surrounding environment. However, this process is not completely instantaneous,
at least not for all the released material. If part of the asperities located at the
tribological interface of the brake system can be quickly detached by direct mechanical
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abrasion and immediately released in environment, a consistent part of the tribological
event is characterized by the redeposition of the wear debris material onto the rubbing
friction surfaces. This material adhering to the braking surfaces forms a very thin and
inhomogeneous layer, partially covering and shielding its substrates. This behavior
further modulates the friction process, since it favors the sliding of the rubbing surfaces.
In the case of brakes, this layer is usually referred as friction layer, but it is also commonly
named as transfer layer or third-body layer.*?! In spite of being widely recognized as the
most important feature in determining the efficiency, the performances and also the
comfort of the braking event, the mechanisms underlaying its formation are still not fully
understood and characterized. This is mainly due to the very complex nature of the
tribological interface, as briefly introduced in the previous paragraph.!®°>->7
Nevertheless, the friction layer can be considered at all extent as newly formed matter,
composed by an extremely complex mixture of material detached from the friction
surfaces by direct mechanical abrasion, whose composition and granulometry start to
vary depending on the intensity (i.e. temperature, velocity and pressure) of the following
braking events. If more stable constituents of the friction composite, such inorganic
oxides and fillers from geological origin, can hardly modify even at the higher
temperatures possibly experienced by the braking device (around 700-800°), there exist
also a wide range of components which can easily undergo thermal degradation (organic
binders, Graphites, sulfides), oxidize (metals from both BD and FM) and possibly react
together.!*>°% Therefore the friction layer can be imagined as an ensemble of localized
reaction pools, from which part of the material detached by mechanical abrasion is
continuously grinded, mixed and undergoes tribo-oxidative modifications before being
released in the environment on stochastic base. Thus, brakes emissions are composed
by an ensemble of materials which is generated by the interplay of different mechanisms,
ranging from direct mechanical wear to a combination of adhesive and tribo-oxidative
action.®’® The correspondingly induced modifications have extremely important
implications not only in the modulation of the brakes performances, but also considering
the amount of the wear material generated, its dimensional and compositional profiles
and its environmental and toxicological behavior.**°®" However, the stochastic nature
of the braking process, the high-energy conditions, and the complex mechano-chemical
and tribo-chemical interactions occurring at the friction surface during braking events,
make substantially impossible to predict the level of particle emission, even if it is
generally recognized to increase with the increasing temperature.>*% |t is similarly
impossible also to predict the particle size of newly formed species. However, it is
generally observed that their size distributions strongly shift towards smaller dimensions
in function of the increasing temperature, while direct abrasion usually leads to particles
of bigger dimensions.“>*® Finally, also the predictive assessment of their chemical
composition is extremely complicated.**°® Thus, even if the tribological interface is
designed in conformation with environmental and toxicological considerations or

17



standards, it might be possible to obtain emissions exhibiting undesired chemical
characteristics.

1.5. Brakes Emissions: State of the Art

Taking together all the considerations previously reported, it is possible to
summarize the following points related to the non-exhaust brakes emissions. The
material worn by braking device has wide dimensional and shape distribution and
variegated chemical composition. This is due to the fact that the released materials is
produced by the interplay of at least two different wear mechanisms, involving both the
mechanical abrasion and the tribo-oxidation of the material deposited at the tribological
interface as transfer layer. Both the dimensional and the compositional features are
strongly dependent of a wide range of different factors, including: i) the intensity of the
brake event (sliding speed and contact pressure); ii) the materials composing the friction
couple (i.e. the physico-chemical characteristics of the braking discs and pads); iii) the
wear mechanism (abrasion, adhesion, fatigue wear and tribo-oxidation), and iv) the
driving and the environmental conditions (temperature, humidity, etc.).[394049.56:61]
Braking wear constituents can indeed range from objects with characteristic dimensions
of millimeters to ultra-fine nanometric particles. Depending on their dimensions, braking
wear products follow different emission paths: the objects with bigger dimensions
usually fall directly to the ground while conversely the finer fractions are more suitable
to be directly emitted in air. As far as particulate matter is concerned, particles from the
finer fractions (i.e. with aerodynamic diameter < 10 um) are the ones of specific interest
for their contribution to the total non-exhaust PM emissions.3%4%4 |n addition, when
environmental interactions with ground or water systems are concerned, the coarser
fractions (Wear Debris) acquire more interest. For all of these reasons, in the past
decade, consistent scientific and technological efforts have been performed in order to
correlate braking operations to the corresponding particulate emissions. More in detail,
significant work has been specifically carried out in developing robust particles collection
protocols, validating reliable analytical methods for determination of particulate
number (PN) and mass (PM) in controlled conditions, correlating various braking
conditions to different emissive profiles and estimating their emission factors (EFs) in
real-world conditions to apportion their contribution to the NEE produced by extended
vehicles fleets.3%404961-68] Racently, several observational studies focused in deeper
detail on the chemical composition of the brake emissions have also appeared in the
literature, aiming at providing deeper insight into the correlation with their
environmental and toxicological behavior.[60616973]

When characterizing in detail the brake emissions, both the particle count for the
emission factor determination and the collection of material for chemical

characterizations have to be necessary performed in controlled environment to avoid
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spurious contribution from sources other than the tested braking system itself.
Nowadays, one of the most convenient option to obtain samples made exclusively by
brake emissions is to collect them at a dedicated dynamometric bench (DB), while
performing a standard sequence of braking events, i.e. a standard braking test cycle.’*
’®! Inertia DBs are mechanical test platforms built to simulate one braking corner module
for a specific vehicle application, commonly used to study selected properties of the
braking devices, such as wear, friction performances or vibration behavior over selected
braking sequences. They avoid the use of a whole vehicle, limiting the investigated
system at a single braking device kept in laboratory environment. In addition, the braking
sequences can be highly automated and standardized in respect with road testing on
real vehicles. Parameters such as vehicle inertia and energy indexes of a real vehicle can
be maintained, which is not usually the case for other typical tribological test platforms
such as the Pin-on-Disc (PoD) benches.”7#% Finally, a further advantage specifically
related to the particulate collection, is the possibility to easily enclose the whole testing
system in a suitable chamber, in order to create a highly controlled environment in terms
of air fluxes, temperatures and contaminations. For all these reasons, such typology of
test platforms are nowadays commonly used to determine the emission factors of
selected friction couples.®*® Moreover, emission tests at the DB are more and more
frequently exploited also to collect emissions for their physico-chemical characterization,
cyto-toxicological studies and environmental assessment. &

1.6. Aim of the Thesis: Gap Analysis & Concept Map

This thesis work is specifically meant to integrate the previously cited
observational studies on the chemistry of the brakes emissions, creating a wider and
more comprehensive ensemble of compositional information. The main subject of the
work are brakes non-exhaust PMip emissions, since they can be collected in suitable
amounts for the chemical characterization in reasonable time and with affordable
economical effort. Nevertheless, coarser and finer particulates fractions are also
investigated, depending on the reported investigations. The final aim of this work is to
provide a wide, reliable and updated set of physico-chemical data as input source for
future environmental assessments, toxicological characterizations and source
apportionment studies. An overall summary of the main objectives of this thesis is listed
in Table 1.5: they are reported with specific reference to the main knowledge or
literature gaps which they are meant to fill.

Along the whole thesis, particular attention is paid in drawing the widest possible set of
correlations between the chemical composition of disc brake emissions and several
determining or influencing factors, such as the origin friction couple and the driving
conditions, which are usually less considered or explored in the current literature.
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Knowledge/Literature Gap Objectives Section
No information on the reproducibility level | Assess the intra bench and inter benches variability of elemental
of brakes emissions chemical composition composition, phase composition and dimensional profiles of Chapter 3
and granulometry as sampled in laboratory | particulates generated by the same friction couple in the same P
conditions test conditions
Limited knowledge of elemental Study the influence of the starting material composing the
composition of brake emissions, mostly friction couple on the elemental composition of the brakes Chapter 4
derived by punctual and observational emissions. Provide correlation with geographical and market P
studies distribution of different friction couples categories.
- . . Provide a wide characterization of compounds constituting the
Extremely limited information on the phase . , . .
o . brakes emissions and correlate their generation with the Chapter 5
compasition of the brakes emissions L - R
compositional characteristics of the origin friction couple
Friction couple category not commonly Characterize the influence of the starting material composing
recognized as influencing factor of brake the friction couple on the dimensional profile of the brakes Chapter 6
emissions granulometry emissions.
No information available on the correlation Assess the compositional differences in different dimensional
between cheical composition and different fraction of brakes emissions generated by the same friction Chapter 7
dimensional profiles of brakes emissions couple
Extremely limited information on the . . .
. . .. Understand how energy indexes from different braking cycles
influence of the driving conditions on the &Y &y Chapter 8

chemical composition of brake emissions

modulates the chemical composition of brakes emissions

Table 1.5: Summary of thesis objectives in relation with identified knowledge and literature gaps.
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At this aim, the chemical composition of PM1g particulate emissions generated by a wide
range of different materials couplings is widely characterized in terms of both elemental
and phase composition, respectively in Chapter 4. Elemental Composition Maps and
Chapter 5. Speciation. In particular, the chemical features of the investigated emissions
are put in correlation with the compositional features of the starting materials
composing five different categories of couplings, representative for both the current
standards in the automotive original equipment market and prototypal or pre-series
innovative solutions representing the next future developments in the friction industry.
In addition, the correlation with the corresponding geographical, market and future
diffusion of the same categories of couplings is also discussed. Similarly, also the
eventual correlations between the materials composing the tribological interface and
the particulates dimensional distributions are investigated and discussed in Chapter 6.
Size Distributions.

Each of the emissions analyzed in Chapter 4 to 6 and, more in general, along all the thesis
are obtained at the dynamometer bench with a limited number of test repetitions
(typically three for each sample) due to time and cost reasons. In spite of representing
simplified systems in comparison to real vehicles, DBs still remain complex mechanical
devices whose performances can be affected by several variables. Therefore, if the
tribological interaction in the friction couple and the experimental environment are not
kept constant over different tests, significantly different wear mechanisms and local
temperatures might be expected at the tribological interface. This can translate into the
generation of particulates exhibiting higher variability in different physico-chemical
characteristics, even if originated by the same braking rotor and pads and in the same
test conditions. At this regard, the first experimental investigation reported in this thesis
work (Chapter 3. Reproducibility Studies) widely explores the topic of the reproducibility
of the physico-chemical composition of braking emissions generated at the DBs, in order
to investigate the capability of these systems to ensure the generation of reproducible
particulates. This was thought to be of pivotal importance and interest in order to assure
reliable and consistent comparative assessments between particulates generated by
different friction couple and to provide univocal chemical information as input for
toxicological and environmental assessments as well as for source apportionment
studies.

As reported in the previous paragraphs, the physico-chemical characteristic of the
brakes emissions are complex and largely dependent on several variables. The
investigations reported in Chapter 4 and 5 demonstrate that the most determining for
the compositional features are the material composing the friction couple which
generate the corresponding emissions. However, other factors are found to exhibit
remarkable influence at least in modulating the assessed physico-chemical
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characteristics. In particular, the different dimensional fractions in which the
particulates are produced and the driving conditions (i.e. the overall energy density
dissipated by the braking system) are demonstrated to be able to significantly shift the
compositional profile of a specific emission. The corresponding results are reported in
Chapter 7. Dimensional Profiles vs. Chemical Composition and Chapter 8. Influence of the
Driving Conditions, respectively.

1.7. Remarks: What cannot be Found in the Thesis

This thesis is primarily focused on the physico-chemical characterization of non-
exhaust emissions generated during braking. Thus, all the chemical information reported
are kept disaggregated in respect with the emission factors and therefore expressed in
relative terms. For this reason, even if qualitative considerations are sporadically
reported on the emission level of different friction couples, no systematic data or point
to point correlations are provided. Nevertheless, several information can be found in the
dedicated literature, which is reported for each chapter. In addition, the generation of a
specific emission inventory for disc-brakes devices is currently under development and
will be largely based on the results reported in this thesis. It will become available once
the collection and measurement protocols will be fixed and validated on a legislative
level.

All the emissions characterized in the following chapters are produced by car disc-brake
systems, as described in Paragraph 1.3 and 1.4. Therefore, no other emissions are taken
into consideration. In particular, no emissions from motorbikes, heavy trucks or other
sources within and outside the road transport sector are assessed.

The dominant mass contribution to the brakes emissions is represented by solid particle
compounds, while liquid and gaseous species represent a far minority fraction. In
addition, most recent trends of product development in the friction material market are
focused on the substitution of the organic binders with inorganic compounds. For these
reasons, the chemical investigations reported in the next chapters are mainly devoted
to the characterization of the solid state fractions and, accordingly, to the inorganic
fractions. Nevertheless, since the organic fraction concur to determination of the
toxicological behavior of the brakes emissions, other internal research projects are
currently ongoing in Brembo S.p.A. to characterize more in detail the presence and the
distribution of these compounds.

Finally, no specific correlations or data on the toxicological characterization of the
investigated emissions are reported. However, a new PhD research project specifically
dedicated to these characterizations is starting exactly in the moment of the delivery of
this thesis, based on the collaboration between Brembo S.p.A., Politecnico di Milano and
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Istituto Ricerche Faramacologiche Mario Negri. This new research project will be based
on the results reported in this thesis as starting point to individuate most interesting
environmental and toxicological trends to be investigated and characterized in the next
four years.

Notes

§ = This thesis has been written just before the expected delivery of the EURO 7 new
regulation proposal (November 2022).

# = This thesis has been written slightly before the expected delivery of the new EU
Energy Performance of Building directive (January 2023).
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2. Experimental

This chapter is meant to collect all the analytical procedures adopted along this
thesis work. In particular, great attention is paid in the description of the chemical
characterization of the brakes emissions particulates. Nevertheless, also the
corresponding collection and preparation procedures are described.

2.1. Introduction

As already stated, this section describes all the procedures adopted for the
collection, the preparation and the physico-chemical characterization of the particulates
which are the subject of this thesis. A short description of the experimental procedures
related to specific investigations reported in the next chapters is always reported at their
beginning. Nevertheless, this section collects the most detailed information.

The experimental procedures specifically related to the collection of the brakes
emissions are not treated as a central topic in this work, since they have been widely
reported and discussed in the literature, thanks also to previous PhD projects developed
within the R&D department of Brembo.™? Nevertheless, a detailed description of the
devices used for the generation of brakes wear particulates is provided. In addition,
procedures for the suitable preparation of the particulates in relation to specific
analytical techniques adopted for their characterization are also discussed. Finally, a
wide description of all the analytical protocols adopted for the physico-chemical
characterization of the brakes emissions is reported as main topic of this chapter.

Generally speaking, the rationale behind the choice of the adopted analytical protocols
is always to maximize the amount of obtainable physico-chemical information, reducing
the number of test probes, with preferential attention to non-destructive techniques.
Indeed, brakes emissions in form of PMio, PM,s or ultra-fine particulates (UFP) are
usually collected in very low amounts (i.e. few milligrams to few micrograms) after
prolonged emissions tests (up to weeks) carried out on complex mechanical devices
which are used in industrial context for the development and the validation of series
products. Thus, the collected emission samples are obtained as a results of significant
investments in terms of both machine and human working time. Therefore, the intrinsic
high cost of these samples has to be properly compensated trying to extract as much
physico-chemical information as possible.

2.2. Brakes Emissions Generation and Collection

Most of the samples investigated in this thesis are generated during emissions
tests carried out at brake dynamometric benches. These testing platforms are
mechanical devices simulating a braking corner for a selected application (vehicle). They
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are able to recreate the inertia and the speed, i.e. the kinetic energy, of a target vehicle
and are usually programmed in order to perform predetermined sequences of brake
events. These sequences are usually referred as braking cycles, whose aim is to mimic
specific driving conditions. Therefore, their main advantages in respect with real vehicles
are: i) the lowest level of complexity; ii) the capability of generating and withstanding
comparable energies (differently from other typologies of tribometers, such as the Pin-
on-Disc benches); iii) the possibility of operating in laboratory (controlled) conditions,
thus strongly limiting environmental variables; and iv) an elevate degree of automation.
They have been historically used in the brake industry to test brakes performances and
comfort (i.e. noise and vibration), during both the development and the validation
phases in the production of new brakes.®! Nowadays, they are also frequently used as
tool to measure and rank brakes emission factors.*®! Conveniently, they can be also
exploited to collect brakes emissions to the specific aim of their physico-chemical
characterization, as proposed in this thesis. The major part of the emissions analyzed in
the following chapters are collected at a brake inertia dynamometer bench suitably
designed and optimized for brakes particulates collection and measurement. This
specific bench is currently located at the Testing Department of Brembo S.p.A. and a
detailed description of its features is already reported in the literature.!”! Nevertheless,
the next lines provide a summary of its most important characteristics, while Figure 2.1
and 2.2 report respectively a schematic diagram and a picture of the bench.

B-1

SO

Figure 2.1: Schematic representation of the test stand. OR: Outdoor room; B-1: bend tube 1; F: flow
measurement point and filter; BB: bigger box; T: tube; O1: first outlet gap; V: Venturi flow measurement
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tube; SO: sampling outlet; C: dust box chamber; A: air inlet opening; Cy: cyclone; B-2: bend tube 2; E:
emission collection and measurement devices.

Figure 2.2: Picture of the test stand. BB: bigger box (door open); T: tube; F: flow measurement point
and filter; C: dust box chamber; R: rotor ensemble.

As can be observed in both Figure 2.1 and 2.2, one of the main characteristics of this
bench is the enclosure which surrounds the braking corner. This is necessary in order to:
i) isolate the system from other spurious contributions from the environment; and ii) to
maintain the system in controlled conditions, with temperature and relative humidity
respectively fixed at 20°C and 50%. Another important feature is represented by the
inlet air flux, which is purified by a HEPA-H13 filter ensuring an average filtration
efficiency of the incoming air higher than 99.95%. Finally, the sampling outlet is
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specifically designed to maximize the efficiency of the aerosol samples extraction for the
full range of expected particle sizes. In order to do so, isokinetic sampling is obtained by
the use of a Dekati™ IP probe of 7.62 mm, equipped with four sharp edged nozzles to
ensure a high efficiency sampling. The isokinetic probe is positioned parallel to the air
stream with its tip inserted 5 cm inside the outlet sampling tube (T). This sampling line
ends into several different measurement and collection devices, prior dimensional
selection carried out by a Dekati™ PMyo cyclone. Therefore the probe can be
simultaneously connected to measurement instrument such as the Dekati™ ELPI+ and
DGl impactors, CPC and OPC counters. As far as the particulates presented in this work
are concerned, most of them were collected through a 47 mm diameter filter holder,
hosting high efficiency cellulose filters (Whatman™ RC58: diameter = 47 mm, pores <
0.20 um) which collects together all the particles with aerodynamic diameter lower than
10 um thanks to dimensional selection carried out by the cyclone, as showed in Figure
2.3. Therefore, most of the particulates collected for the studies presented in the next
chapter are PMjo emissions. However, for some specific studies, also materials with
different dimensional distribution profiles were collected (Chapter 7. Dimensional
Profiles and Chemical Composition). To do so, both Aluminum and Polycarbonate
collection substrates for ELPI+ and DGI impactors were exploited. In addition, also
coarser material (wear debris) falling to the cabin floor during the test is collected by
means of a metallic tray simply positioned directly under the braking corner.

Cyclone +

Aerosol tube PM10 impactor

N

Dparticle <1O|~lm

Cyclone +

Clean ,
Filter Holder 47mm

chamber

Particles mass

Dpamc\e <10Um

__________________________________

~ Dekati ® ELPI+

Particles
number

Sampling point
pling p .006 pm < Dyypige <10um

Figure 2.3: Schematic representation of the sampling line.

Chapter 3. Reproducibility Studies reports an assessment of the variability of the
chemical composition of particulates collected at three different dynamometer benches
in the same experimental conditions. To do so, in addition to the just described bench,
other two test platforms were employed. One of the additional bench is an updated and
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upgraded version of the platform described in the previous lines, which is recently
arrived and installed at the same Testing Department of Brembo S.p.A. This second stand
differs from the main one for the volume of the enclosure surrounding the braking
corner. In particular its enclosure has volume approximately one third of the first stand
enclosure. Due to this, air fluxes are typically increased in order to obtain suitable cooling
to match the temperature requirements of the adopted braking cycle. Finally, another
minor difference is represented by the relative orientation of the caliper in respect to
the air flux, which is optimized for the specific aerodynamic of the enclosure. The third
platform is located in the testing laboratory of another company, market leader for the
production of braking pads. For this bench, few details are reported for proprietary
reasons. This platform differs from the main one for the two following main features: i)
the air is taken prior HEPA-H13 filtration directly from indoor but not from controlled
environment, with temperature and relative humidity parameters possibly varying
respectively in the 18-25°C and 40-60% ranges; and ii) PM1o particulate is collected on a
47 mm filter located inside an eFilter™ (Dekati) instrument for the determination of the
particulate mass. For all the other relevant features, the three testing platforms are
closely similar and always compliant with the guidelines provided by the Particle
Measurement Programme (PMP) Informal Working Group for the generation, the
collection and the measurement of the brakes emissions.[®!

As already introduced, dynamometric benches are programmed for executing series of
predetermined braking events composing a braking cycle. These routines are usually
created to mimic overall driving conditions in ensembles of different situations, such as
urban, sub-urban, rural and highway traffic situations. As far as the particulates analyzed
in this work are concerned, most of the them were collected during emission bench tests
carried out when executing the “Worldwide-harmonized Light-duty vehicle Test
Procedure for Brakes” cycle, more conveniently abbreviated in WLTP-Brake along this
thesis.”! the WLTP-Brake is a time-controlled cycle composed by 303 brake events
divided into ten trips. The emission test duration is about 7.5 hours, comprehensive of
the cooling phases between trips. It is nowadays most commonly used for sake of
reference in the study of brake emissions, since it is based on a wide database of traffic
behavior in the European region, thus being considered extremely representative of a
global ensemble of braking profiles simulating standard driving conditions in EU. In
Chapter 6. Influence of the Driving Conditions, it is reported a comparative assessment
of the chemical composition of brake emissions generated by the same friction couple
but in different driving (i.e. braking) conditions. To do so, particulates produced also
during a different braking cycle are compared with the corresponding one generated
during the WLTP-Brake cycle. In particular, the other used cycle is the 3h-Los Angeles
City Traffic routine, abbreviated from this moment on in 3h-LACT.? This is a

temperature driven test, accounting for 217 braking events performed in a unique run
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during approximatively 3 hours. It is historically one of the first cycles proposed in the
dedicated literature as reference cycle to compare and rank emissions generated by
different braking devices. Table 2.1 and Figure 2.4 report respectively a comparative
summary of the main characteristics of the two cycles and the comparison of their speed
profiles. As can be appreciated mainly by the data reported in Table 2.1, the 3h-LACT
cycle is overall more energy demanding in respect with the WLTP-Brake counterpart.

3h-LACT WLTP-Brake
Duration approx. 3h approx. 7.5h
Average Initial Speed 53.6 km/h 41.5 km/h
Deceleration 0.2-29ms? 0.49-2.18 m s?
IBT 54-187°C 30-175°C
Number of Stops 217 303
Total Distance 145 km 192 km

Table 2.1: Comparative summary of parameters of interest for 3h-LACT and WLTP-Brake cycles.

160

3h-LACT
120 |

80

40

Speed / Km h-1

0 2000 4000 6000 8000 10000

| WLTP-Brake

Speed /km h

0 2000 4000 6000 8000 10000 12000 14000

Time / sec
Figure 2.4: Speed profiles of the two braking cycles used for the generation of brake emissions.

Independently from the cycle, the braking corner is composed by: i) a four piston fixed
Aluminum caliper with pistons diameter of 44 mm; ii) a fully pearlitic vented cast-iron
braking disc with diameter of 342 mm and 32 mm height (distance between internal and
external braking surfaces); and iii) a couple of pads with surface of 89.1 cm?. Thus, the
combination of the pads and braking disc geometry leads to an effective radius of 136.5
mm.
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2.3. Sample Preparation

Most of the collected particulates are obtained in form of powder deposited on
collection substrates. For some probes, no additional manipulation of the sample is
needed to proceed to the analysis. In particular, XRD, XANES, u-Raman analysis can be
carried out directly on the samples as collected. The composition of the collection
substrate should be taken into account to avoid spurious analytical contribution from
the substrate itself. For example, amorphous or highly disordered material are used for
the XRD analysis: target collection substrate for this probe are cellulose and
polycarbonate filters, while Teflon, Aluminum and inorganic filters are highly not
recommended due to their partial or complete crystalline nature. When assessing the
elemental composition of the samples, high purity filters are preferred, while Aluminum
or ceramic substrates are obviously not suitable due to their inorganic composition.
Similarly, when looking at the oxidation state of d-block metals by means of XANES probe,
high purity polymeric based filters have to be used. Therefore, emission samples
undertaking characterization by means of X-Ray probes were preferentially collected on
cellulose or polycarbonate substrates (respectively, RC58 Whatman™ and 23006
Sartorius™). Other analytical probes requires detachment of the collected particles in
order to obtain samples in form of free powders or to redeposit them on more suitable
substrates. The detachment is usually performed by sonication in suitable solvent
(usually isopropyl alcohol or acetone) and following recovery by centrifugation. Typically,
the collection filters are positioned inside a 2 or 5 mL glass vial and covered with the
solvent. Then the samples are sonicated at 35 kHz for times in the range between 1-10
minutes, depending on the specific collection substrate. Then, the collection substrate
is removed and the vial is put in centrifuge, typically at 3000 rpm for 3 minutes. After
the centrifugation step, most of the solvent is gently removed by hand, using a micro-
pipette. Finally, the remaining solvent is left overnight at room temperature in mild
vacuum conditions (20 mbar) to evaporate. In the end, a free powder of brakes
emissions is obtained. Then, the free powder can be used without any further
manipulation or, alternatively, it can be redeposited on other substrates. For instance,
in the case of SEM/EDXS characterization, a compact layer of emission powder is taken
with a fine tip metallic spatula and deposited by hand on an Aluminum stub covered
with carbon tape for electron microscopy. In the case of SEM image analysis for
granulometric characterization, the emission powder is resuspended in few mL of
isopropyl alcohol by sonication at 35 kHz for 10 minutes to obtain a diluted suspension.
Then, the dispersed particulates are slowly deposited by micro-pipette on polycarbonate
filters, in order to achieve the maximum possible separation between particles. Debris
samples were always analyzed without any specific manipulations, with the only
exception of a mild grinding homogenization of the collected material, which is carried
out by hand in an agate mortar.
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2.4. SEM/EDXS Analysis

Scanning electron microscopy is used as probe to assess qualitatively the
morphology and the granulometry of the collected samples. It is used in first place as
quick check control of the coherency of the dimensional distributions obtained in
respect with the sampling prior the chemical analysis. Then, the elemental composition
of the collected samples is investigated by the mean of the coupling with the Energy
Dispersive X-Ray Spectroscopy (EDXS) probe. In particular, a Zeiss EVO MA10 electron
microscope equipped with an Oxford Instrument INCA X-act silicon-drift detector (SDD)
with 10 mm? active area is used (Figure 2.5).

Figure 2.5: EVO MA10 Scanning Electron Microscope used for the morphological and chemical analysis.
The EDXS detector can be observed on the left side (front image).

SEM images are acquired first with secondary electrons (SE) in order to highlight the
morphological details of the particulates. Therefore, back scattered electrons (BSE) are
used in order to highlight the phase contrast and maximize the interaction volume
between the particles and the electronic beam during the acquisition of the EDXS
spectra. An example of typically collected images is reported in Figure 2.6.

All the measurements are performed using the following power parameters: V = 20 kV
and | = 300 pA. When chemical analysis is performed on PMio samples, five different
areas of 400 x 300 um are usually measured, and the obtained results are averaged in
order to obtain final concentration values together with the corresponding variability
index (standard deviation over five independent observations). Each emission spectrum
is acquired within the 0.1 — 20 keV energy range for 540 s, maintaining the detector
dead-time lower than 15%. All the emission spectra are acquired at the ideal working
distance (gun to sample surface) for the specific system configuration, at 8.5+ 0.1 mm.
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Figure 2.6: Comparison of SEM images acquired on a brake PMip sample by mean of secondary electron
(SE) and back-scattered electrons (BSE) detection at two different magnification (4000x and 8000x). a), c)
SE images, detail on the morphology of the particles; b), d), BSE images, detail on the phase contrast.

The SEM/EDXS probe is selected as tool for the development of all the comparative
assessments reported in this thesis, since it can provide analytical information on both
the granulometry, the morphology and the elemental composition of the investigated
samples. At the same time, as far as the elemental analysis is concerned, it is possible to
assess simultaneously a wide range of elements, ranging from Beryllium up to the
Uranium. In particular, the possibility of measuring also the lighter elements (Carbon
and Oxygen in particular) is one of the most important feature of the technique.
However, the accurate determination of elements with low atomic number (Z<10) is
always problematic with energy-dispersive spectroscopy (EDS) probes. This is
particularly true, if considering samples exhibiting also significant concentrations of
heavier elements possibly overlapping with their M- or L-peaks the K transitions of the
lighter elements. This is due to several reasons, including: i) the intrinsically low
resolution of the SDD-EDXS in the lower energies region; ii) the complexity of the
spectral background in the low photon energy region; and iii) the low fluorescence yield
in the lower energies region, leading intrinsically to corresponding low signal to noise
ratio. Therefore, in order to limit as much as possible the possible sources of error and
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to maximize both the reliability, the accuracy and the sensitivity of the method, the
developed protocol try to overlap as much as possible the guidelines provided by NIST
for good practices in EDXS micro-analysis.*" In particular, great attention is paid in
prepare measurement surfaces as compact, flat and even as possible (as shown in Figure
2.6), in order to minimize specimen geometry effects. Then, the measurement geometry
and conditions are always kept constant as reported in the previous lines. Finally, the
beam current is chosen to provide detector deadtime approximatively of 10% to
minimize the occurrence of pulse coincidence (i.e. sum peaks). The voltage is kept at
minimum possible values to assure correct production of emission X-ray for all the
interested transitions, while obtaining suitable penetration depth (estimated in the
order of 2 um for the system under investigation). The quantification is performed via
standard-less methods previously validated by empirical comparison with other direct
or standardized analytical methods (such as p-ED-XRF, ICP-OES, ICP-MS and C,0O-
Elemental Analysis). In particular, for most of the elements investigated, variabilities
between standardized and standardless measurements are typically maintained below
the 10%, including the Carbon. The element which is observed to exhibit the highest
level of variability is typically the Oxygen, which can reach relative errors in the order of
the 20%.

2.5a. Particle Size Distribution — SEM Image Analysis

The granulometry, or particle size distribution (PSD), of the collected PMg
samples is investigated via Scanning Electron Microscopy Image Analysis (SEM-IA) by
means of the Image] software suite to minimize the amount of material needed for the
dimensional characterization.*? More in detail, the particulates are characterized for
their maximum Feret diameter (Dmax). First of all, the investigated sample is suitably
prepared at the specific aim of obtaining redeposition of non-overlapping particles, as
diffusely described in Paragraph 2.3. The procedure is developed in following steps
(Figure 2.7). As first, SEM images of high quality, i.e., with particles well separated,
proper resolution and contrast between particles and background are acquired. Once
suitable images are obtained, the scale bar is registered in the ImageJ software. Then, a
fixed value of Threshold is fixed for each set of image to empathize the difference
between the objects of interest and the background. This step is followed by the image
binarization and dimensional analysis carried out by the mean of the Analyze Particles
function to obtain Dma values as parameter of interest. Dmax more precisely is calculated
as the longest distance between any two points along the particle selection boundary.
In order to obtain relevant statistics, at least five SEM images acquired at 4000x
magpnification are analyzed with the Imagel software following the procedure described
above. As the final result, at least more than 3500 particles, and typically more than 5000
particles, are in analyzed for each sample.
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Figure 2.7: SEM-Image Analysis procedure; a) acquisition of SEM image; b) Binarization; c) Particle
recognition and analysis.
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2.5b. Particle Size Distribution — Laser Diffraction Analysis

The granulometry of the Debris samples is investigated in terms of Particle Size
Distribution (PSD), via Laser Diffraction (LD) analysis. The technique is applied to those
samples, since they are typically collected in far higher amount in respect with the PM1g
counterparts. The LD measurements are carried out by the mean of the Fritsch
Analysette 22 NanoTec Plus laser particles sizer, equipped with one infrared and two
green lasers. Previously to the measurements the instrument is calibrated with standard
reference materials, in the dimensional range of interest (0.01 — 500 um). For each
sample, at least 10 mg of Debris powder are necessary to perform a single repetition of
analysis. For each sample, three measurement repetitions are carried out and averaged.
The analysis is performed in wet media (water), prior suitable stabilization of the
suspension by the mean of the addition of diluted solution of surfactants (Triton X).
Debris powders are dispersed and suspended in water via sonication and the final PSD
profile is calculated using on the basis of Fraunhofer model.!**!

2.6. X-Ray Diffraction (XRD) Analysis

X-Ray Diffraction (XRD) analysis is used as probe to investigate the phase
composition of the crystalline fraction of the collected particulates. The analysis is
performed directly on the samples as collected, without any further manipulation.
Collection filters are mounted over an polycarbonate hollow filter-holder, in order to
avoid any possible spurious contribution from the sample-holder itself in the collected
diffraction patterns. The major part of the reported XRD measurements are carried out
by the mean of the Rigaku SmartLab diffractometer, equipped with a 9 kW rotating
anode and Copper target (Kaicu = 0.154 nm), as shown in Figure 2.8. For all the
measurements, the maximum available power is used (V = 45 kV, | = 200 mA) and the 5-
90° 28 angular range is typically investigated in Bragg-Brentano configuration, with scan
steps of 0.02°. The collected particulates are measured with scan speed ranging
between 0.025°/min and 0.1°/min, depending on the amount of sample deposited on
filters (14 up to 56 h of measurement), aiming to collect at least 1000 counts for the
most intense diffraction peaks observed. All the samples are spinned during the
acquisition at the speed of 20 rpm in order to limit eventual preferential orientation
effects. The phase identification and analysis are performed by the mean of the ICDD
PDF4+ 2022 crystallographic database and the Rigaku PDXL 2 software.®** The list of
the crystallographic references selected for the phase identification and analysis is
reported in the Annex 2. Phase analysis and quantification are performed only on those
samples exhibiting XRD patterns with minimum intensity of 1000 counts on the most
intense peaks. When this condition is not fulfilled due to the low amount of material
collected on the collection substrate, then only the phase identification is performed.
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Phase analysis is carried out by means of Whole Powder Pattern Fitting (WPPF) method
(81 "using as refinement variables zero and scale parameters, lattice parameters, profile
parameters, crystal structures and preferential orientation factors.

Phase Identification Phase Quantification

Figure 2.8: XRD analysis performed on laboratory diffractometer directly on the collected samples,
without any additional manipulation. Depending on the amount of material collected on the filters,
different levels of analysis are possible.

A minor part or the XRD analysis reported in the following studies were carried out at
MCX beamline*”! of the ELETTRA synchrotron during ring operation at 2.4 GeV (Figure
2.9). XRD patterns are acquired at 15 keV and A = 0.0826(1) nm, in Debye-Scherrer
geometry, with beam spot kept at 1.0 x 0.3 mm. About 1 mg of PMy powders are gently
inserted and compacted inside standard glass Mark-tube for XRD diffraction

40



experiments with external diameter of 0.2 mm and wall thickness of 0.01 mm
(Hilgenberg™), filling the capillaries for at least 15 mm in height. The capillaries are
centered inside a 4-circle Huber goniometer and spinned at 3000 rpm during the
measurements. The detection of the diffracted beam is carried out by a high-count rate
fast scintillator counter equipped with a pair of slits with a vertical aperture of 0.3 and
0.4 mm, respectively. XRD patterns are acquired in the 26 angular range of 3-45°, with
0.01° steps and acquisition speed of 1 sec/step. Phase identification and quantification
are performed following the same protocol as described for laboratory XRD
measurements.

Figure 2.9: XRD analysis performed at the MCX beamline of ELETTRA Synchrotron. PMig samples are
prepared in capillary for the analysis.
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2.7. X-Ray Absorption Near-Edge Structure (XANES) Analysis

XANES analysis is used as probe to investigate the oxidation state of several d-
block metals of environmental and biological interest and assess their speciation. In
particular, X-Ray Absorption spectra are acquired at the K-edge of the following metals:
Ti (4966.4 eV), V (5465.1 eV), Cr (5989.2 eV), Mn (6539.0 eV), Fe (7112.0 eV), Cu (8978.9
eV)and Zn (9658.6 eV). The measurement of the selected K-edges was carried out in the
UHV chamber® available at the XRF beamline® at the ELETTRA Synchrotron in two
different experiments. PM1p samples are inserted directly into the measurement system
as collected, without any particular manipulation except of covering them with a thin
layer of transparent polycarbonate film in order to avoid the loss of powder inside the
high vacuum chamber (Figure 2.10).

Figure 2,10: PM1o samples inside the measurement chamber at the XRF beamline of ELETTRA Synchrotron.
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The raw data are processed using the procedures reported in Reference [20] for XAFS
data treatment including: i) pre-edge background subtraction, ii) post-edge bare ion
model definition; and iii) edge jump normalization. The data analysis is performed in two
following steps. First, a qualitative evaluation is performed by the mean of direct
comparison of the experimental XAS spectrum of a specific elements with those from
reference standard compounds of the same elements. When acceptable matching is
found, Linear Combination Fit (LCF) analysis is carried out with the best matching
standard compounds profiles in order to assess the relative abundance of the oxidation
states. Data treatment and analysis are performed by the mean of the Athena
software.!?!!

2.8. Raman Spectroscopy

Raman Spectroscopy (RS) is used in order to obtain some information on the
phase composition of the collected emissions when the ultra-fine particulates (UFP: d <
100nm) are investigated. Raman analysis is carried out by the mean of the Horiba
LabRAM HR, equipped with a solid-state laser source (A = 473 nm), as shown in Figure
2.11. The analysis is carried out directly on the collected samples, without any preventive
manipulation needed. The laser power is set nominally to 12.5 mW, since higher power
values are frequently found to damage the samples, leaving burnt micro-area after the
measurements. All the spectra are acquired with the 50x objective, which is found to be
the best magnification in order to maximize the signal to noise ratio. The acquisition
range is typically set in the range of 50-2000 cm?, and the high intensity grating (600 gr
mm?) is used to maximize the collected signal. For each spectrum, five to ten acquisition
integrations of 10-30 sec are merged together along the whole investigated frequency
range, to obtain suitable signal to noise ratios.

Figure 2.11: Raman spectrometer used for the characterization of the phase composition in UFP samples.
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The Raman probe is chosen after the X-Ray Diffraction (XRD) analysis for the assessment
of samples exhibiting low degree of long-range order (i.e. nano-particulates) which are
collected in very low amounts. The reason for this choice is to overcome the two main
limitation of the XRD probe as analytical probe, which are: j) the insensitivity to
amorphous materials; and ii) the relatively low detection limits, most of all when low
amounts of material are available. The phase identification is performed by direct
comparison with standard reference spectra in the RRUFF database.!??
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3. Reproducibility Studies

Reproducible generation, collection and physico-chemical characterization of
brakes emissions are necessary when comparing particulates generated by different
friction couples, brake designs or driving conditions. Furthermore, they are pivotal in
order to provide reliable chemical information for source apportionment studies as well
as for toxicological and environmental assessments. Non-exhaust particulates generated
by brakes are nowadays commonly collected at suitably designed variable inertia
dynamometer benches, during selected braking test cycles in controlled conditions to
avoid other contributions from the environment. In spite of being simplified models of a
single real car semi-axis corner, dynamometric benches for brakes emissions collection
still remain elaborate mechanical devices used for testing complex materials. Such
systems, when not carefully set and calibrated, can generate highly variable particulates:
if the tribological interaction is not kept constant over different tests, significantly
different local forces and temperatures might be expected at the tribological interface.
This can eventually result in the generation of particulates with different granulometry
and chemical composition, even if originated by the same braking device components.
Similarly, a good level of reproducibility in the chemical composition of brakes emissions
generated at different test benches is needed in order to assure that different
laboratories can provide univocal information. At this regard, the work here presented
explores for the first time the capability of a brake dynamometer bench dedicated to
emission tests to generate reproducible particulates. More in detail, the assessment of
both intra bench reproducibility over an extended period of time and inter bench
reproducibility between three different dynamometers are discussed. The reported
results are meant to provide a critical assessment on the variability of both the size
distribution and the chemical composition of the emissions generated by brakes in the
controlled environments typically used for their generation, measurements and
collection.

3.1. Aim of the Study

Brakes dynamometer benches are mechanical devices simulating a braking
corner for a selected application. They are able to recreate the inertia and the speed, i.e.
the kinetic energy, of a target vehicle and are usually programmed in order to perform
a predetermined sequence of brake events, composing a braking cycle to mimic specific
driving conditions. Therefore, their main advantages are: i) the lowest level of
complexity in respect to a real vehicle; ii) the capability of generating and withstanding
energies comparable to those developed by real vehicles (differently from other
tribometers such as the Pin-on-Disc benches); iii) the possibility of operating in
laboratory controlled conditions, therefore strongly limiting environmental variables;
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and iv) an elevate degree of automation.!** They have been historically used in the brake
industry to test brakes performances and comfort (i.e. noise and vibration), during both
the development and the validation phases in the production of new brakes.“”!In the
recent past, they have been progressively used more and more frequently also for
fundamental studies, mainly related to tribology and emissions topics.®*% In particular,
they have been widely employed to generate brakes emissions with the aim of
characterizing the emission factors of automotive disc brake systems.***8 At this regard,
they are expected to become an even more fundamental tool in the development and
certification of brake solutions targeting low emission levels in the next future.
Nowadays, they are also used more frequently as tool to collect sufficient amounts of
brakes emissions for environmental assessment and toxicological studies.**?! For all
these reasons, referring to a specific friction couple, the generation of brake particulate
and its physico-chemical characteristics have to be assured as constant and stable as
possible over time and different testing benches or laboratories. Indeed, a good level of
reproducibility in the generation and the collection of brakes emissions is fundamental
to obtain reliable and univocal information on both the emission factors and the
chemical composition of particulates generated by brakes. However, in spite of being
simplified models of single braking corners, variable inertia dynamometric benches still
remain complex mechanical devices testing heterogeneous materials. They have to be
properly set and calibrated to ensure optimal working: indeed, if the tribological
interactions are not kept constant over different tests performed on the same
components, significantly different local forces and temperatures might be expected at
the tribological interface, possibly leading to the generation of different amounts of
particulates exhibiting different granulometries and chemical compositions. In addition,
other levels of complexity to be taken into account in the case of emission tests carried
out at the dynamometric bench are the laboratory environment as well as the collection
devices, which have to assure constant sampling efficiency and reproducibility. For all
these reasons, this chapter is meant to provide detailed insights into the topic of the
reproducibility of brakes emissions physico-chemical characteristics, such as their
elemental composition, phase composition and granulometry. More in detail, both intra
bench variability over extended period of time and inter benches variability over three
different test platforms are investigated and discussed in the next paragraphs. Thus, the
study reported here is meant to provide a critical assessment on the reproducibility of
both the size-distribution and the chemical composition of the emissions generated by
brakes in controlled environments typically used for their generation, measurements
and collection. Therefore, the final aim of this section is to understand if statistically
limited number of independent observations can be used in order to: i) draw general
comparative assessments between particulates generated from different materials
composing the friction couple or particulates obtained in different braking conditions;
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and i) obtain univocal chemical information as input for source apportionment,
environmental and toxicological studies, when assessing a specific brake emission.

3.2. Experimental

The next paragraphs briefly describe all the experimental details of interest for
the reported study. In particular, description of the starting materials, the collection
procedures, the different test bench and a short summary of the adopted analytical
protocol are provided. More detailed description of the procedures for the sample
preparation and the physico-chemical analysis can be found in Chapter 2: Experimental.

3.2.1. Materials

The friction couple used for this investigation is composed by a full pearlitic gray
cast-iron (GCl) braking disc (BD) and a Low-Steel (LS) and Copper-free friction material
(FM) compliant with the ECE R90 regulation. The nominal elemental composition of the
cast-iron, as well as of the selected friction material, is reported in Table 3.1.

GCI BD LS FM

Element wt% Element wit%
c 3.7 C 50.8

Si 1.9 (0] 22.3
Mn 0.5 Mg 4.3
Cu 0.2 Al 2.3
Cr 0.1 Si 1.1
Fe balance S 1.9
Others traces Ca 0.7
Cr 1.1

Fe 11.6
Zn 0.7
Sn 2.9

Others traces

Table 3.1: Summary of the nominal elemental composition of the materials composing the friction couple.
Elements with concentration lower than 0.1 wt% are not reported for sake of brevity.

3.2.2. Samples Collection and Experimental Design

Emission samples are collected on suitable substrates in form of PMjg
particulates at variable inertia dynamometric benches designed for emissions collection
during tests performed in controlled conditions at three different testing platforms. The
three benches are labeled as B1, B2 and B3 along the next paragraphs. More in detail,
the particulates are sampled during the execution of the Worldwide harmonized Light-
duty vehicles Test Procedure for brakes, namely WLTP-Brake cycle, featuring 303 brake
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events divided into ten different sectors. The emission test duration is about 7.5 hours,
comprehensive of the cooling phases between different sections.? For all the
performed tests, the braking corner is composed by: i) a four pistons fixed Aluminum
caliper, with pistons diameter of 44 mm:; ii) a vented braking disc with diameter of 342
mm and thickness of 32 mm; and iii) a couple of brake pads with surface of 89.1 cm?.
Tests are performed with inertia of 72.67 kg m?.

The intra bench variability study is performed on the B1 test platform, located at the
Testing Department of Brembo, which is also the one used for the generation and the
collection of the vast majority of the particulates investigated in the entire thesis. Amore
detailed description of this bench can be found in Chapter 2. The inter bench variability
study is carried out comparing particulates coming also form the other two
dynamometric benches. In particular, B3 platform is an updated and upgraded version
of B1 bench, recently arrived and installed at the same department of Brembo. Finally,
B2 platform is located in the testing laboratory of another company, market leader for
the production of braking pads.

As far as the B1 platform is concerned, during the emission test, a controlled particle-
free air flux of 65 m® h! enters the brake enclosure in order to fulfill the temperature
targets, as suggested by the more recent guidelines from the Particle Measurement
Programme (PMP) Informal Working Group!?®, prior a specifically tailored calibration run
carried out before the bedding phase. The air flux is filtered through a HEPA-H13 filter
which ensures an average filtration efficiency higher than 99.95%, while all the bench
ensemble is kept in controlled environment at temperature of 20°C and relative
humidity of 50%. The collection of the PM1o emissions is carried out by an isokinetic
sampling-probe, equipped with sharp edged nozzles to ensure a high efficiency sampling.
This sampling line ends into a filter holder which hosts a high efficiency cellulose filter
(diameter = 47 mm, pores < 0.20 um), which collects together all the particles with
aerodynamic diameter lower than 10 um thanks to dimensional selection carried out by
a cyclone. B2 platform differs from the Bl counterpart in the two following main
features: i) the air is taken prior HEPA-H13 filtration directly from indoor but not from
controlled environment, with temperature and relative humidity parameters possibly
varying respectively in the 18-25°C and 40-60% ranges; and ii) PMjo particulate is
collected on a 47 mm filter located inside an eFilter™ (Dekati) instrument for the
determination of the particulate mass. Finally, B3 test platform differs from the Bl
counterpart for the volume of the enclosure surrounding the braking corner. In
particular B1 enclosure has volume approximately three times higher in respect with B3.
Due to this, air flux in B3 is increased to the value of 350 m*® h™* in order to obtain suitable
cooling to match the temperature requirements of the WLTP-Brake cycle. In addition,
another slight difference in B3 is the orientation of the caliper in respect to the air flux,
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which is optimized for the specific aerodynamic of the enclosure. For all the other
relevant features, including sampling probes and measurement devices, B1 and B3
platforms are closely similar.

3.2.3. Analytical Protocol

The obtained samples are analyzed in order to characterize their granulometry
and chemical composition by the mean of different techniques. In particular, the
elemental composition of the collected PMig samples is investigated by the mean of the
Energy Dispersive X-Ray Spectroscopy (EDXS) probe, following the procedures already
described in Chapter 2. The phase composition of the crystalline fraction of the
investigated emissions is evaluated by the mean of X-Ray Diffraction (XRD) and the phase
guantification is carried out by means of the Whole Powder Profile Fitting (WPPF)
method. Finally, the granulometry of the collected material is investigated by the mean
of Scanning Electron Microscopy Image Analysis (SEM-IA). XRD analysis is carried out
directly on the collection filters, without any further manipulation of the samples.
Conversely, SEM/EDXS/IA analysis are performed after suitable sample preparation.
More in detail, the collected PMjp powders are stripped from the collection substrates
by sonication in 5 mL of isopropyl alcohol at 35 kHz for 10 minutes. The suspended
particles are then recollected by centrifugation at 3000 rpm for 3 minutes and finally
dried overnight in mild vacuum conditions (20 mbar) before the analysis. When analyzed
for the elemental composition, the free emission powders are deposited well
compacted on carbon-tape for electron microscopy analysis. Conversely, when image
analysis is performed, 1 mg of emission powder is resuspended in isopropyl alcohol via
sonication and then deposited on polycarbonate filters by mean of a micro-pipette in
order to maximize the dispersion of the particles on the substrate.

3.3. Intra Bench Assessment

This paragraph describes in detail the study of the variability of PM1o particulates
granulometry and chemical composition generated on the B1 test platform over an
extended period of time and a significant number of tests. The results here reported are
meant to sustain and corroborate the validity of the comparative assessments of
emissions generated from different starting materials and in different driving (i.e.
braking) conditions, which are discussed in the next chapters.

3.3.1. Investigation Design

The selected friction couple is tested fourteen times in three distinct test blocks
over a period of six months. Both the BDs and the FMs are picked from a unique
production batch and each emission test is performed starting with new components,
following all the guidelines from the PMP Informal Working Group.?® Each test
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generates one particulate sample collected on 47 mm diameter cellulose filter (labeled
as PMio-n). As summarized in Table 3.2, ten samples are used for the chemical analysis
(EDXS and XRD), while four samples are used for the assessment of the particle size
distribution (PSD) via image analysis (IA).

Block 1 Block 2 Block 3
Months 1-2 Months 3-4 Months 5-6
PM1w PMiw PMip PMw | PMww PMiw PMww PMiw PMi PMio | PMio PMi PMi PMipo
-1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 -13 -14
EDXS  EDXS - EDXS | EDXS - EDXS  EDXS - EDXS | EDXS EDXS - EDXS
XRD XRD - XRD XRD - XRD XRD - XRD XRD XRD - XRD
- - 1A - - IA - - IA - - - 1A -

Table 3.2: Summary of the collected samples and corresponding performed characterizations.
3.3.2. Elemental Composition

Figure 3.1 reports the elemental distribution as observed for the PM1o-1 sample
as representative example for all the analyzed particulates, while all the measured
elemental concentrations are reported in Annex 3.
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Figure 3.1: Elemental distribution in PM1o-1 sample. Blue histograms represent the distributions obtained
in the five measured areas, while the green histogram is the average of the independent observations.

For each particulate, five independent observations are carried out, and their
average values are reported together with the corresponding standard deviations along
this chapter. As can be observed in Figure 3.1, the particulate generated by the selected
FC (GCI BD + LS FM) is mainly composed by three dominant elements: Iron, Oxygen and
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Carbon. They account together for about the 90% of the total particulate mass. The
remaining 10% is composed by a wide dispersion of secondary elements, which are
found in minor amounts (typically between 2 and 0.01 wt%). As can be guessed by
looking at the nominal composition of the materials composing the friction couple (Table
3.1), Iron likely arises preferentially from the wear and the tribo-oxidation of the brake
disc. However, significant contribution can be due to the friction material, too. Similarly,
Oxygen has double origin: for sure, part of it arises from the consumption of the friction
material, and more in detail from inorganic oxides, alumino-silicates, carbonates, etc.,
typically used as fillers or abrasives; on the other side, significant amount of Oxygen can
be expected to be due to the tribo-oxidation occurring at the interface between BD and
FM. Carbon, represents a more specific marker for the consumption of the friction
material, since it is largely contained in form of organic binders (phenolic resins),
elemental fraction (Graphite and Cokes as solid lubricants) and inorganic compounds
(such as carbides and carbonates, respectively used as abrasives and fillers). However, a
minor but not negligible contribution form the Graphite of the BD grey cast-iron has also
to be taken into account. Finally, secondary and trace elements are mainly due to the
consumption of the friction material, with only few exceptions. In particular, among
these elements, only Si, Cr and Cu can be due to the consumption of both BD and FM.
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Figure 3.3: Elemental distribution over the ten investigated PM1o samples.

Figure 3.2 shows one EDXS spectrum for each investigated particulate. In addition, Table
3.3 and Figure 3.3 summarize the elemental concentration and distribution of the main
constituents of the collected particulates, i.e. Fe, O, C and the sum of all the other
elements (labeled as “Others” from here to the end of the chapter).
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wt% 1 2 4 5 7 8 10 11 12 14 | Av. SD V%

Fe 549 553 561 551 539 549 553 541 547 546|546 18 33

0 268 273 266 277 276 280 270 279 275 275|274 12 44

C 94 94 97 101 108 99 1041 105 110 96 |101 08 79
Others 89 80 76 71 77 72 76 75 69 82 - - -

Table 3.3: Summary of the measured elemental concentrations for the main constituents. Concentrations
values are expressed in wt%. Av. = average; SD = standard deviation; v% = percentage variability. Since it is
an aggregated data, statistical parameters of Others are not evaluated in this section.
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Figure 3.3: Elemental distribution over the ten investigated PM1o samples.

As can be qualitatively observed, the overall variability of the main components along
the different tests is limited. Consequently, their relative abundance within the
particulates remain stable and reproducible along all the tests. For sake of a more
detailed and statistical evaluation, box plots reporting the comparison of the measured
concentrations for all the investigated particulates are also showed in Figure 3.4. In
addition, Anova assessment of the average elemental concentrations is proposed in the
following tables 3.4-3.6 for Iron, Carbon and Oxygen. As can be observed from all the
reported data, no statistical differences are found in the case of the Iron and Oxygen
concentrations. These two elements exhibit overall variability well below the 5% of their
global average concentrations. Conversely, modest statistical differences in the Carbon
concentrations are highlighted by the corresponding Anova analysis. However, the
observed differences are extremely limited, with overall variability representing
approximately the 8% of the global average concentration.
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ANOVA Test Table - Iron

Variation Source  Sum Sq DF Mean Sq F-Value P-Value F-Crit
Between 31.315 9 3.479 1.150 0.352 2.124
Within 120.999 40 3.025
Total 152.314 49

Table 3.4: One way ANOVA test table for Iron concentrations. Since F-Value parameter is found lower than
the F-Critic value, the stated hypothesis (Fe concentrations statistically equivalent along all the
particulates) is accepted.

ANOVA Test Table - Oxygen

Variation Source  Sum Sq DF Mean Sq F-Value P-Value F-Crit
Between 10.454 9 1.162 0.704 0.701 2.124
Within 65.950 40 1.649
Total 76.403 49

Table 3.5: One way ANOVA test table for Oxygen concentrations. Since F-Value parameter is found lower
than the F-Critic value, the stated hypothesis (O concentrations statistically equivalent along all the
particulates) is accepted.

ANOVA Test Table - Carbon

Variation Source  Sum Sq DF Mean Sq F-Value P-Value F-Crit
Between 13.760 9 1.529 4.038 0.000973 2.124
Within 15.144 40 0.379
Total 28.904 49

Table 3.6: One way ANOVA test table for Carbon concentrations. Since F-Value parameter is found higher
than the F-Critic value, the stated hypothesis (C concentrations statistically equivalent along all the
particulates) is rejected.

Looking more in detail at the other elements, it is possible to appreciate a similar
situation in respect with the main constituents. With only few exceptions, all the
secondary elements qualitatively exhibit overall stable and constant concentrations in
all the investigated particulates, as can be observed in Figure 3.5 and Table 3.7. However,
with the only exception of Mg, all the other secondary elements are found to exhibit one
average concentration statistically different along the ten investigated particulates at
the ANOVA evaluation. Nevertheless, the vast majority of these secondary elements
exhibits extremely limited variability, well below the 10%. The only elements exceeding
this value is Sn, with relative variability approximately around the 12%, therefore being
the element with the overall lower degree of reproducibility in the intra bench
assessment here reported.
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Figure 3.5: Average elemental concentrations in wt% of secondary and minor elements in the investigated
particulates. Only elements with concentration higher than 0.5 wt% are showed. Error bars intervals are
expressed by the corresponding standard deviations in form of average #* standard deviation.

wi% 1 2 4 5 7 8 10 1 12 14 | Av. SD  v%
Sn 20 18 17 15 17 15 16 16 15 21 | 17 02 121
Si 149 139 127 127 120 123 128 125 130 135|130 008 6.3
Mg 130 129 129 119 123 117 124 121 118 127|124 005 38
Al 131 121 117 106 117 105 109 113 114 116|115 007 623
S 089 079 070 067 073 071 072 073 068 072|073 006 84
Cr 076 066 064 058 065 060 061 064 058 063|063 005 7.6

Table 3.7: Summary of the measured elemental concentrations for secondary elements with
concentration higher than 0.5 wt%. Concentrations values are expressed in wt%. Av. = average; SD =
standard deviation; v% = percentage variability. The complete dataset is reported in Annex 3.

3.3.3. Phase Composition

Moving towards the phase composition, XRD analysis was selected as
investigation probe. Since the major part of the investigated particulate (90 wt%) is
made by Iron, Oxygen and Carbon, and due to the specific composition of the tribological
interface, a significant presence of Iron oxides and elemental carbon might be expected
within this brake emission. Figure 3.6 shows the experimental XRD pattern measured for
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each investigated PMio particulate, following the analytical protocol reported in the
corresponding section in Chapter 2. As can be clearly observed, several diffraction peaks
can be spotted in the investigated angular range, testifying the presence of crystalline
phases. Notably, the positions of the diffraction peaks and their relative intensity ratios
are well reproducible in all the investigated samples. For this reason, as far as the
crystalline fraction is concerned, it is possible to state an overall reproducible phase
composition of the collected emissions. Another interesting observation is related to the
width of the diffraction peaks, which are mostly broad with the only main and constant
exceptions of two narrower peaks at about 25.5, 26.5 and 44.6°. This testifies the
reproducible presence of at least two crystalline phases having coherent diffraction
domains (i.e. powder grains) characterized by different crystallinity: lower for the
phase(s) with broader peaks and higher for the phase(s) with narrower peaks.
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PM10-5
PM10-7
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100
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Figure 3.6: Experimental XRD pattern measured for the PMyo particulates collected for the intra bench
variability study.

Phase identification performed on the collected XRD pattern unveils that the crystalline
fraction of the investigated emissions is composed by a mixture of the following phases:
i) Fes04 (Magnetite, main phase); ii) Fe,03 (Hematite, main phase); iii) a-Fe (metalliciron,
secondary phase); iv) Graphite (secondary phase); and v) SnS (Tin sulfide, trace phase).
The attribution of each diffraction peak is reported in Figure 3.7, while the
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corresponding crystallographic references from ICDD Database PDF4+ 2022 are
reported in Table 3.8. To be highlighted that the same references and crystallographic
models are used in every XRD phase analysis reported in this thesis, whenever Iron, Iron
oxides, Graphite and Tin sulfide are observed. As can be observed, metallic Iron,
Graphite and Tin Sulfide are characterized by narrower peaks in respect with the Iron
oxides polymorphs. This observation infers a lower degree of crystallinity for those
compounds which are generated by thermal modification (i.e. the oxidation occurring at
the tribological interface), in respect to particles generated by direct abrasion.
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Figure 3.7: Identification of the phases composing the crystalline fraction of the investigated PM1o
particulates generated by the selected friction couple.

Phase Compound Crystallographic Reference (ICDD)
FesO4 Magnetite 04-015-9120
Fe203 Hematite 04-015-7029
o-Fe Ferrite 04-014-0360
C Graphite 00-041-1487
SnS Tin Sulfide 04-016-6156

Table 3.7: Crystallographic references from ICDD database PDF4+ 2022, as used in phase identification and
phase analysis.
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Finally, the crystallographic references reported in Table 3.7 are used as starting models
to fit the collected XRD experimental data for phase analysis by means of the WPPF
method, following the procedure described in the corresponding section of Chapter 2.
Figure 3.8 reports an example of fit as obtained for the PM1o-1 sample.
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Figure 3.8: XRD pattern refinement for PM1o-1 sample via WPPF method. i) Black profile: experimental
pattern; ii) red profile: calculated model; jii) pink profile: residuals between experimental data and
calculated model; iv) vertical bars: crystallographic references. a-Fe, Fes04, Fe,05 and C reference bars are
respectively reported in blue, green, red and yellow.

Table 3.8 summarizes the obtained results in terms of relative abundance of the
identified phases. SnS is not reported since it is always found in between the detection
and quantification limit of the technique, around the 0.5 wt%. Figure 3.9 helps in
visualizing schematically the variability of the main and secondary phases. As can be
observed in both the summary table and the following graph, the two Iron oxides
(Magnetite and Hematite) are the dominant phases. Conversely, metallic Iron and
Graphite are found in secondary amounts, while the Tin sulfide is always observed in
trace amounts. The overall absolute variability obtained by phase analysis for all the
assessed compounds is found to be around in the 2-3 wt% range. This translates in an
extremely limited percentage variability when looking at the main phases (around 6 and
11% for Magnetite and Hematite, respectively). Conversely, the secondary phases
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suffers of higher percentage variability, being around the 30% of their overall
concentration for both the metallic Iron and the Graphite.

PM;;n  Fe,0,/wt% Fe,0,/wt% aFe/wt% C/wt% Rup/ %
1 55.7 27.8 7.9 8.6 5.32
2 614 316 5.0 2.0 7.67
1 51.7 33.9 8.9 5.5 3.69
5 60.6 25.2 8.9 5.2 5.08
7 56.7 32.5 5.1 5.7 3.88
8 56.2 25.7 8.9 9.2 4.36
10 54.3 29.2 10.9 5.6 4.20
11 55.3 32.0 4.9 7.8 4.80
12 55.1 28.2 7.0 9.8 6.06
14 57.2 25.7 7.3 9.8 4.38
Average 56.4 29.2 7.5 6.9 4.94
SD 2.9 3.2 2.0 2.5
v% 5.1 10.8 27.1 36.6

Table 3.7: Summary table of the phase concentration along the PM;o samples generated in the different
tests. Average concentrations are also reported together with the corresponding standard deviations (SD)
and percentage variability (v%).
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Figure 3.9: Variability of the phase concentration along the different investigated particulates. Dashed
lines represent the overall averages and are reported for sake of comparative evaluation.
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Notably, all these findings are in excellent agreement with those obtained from the
elemental analysis, reporting the dominant presence of Iron, Oxygen and Carbon.
Therefore it can be stated that the phase composition of the crystalline fraction of the
investigated emissions fits very well their elemental composition. In addition, phase
analysis unveils further interesting details anyway not obtainable. For instance, it is
clearly possible to observe that the vast majority of the generated Iron is oxidized, while
only an overall minor fraction still exhibits metallic character after its emission in
environment. Looking at the Carbon concentration, it is possible to observe that
Graphite is found around the 7 wt% on a global basis, while slightly higher amounts of
Carbon are detected at the elemental analysis (around 10 wt%). This is coherent with
the additional presence of Carbon in the PM1p emissions in forms typically not detectable
by the XRD probe, such for instance the organic Carbon arising from the degradation of
the organic binders in the friction materials. Finally, eventual crystalline phases related
to minor and trace elements are in general not observed. Indeed, their very low
concentrations makes them hardly detectable at the XRD probe, most of all considering
the overall extremely limited amounts of material collected on the filters (which was in
the order of few milligrams for each test). Nevertheless, some exceptions might be
expected in the cases of particularly crystalline compounds and/or materials having high
electronic density, such in the case of several sulfides typically used as lubricants in the
friction composites. For instance, the Tin sulfide reported in these emissions represents
a good example of what just stated: in spite of being hardly quantifiable with precision
and good reproducibility, it is at least possible to confirm its presence within the
particulates.

3.3.4. Particle Size Distribution

Finally, the particle size distribution (PSD) of the collected particulates is also
evaluated. For this reason, in between the samplings of material for the chemical
characterization, four tests were dedicated at the specific aim collecting material for the
investigation on the reproducibility of the particulates granulometry. Samples collected
at this aim are PM1¢-3, -6, -9 and -13 samples, as reported in Table 3.2. The PSD of the
investigated particulates was characterized by SEM image analysis, following sample
preparation and analytical protocol reported in Chapter 2. In particular, the dimensional
distributions are reported following the dimensional ranges of the ELPI+ impactor, with
the main difference represented by the use of the maximum diameter (Dmax) instead of
the d50 parameter. To be noted that dimensional ranges lower than the resolution of
the electron microscope used for the characterization are not reported. Therefore, the
ultra-fine particles (UFP) are categorized in a unique dimensional range, i.e. below 170
nm. Table 3.8 summarizes the percentage appearance frequency of particulates in the
corresponding dimensional ranges, while Figure 3.10 reports the graphical
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representation of the PSD comparison carried out between the four investigated
particulates.

Do/ MM PM, -3 PM, ;6 PM,; 9 PM,,13 Average SD
0.17 12.8 12.6 17.5 12.0 13.7 2.5
0.31 15.9 18.5 22.1 17.7 18.5 2.6
0.6 33.9 28.7 31.1 333 31.7 2.4
0.9 16.3 15.6 13.0 16.3 15.3 1.6
1.6 14.1 13.3 12.3 14.4 135 1.0
2.5 5.1 6.9 3.1 4.7 5.0 1.6
3.65 1.6 2.1 0.8 13 1.5 0.5
5.36 0.3 1.7 0.1 0.3 0.6 0.7
9.87 0.1 0.6 0.0 0.0 0.2 0.3
TOT 100.0 100.0 100.0 100.0 100.0

Table 3.8: Summary table of frequency appearance of particles exhibiting Dmax lower than the
corresponding limit value. Average results and corresponding standard deviations (SD) are also reported
for each dimensional range.
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Figure 3.10: Comparison of the obtained PSD profiles for the investigated PM1o particulates.
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As can be clearly observed by the graphs reported in Figure 3.10 as well as the results
reported in Table 3.8, the majority of the collected PMio particulates are composed of
particles having dimensions lower than 2.5 um (more than 95% of the observations),
while only a limited amount of particles shows dimensions comprised between 2.5 and
10 microns. UFP represents in all the four investigated samples about the 15% of the
total observations. More in detail, it is possible to observe that all the PSD profiles are
characterized by extremely similar behavior, with the main frequency peak localized
around 0.6 um and a subsequent shoulder in the range of 0.9-1.6 um. The overall PSD
profile is reported in Figure 3.11 as average for each selected dimensional range. As can
be observed, highest relative variabilities are observed in the higher dimensional ranges.
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Figure 3.11: Overall PSD as obtained by averaging results from the four observed particulates. Error bars
represents = o (standard deviation).

3.4. Inter Benches Assessment

Similarly to the study carried out for the intra bench assessment, the chemical
composition and the granulometry of the PMjo brakes emissions collected at three
different dynamometric benches are compared in order to assess inter platforms
variability. The detail of the three compared benches are reported in Paragraph 3.3.2.
The PSD profiles are compared only between particulates generated by B1 and B3
benches, since for the B2 platform only one emission sample was available for the study
and therefore used for the chemical characterization. For this reason, together with the
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PSD profiles, also SEM images of the collected particulates are reported, in order to
provide at least qualitative observation of the samples granulometry. Results from B1
platform are always reported as the global average of the results obtained from the intra
bench assessment study, while results from B2 and B3 tests arise from more limited
independent observations. Thus, it is to be considered that the three datasets have
different statistic weight.

3.4.1. Elemental Composition

Figure 3.12 shows the comparison between the average elemental
concentrations of the main constituents observed for the particulates generated at the
three different platforms. In order to provide a more detailed picture of the comparison,
the distribution of the independent observations of the main components elemental
concentrations are also reported in the box plots in Figure 3.13. Finally, the average
concentration results are listed in Table 3.9. As can be observed, the overall elemental
distribution profile is extremely similar in all the three cases, with very similar relative
abundance ratios between the main constituents. When present, only modest
differences can be observed. In particular, PM1g sample collected on B3 exhibits a slightly
lower concentration of Oxygen and slightly higher of other elements in respect with the
counterparts from B1 and B2. Conversely, the particulate collected on the B1 platform
was found to have slightly lower average concentration of Carbon in respect with the
counterparts from B2 and B3.
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Figure 3.12: Comparison of the elemental distributions of the PMaq particulates from B1, B2 and B3.
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Figure 3.13: Comparison of the dispersion of the main constituents elemental concentrations for the investigated PM1o particulates. Box plots for Iron, Oxygen,
Carbon and the sum of the other elements (Others) are reported respectively in grey, green, yellow and red scale.
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B1 B2 B3
Element wt% SD wt% SD wt% SD
Fe 54.6 1.8 54.5 1.3 54.1 1.0
0 27.4 1.3 27.1 1.1 25.8 0.7
C 10.3 0.8 11.0 0.4 11.6 0.3
Others 7.7 0.6 7.4 <0.1 8.5 0.1

Table 3.9: Summary table of the global average concentrations for the main constituents composing the
PM1o emissions collected at the three different benches, together with the corresponding standard
deviations (SD).

As can be spotted by visual inspection of the reported box plots, the observed variability
is anyhow extremely limited. Indeed, even if the overall averages can exhibit some
modest differences, most of the specific dispersions of the measured concentrations
always reside within the global dispersions for each selected constituent. The only partial
exception is represented by the Carbon from B3 platform, whose higher part of the
concentrations dispersion exceed both the dispersions of concentrations from the
counterparts generated at B1 and B2 benches.

Finally, also secondary elements are evaluated. At this aim, Figure 3.14 shows the
comparison between elements with concentration higher than 0.5 wt%, while Table 3.10
summarizes all the average concentrations as well as the corresponding standard
deviations. The complete datasets are reported in Annex 3. Similarly to the main
constituents, the global situation for minor components depicts an overall good level of
reproducibility, with extremely similar values and relative ratios between the different
assessed elements. Among all the secondary elements, only Tin shows a slightly higher
level of variability. In particular, Sn as measured in B2 sample shows a dispersion of
concentration values which always lower in comparison to both the counterparts from
B1 and B3 platforms. Sulfur and Chromium from B3 sample exhibit concentrations
dispersions which are higher than the one from B2 sample, while remaining within the
range in respect with the B1 particulates. In turn, Sulfur and Chromium concentrations
in B2 particulate still remain within the range in the lower part of the overall
concentration values dispersion of B1 samples. Conversely, Silicon, Magnesium and
Aluminum exhibit concentration values dispersions which are mostly completely
overlapping. Taking all these observation together, it is possible to state an overall low
level of variability also between the minor components, when assessing particulates
generated by the same friction couple, during the same braking cycle, but with emission
tests carried out on different dynamometric benches. More in detail, relative variabilities
for secondary elements are rarely found exceeding the 10% of their corresponding
average concentration values.
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Figure 3.14: Comparison of the secondary element distributions of the PM1g particulates generated at the
B1, B2 and B3 benches.

B1 B2 B3
Element wt% SD wt% SD wt% SD
Sn 1.69 0.20 1.40 0.06 1.55 0.05
Si 1.30 0.08 1.33 0.06 1.30 0.01
Mg 1.24 0.05 1.15 0.09 1.25 0.03
Al 1.15 0.07 1.09 0.05 1.18 0.09
S 0.73 0.06 0.66 0.08 0.79 0.01
Cr 0.63 0.05 0.57 0.01 0.73 0.08

Table 3.10: Summary table of the global average concentrations for the minor constituents composing the
PM3p emissions collected at the three different benches, together with the corresponding standard
deviations (SD).

3.4.2. Phase Composition

Figure 3.15 shows the fits carried out on the XRD experimental data collected on
particulates as obtained from the three different benches, while Table 3.11 summarizes
the corresponding results in terms of of relative abundance of the main crystalline
phases constituting the investigated emissions.
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Figure 3.15: XRD phase analysis for PM1g samples collected on the three different benches (top to bottom:
B1, B2 and B3). i) Black profile: experimental pattern; ii) red profile: calculated model; iii) pink profile:
residuals between experimental data and calculated model; iv) vertical bars: crystallographic references
(a-Fe in blue, FesO4in green, Fe;0s in red and C in yellow).
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Bl B2 B3 Overall

Phase | wt% SD wt% esd wt% esd wt% SD v%

Fe;0, | 56.4 2.9 59.5 0.7 60.6 0.2 58.8 2.2 3.7

Fe,O, 29.2 7.5 22.5 0.6 21.2 0.9 24.3 4.3 17.7

a-Fe 7.5 2.0 9.0 0.2 8.9 0.2 8.5 0.8 9.9
C 6.9 2.5 9.0 0.5 9.3 0.2 8.4 1.3 15.6

Table 3.11: Summary table of the phase concentration in PM;o samples generated at different benches.
Overall average concentrations are also reported together with the corresponding standard deviation (SD)
and percentage variability (v%). Since B2 and B3 re obtained from the measurement of a single sample,
estimated standard deviations (esd) from refinement software are used as variability index.

As can be expected from previous results from the elemental analysis, also the phase
composition is found to be reproducible when collecting particulates generated in the
same experimental condition over different benches. Notably, some of the slight
differences reported from the elemental analysis are replicated also at the phase
analysis. For instance, Carbon from B1 particulate was found with overall concentration
slightly lower in respect to the particulates from B2 and B3. Similar trend is observed in
the Graphite concentration. Similarly, the trend observed in the Oxygen concentration
can be somehow observed also at the Iron oxides concentrations (mainly referred to
Hematite from B3 sample). Finally, looking at the overall picture, it is possible to observe
overall good reproducibility of the phase distributions, with two phases out of four
exhibiting relative variability lower than the 10% (Magnetite and metallic [ron), while the
other two score percentage variability below the 20% (Hematite and Graphite).

3.4.3. Particle Size Distribution

As reported at the beginning of this section, only one sample from B2 bench was
available for the inter benches assessment. Therefore this sample was used for the
characterization of the chemical composition. Thus, PSD profiles were actually collected
only for particulates generated at B1 and B3 platforms. For this reason, Figure 3.16
shows SEM images of the particulates collected from the three assessed benches to
provide at least a qualitative comparation of the investigated PMio particulates. In
addition, Table 3.12 and Figure 3.17 report the comparison of the PSD profiles between
samples from B1 and B3. It has to be highlighted that results from B1 particulate were
obtained as the average of four independent observations, while only one particulate
from B3 was analyzed. For this reason, no variability indexes are reported for B3 sample.
As can be observed from the SEM images reported below, the granulometry of the three
particulates looks very similar, with the vast majority of particles clearly exhibiting
dimensions lower than 2.5 um, as previously found in the PSD analysis carried out for
the intra bench assessment.
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Figure 3.16: SEM images of the collected PM1 particulates. Top to bottom: B1, B2 and B3 samples.
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D .. /um 0.17 0.31 0.6 0.9 1.6 2.5 3.65 5.36 9.87

max

Bl 13.7 18.5 31.7 15.3 13.5 5.0 15 0.6 0.2
B1-SD 2.5 2.6 2.4 1.6 1.0 1.6 0.5 0.7 0.3

B3 9.6 12.1 30.2 19.3 16.7 8.7 2.6 0.7 0.1

SD - - - - - - - - -

Table 3.12: Summary table of frequency appearance of particles exhibiting Dmax lower than the
corresponding limit value. Average results and corresponding standard deviations (SD) are also reported
(when possible) for each dimensional range.
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Figure 3.17: Comparison between PSD profiles as obtained for B1 and B3 particulate samples. Error bars in
B1 histogram set represent + o (standard deviation).

Looking more in detail at the PSD profiles, it is possible to see that the overall dimensions
of particulate generated at the B3 bench are slightly higher in respect with the
counterpart from B1. In particular, ultra-fine fractions appear to be less populated, while
particles in the 1.0-2.5 um range are observed more frequently. Nevertheless, the
frequency peak still appears around 600 nm and a shoulder is present in the 0.9 - 1.5 um
range. In addition, as previously reported for B1 samples, also the PMo particulate
generated by B3 are dominantly composed by particles having dimensions lower than
2.5 um, while bigger particles represent a secondary contribution.
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3.5. Summary

The reproducible generation of emission particulates having constant physico-chemical
characteristic is fundamental in order to provide reliable and univocal input information
for comparative assessments, eco/cyto-toxicological characterization and source
apportionment studies. For this reason, the previous paragraphs reports two
reproducibility studies, i.e. an intra bench and an inter benches assessment. In particular,
the first study was meant in order to assess the expected variability of chemical
composition and granulometry of brakes PM1 emissions generated at the same bench,
starting from the same materials composing the friction couple and following the
guidelines from the PMP working group. The reported study unveiled extremely low
variability of all the investigated properties. More in detail, as far as the elemental
composition is concerned, main constituents of the emissions (Fe, O and C) were found
to exhibit relative variability over ten test repetitions always significantly lower than the
10% of the corresponding average elemental concentrations. Similarly, also the relative
variability of secondary elements concentration was found to reside well within the
same value, with only one exception (Sn, v% = 12%). Good reproducibility of the phase
composition of the crystalline fraction was also determined. In particular, the main
phases (Iron oxides) were found to exhibit relative variability in the same range of that
one observed in the elemental composition analysis. Conversely, higher variabilities of
about 20-30% were spotted when looking at the secondary phases (metallic Iron and
Graphite), likely caused the overall low amount of particulate collected on the analyzed
filters in respect with the XRD probe sensitivity. Finally, also the PSD profiles were
reported to exhibit modest variability along four different tests, therefore stating a good
reproducibility also in the granulometry of the produced particulates. The second study
reported an evaluation of the same physico-chemical characteristic investigated in the
intra bench study, but comparing material collected from three different test platforms.
Thus, the inter benches assessment was performed with the same starting materials
composing the friction couple during the same emission test typology, but assessing the
variability possibly due to different laboratory sites. Also in this case, the elemental
composition was found to exhibit good reproducibility, with modest differences
observed only in few cases. In particular, Carbon and Tin showed the higher relative
variabilities, as already determined in the intra bench assessment. As far as Carbon is
concerned, higher variabilities of its concentration in respect to other elements might
be likely related to its abundant presence in several different forms within the friction
mix, therefore being more susceptible to intrinsic variability of raw materials dispersion
within different pads. Conversely, no straightforward explanation for the higher
variability is easily found. Nevertheless, the fact that Sn concentration appears to be the
less reproducible in both the intra and inter bench assessments seems to suggest some
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systematic variability in sampling and/or measurement of Sn-based compounds. This
might be due to their higher density in respect with all the other compounds composing
the brake emission, which might influence their sampling efficiency. However, this
hypothesis needs to be validated and corroborated by a higher number of observations
in the future. Similarly, to the elemental concentration, the phase composition is also
found to be similar in the particulates collected at the three different benches. In
particular, good reproducibility was observed for the main phases, while Carbon showed
the highest variability (about 30%). Notably, similar trends were observed in the intra
bench assessment, and similar explanation as provided for Carbon elemental
concentration can be provided to explain also the lower reproducibility of this phase
among all the other crystalline compounds. Finally, looking at the comparison of the
granulometry of the collected particulates, there were observed modest differences,
mainly related to the ultra-fine fractions. However, in all the cases similar PSD profiles
were observed, with 95% of the collected particles exhibiting dimensions lower than 2.5
um. In addition, the peak of appearance frequency was always observed around 0.6
micron, with consistent amount of the remaining particles being located in the 0.9-1.5
KUm range.

On the basis of the reported results, it is finally possible to state that particulates
generated at the dynamometric bench during emission tests performed on the same
starting materials composing the friction couple and following the same brake cycle have
fairly reproducible chemical composition and dimensional profiles. In particular, most of
the main constituents concentrations can be expected to suffer relative variabilities
below the 10% when following the guidelines proposed by the PMP working group. Thus,
a specific laboratory should be able to maintain high level of consistency in the physico-
chemical information collected on brakes emissions produced at proper dynamometric
bench. In addition, the inter benches investigation proposed in this chapter confirms
that similar level of reproducibility can be expected also when looking at particulates
generated at different test platforms or laboratory sites. Therefore, different
laboratories testing the same friction couple in the same experimental condition should
be able to obtain reasonably equivalent particulates in terms of both chemical
composition and granulometry. These findings are pivotal in corroborating future
comparative assessments between particulates generated from different starting
materials or in different driving conditions as well as in confirming the convenient use of
dynamometric benches in order to collect reproducible brakes emissions for source
apportionment studies, environmental assessments and toxicological characterization.
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4. Elemental Composition Maps

Maps are always necessary to understand the geography of a place and to figure
out which directions can or have to be explored. Similarly, in order to understand where
directing the chemical investigation of brake emissions, general compositional maps are
needed. As discussed in the introductive chapter, some observational studies reporting
elemental composition of non-exhaust brake emissions are currently available in
literature. However, they are mostly limited to emissions produced by a single friction
couple typology and strongly decoupled to brake market considerations such as the
geographical diffusion of the materials and their evolution in recent times. Therefore, a
systematic characterization of these emissions is substantially lacking, while the
available compositional information are partially obsolete. This chapter reports the
chemical composition of thirty-eight PMio brake emissions collected during laboratory
tests and generated by the coupling of different typologies of braking discs and friction
materials dedicated to the original equipment (OE) automotive market. The results here
reported show clearly how different starting materials composing the friction couple
influence the brake emissions elemental composition. Finally, an overall assessment of
elemental composition and distribution of brake emissions in function of different
geographical areas, market segments and future technological developments is provided
together with corresponding compositional maps.

4.1. Aim of the Study

As discussed in the introduction, the emissions generated by brakes have
complex chemical composition, since they are mixtures of worn and tribo-oxidized
material arising from the two sides of the tribological interface, which is typically made
by objects having heterogeneous and complex composition. Since different materials
are used in different regions and market segments, diverse elemental compositions and
distributions can be reasonably expected in different geographical areas or as function
of different vehicle typologies. Furthermore, new technologies are currently developing
in the brake market: materials for both the braking discs and the friction composites are
evolving, mainly to address the incoming challenges imposed by the most recent
emissions-related legislations and the increasing electrification of the road transport
sector.® The major part of this technologies are currently in the prototypal to pre-
series production stages and are expected to become dominant in the market in the
next five to ten years. Therefore, the compositional profiles of the brake emissions are
expected to vary significantly in the next future.

Thus, this chapter is meant to provide a global assessment of the elemental composition
of brake emissions as a function of: j) different starting materials composing the friction
couple (FC); ii) distribution of FCs in different regions and market segments; and iii)
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future technological developments in the brake industry. At this aim, the emissions
generated by 38 different FCs were collected and analyzed. All the particulates were
sampled in standard laboratory conditions, as described in in Chapter 2. In particular, all
of them were collected at the same enclosed dynamometric bench, during emissions
tests carried out following the WLTP-Brake cycle routine.

4.2. Materials

In order to draw the widest possible compositional maps, several different
typologies of materials composing the friction couple were involved in this study. In
particular, three typologies of braking discs (BDs) from five different producers and three
categories of friction materials (FMs) from six different producers were used. Both BDs
and FMs groups featured the presence of products which are currently the market
standard as well as others which are prototypal concepts. All the different materials and
combinations are introduced and described in the next paragraphs.

4.2.1 Braking Discs (BDs)

Three different typologies of BDs were used in this investigation, involving both
series and prototypal products: j) cast iron BDs from two different producers; ii) coated
BDs from three different producers; and iii) carbon-ceramic BDs from one producer.
Figure 4.1 reports a visual comparison between the three different typology of braking
rotors involved in this study.

Figure 4.1: a) GCI BD; b) coated BD; and iii) Carbon-ceramic BD.

Cast-iron BDs represent the current market standard and the widest diffuse braking
rotor worldwide for the automotive industry: they are commonly used on all the private
and commercial vehicles from all the market segments. More in detail, standard cast
iron BDs are usually made by pearlitic and lamellar grey cast iron (GCl). Therefore they
are made by an Iron-based alloy, characterized by excellent castability and machinability,
as well as relatively low production costs. In turn, GCl suffers of poor corrosion resistance
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and relatively modest mechanical and thermal properties, such as hardness, tensile
strength and thermal conductivity. Representative microstructure and chemical
composition of the GCI BDs employed for this study are reported in Figure 4.2 and Table
4.1, respectively. As can be observed in Table 4.1, the elemental composition of GCl for
BDs production is usually characterized by relatively high concentrations of Carbon and
Silicon, while all the other elements are found in minor or trace amounts, typically lower
than 0.5 wt%. These elements are in general ubiquitous impurities of Iron (such as Mn,
Cr and Cu) or can be voluntarily added in the production phase as alloying elements in
order to modify the microstructure, thus increasing GCl physico-mechanical properties
such as hardness, wear resistance and corrosion resistance (Al, Ti, V, Nb, Mo).*3!

Element C Si Mn Cu Cr Fe Others
wt% 3.8 1.8 0.5 0.2 0.1 balance traces

Table 4.1: Elemental composition of a GCl typically used for braking discs production.

Figure 4.2: Microstructure of pearlitic GCI after Nital etching at the metallographic microscope. Detail of
the different phases composing the alloy (ferrite, cementite, lamellar graphite and precipitates such as
intermetallics and sulfides).

Coated discs are GCl BDs whose braking surfaces are covered with coatings being
composed by a wide range of different materials with the specific aim of improving
functional properties of the BDs, such as wear and corrosion resistance. Notably, since
the overall wear of the brake device is strictly related to its emission level, coated discs
are nowadays considered as one of the most promising hardware solution to reduce
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particulates generated by brakes.'>®'# They are a relatively young technology, which in
most cases rarely dates back more than 10-15 years and is currently positioned between
the prototypal and the small pre-series production stage. However, coated discs are
expected to diffuse very quickly into the market in the next years, mainly due to possible
future legislation targeting NEE in the road transport sector. Since they are more
expensive in respect with the uncoated counterpart, they will likely diffuse first in the
medium to high BD market segments. The coatings for BDs can be single layer as well as
ensemble of more layers with the most external one representing BD side of the
tribological interface. Their thickness is calibrated in order to endure the working life of
the BDs, and depending on the material composing the coating, can vary between few
tenth to few hundreds of microns. They can be deposited with a wide range of different
techniques, such as cold-spraying, high-velocity air/oxygen fuel (HVAF or HVOF)
depositions, laser cladding or laser melting deposition. An example of BD coating can
be observed in Figure 4.2.
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Figure 4.2: SEM section image of a coated BD. Detail of the coating ensemble, composed by two different
layers deposited on the GCl braking surface.

The materials deposited on the braking surface must exhibit superior physico-
mechanical properties in respect to the GCI. In particular, higher hardness, wear
resistance and corrosion resistance are specific targets for BD coatings. At the same time,
they are required to closely match the thermal properties of the substrate to avoid
thermal shock or thermal stress —induced cracking of the braking surface, eventually
leading to delamination of the structure and potential safety failure of the braking
system. For the same reason, they must assure optimal adhesion with the substrate,
with the linking interface able to sustain significant compressive and shear forces.
Therefore, materials typically suitable to be applied as BDs coatings are CerMet
composites, i.e. dispersions of ceramic powders (carbides and oxides) in a metallic or
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intermetallic matrix, with relative ratio between Cer and Met fractions suitably tuned to
match all the desired functional properties. In particular, the Cer components typically
provide high hardness and wear resistance to the braking surface, while the Met fraction
assure the overall integrity of the ensemble and the adhesion to the GCl substrate.

Carbon-ceramic discs are rotors made by infiltrating carbon fiber based preforms with
metallic Silicon at very high temperatures. Therefore they are composites featuring the
coexistence of the three following main phases: i) a Silicon carbides —based matrix; ii)
elemental Carbon in form of Carbon fibers; and iii) unreacted Silicon from the infiltration
process, constituting a minor component of the matrix. Figure 4.3 shows a SEM image
of the braking surface of a carbon ceramic BD.

Mag= 500X
Signal A=CZ BSD

Figure 4.3: SEM image of the braking surface of a carbon-ceramic disc. Back-scattered electrons (BSE) are
used in order to highlight phase contrast between the Carbon fibers and the SiC/Si matrix.

Silicon carbides, the main matrix component, assures great hardness for the composite
material, while carbon fibers guarantee high mechanical strength resistance and
providing fracture toughness required for braking rotors. Thus, these discs are
characterized by having overall superior mechanical and thermal properties (hardness,
wear resistance, thermal shock resistance) and significantly lower weight in respect with
the GCl counterpart. At the same time, they exhibit peculiar tribological
characteristics.'>*®! However, all these excellent functional properties are obtained
through expensive production and surface refinement processes. Therefore, they find
natural application in high-performance braking systems, such as for racing and high-
end vehicles.
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4.2.2. Friction Materials (FMs)

Three different typologies of FMs were used in this investigation: and i) Non Asbestos
Organic (NAQO) FMs from three producers; ii) Low Steel and Low Metallic (LS/LM) FMs
from four different producers; and iii) Inorganic (IN) FMs from two different producers.
Also in this case, products which are current market standards are used together with
prototypal formulations in advanced development stage. All the series braking pads
tested are certified compliant with the ECE Regulation 90 (ECE R90)"”, while the
prototypal parts are specifically designed to be compliant to the same regulation as well.

Typical compositions for materials of the three different typologies of composites
selected for the study are reported in Table 4.2, together with other parameters of
interest.

wt% NAO LS/LM IN
Binder 10-20 5-15 10-20
Metals 0-10 15-30 20-30
Abrasives 20-30 25-40 5-15
Lubricants 5-15 20-35 15-25
Fillers 20-40 5-15 0-10
Hardness 80-100 100-150 >150
Friction Coefficient 0.33-0.35 0.35-0.38 0.38-0.42
Normalized Emission 0.2-0.3 1 0.8-0.9

Table 4.2: Compositional detail and mechanical properties of different typology of friction materials.
Hardness is reported in . Friction coefficient (u) is reported considering the coupling with standard GCI
braking discs.

As can be observed in the table, NAO friction materials exhibit overall higher content of
binder and lower content of friction modifiers (strong abrasives and lubricants) in
respect with the LS/LM formulations. In particular, metals are frequently absent and,
where present, they are always non-ferrous. Conversely, NAO friction materials usually
contain significantly higher amount of compounds which can be classified as fillers or
mild abrasives. All these compositional features are well coherent with overall slightly
lower friction coefficient values (0.33-0.35) and gentler tribological behavior showed by
these formulations when coupled against standard GCl BDs. LS/LM and IN formulations
are in general characterized by slightly higher binder content and significantly higher
metals and friction modifiers concentrations. The larger presence of metals and strong
abrasives determines a more aggressive tribological behavior towards the standard GCl
braking discs. Thus, more lubricants are usually needed in these formulations in order to
stabilize and module their friction coefficient (u = 0.35-038). Finally, IN formulations
share overall similar characteristics with the LS/LM family, with a couple of main
differences. In particular, these composites are currently being developed in order to
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minimize the emissions of organic compounds, thus they are not bound with soft organic
resins. On the contrary, inorganic binders such as glasses, cements and geopolymers,
are most frequently used. Notably, these binders show in general also significant
abrasive capability at the same time. For this reason, they usually contain low amounts
of strong abrasives and fillers, while maintaining significant concentrations of
lubricants.®

Differently from the case of the braking discs, the diffusion of the various typologies of
friction materials is far more dependent on the geography than the market segment. In
spite of a recent general feeling of the brake linings producers oriented towards a higher
degree of standardization, regional legislations and historical customer preferences still
remain pivotal in determining the distribution of the different categories of friction
composites. Therefore, NAO formulations, characterized by lower efficiency, wear and
thermal degradation resistance, are extremely diffused in markets where road speed
limits are lower, vehicles are lighter and there exist a particular attention to the
cleanliness of the rim (North America and Asia). Conversely, LS/LM formulations, which
in general exhibit higher braking efficiencies and thermal degradation resistance, are
largely diffused in markets where speed limits and vehicle inertias are higher and the
customer attention is more shifted towards the braking performance (Europe).
Nevertheless, the market segment still retains a minimal influence: for example, high-
performance and high-end vehicles mounting Carbon-ceramic BDs cannot be equipped
with NAO FMs, since these formulations typically cannot withstand significant thermal
and pressure loads for prolonged times. Finally, IN friction materials are products already
available only for the car racing market, while they are in developing and prototypal
stages for standard applications. Since they are in general characterized by excellent
braking performances and thermal stability, they are likely expected to enter the same
LS/LM markets once ready for series production.

4.2.3. Friction Couples

The tribological interface and the transfer layer are composed by material arising from
both the braking disc and the friction composite. Consequently, the brakes emission
composition is fundamentally related to the starting composition of the objects
constituting the friction couple (FC). Therefore, it is modulated by the tribological
characteristic of the couple itself (relative wear ratio between components) and the
interactions with the local environment (tribo-chemical reactions). Since BD and FM
materials belonging to a specific category share similar compositional features, the
hypothesis underlying this study is that emissions produced by friction couples
composed by similar materials share similar compositional characteristic, i.e. similar
chemical profiles. In order to verify this hypothesis, the elemental composition of PM1g
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particulates produced by thirty eight different friction couples is analyzed and discussed
in detail in the next paragraphs. The selected friction couples are divided in five different
categories, representing realistic couplings of materials following geographical, market
and technological considerations reported in the previous sections. More in detail, the
five FCs selected combinations are composed as follows: i) Category 1: grey cast-iron
(GCl) BDs + LS/LM FMs, representative for the current standard EU market; ii) Category
2: grey cast-iron (GCl) BDs + inorganic (IN) bound prototypal FMs, representative of
possible short to medium term EU market development; iii) Category 3: grey cast-iron
(GCI) BDs + non asbestos organic (NAO) FMs, representative of the current standard US
and Asian markets; iv) Category 4: coated BDs + specially developed LS/LM FMs,
representative of the short to medium term EU market development; and v) Category 5:
Carbon-Ceramic (CC) BDs + specially developed LS/LM FMs, representing the high-end
market. Table 4.3 summarizes all the different FCs categories reported in this chapter,
together with the corresponding labels adopted along the text.

Category BDs FMs n° of FCs Label

1 Grey Cast-lron Low Steel/Low Metallic 10 LS/LM
(GCl) (LS/LM)

2 Grey Cast-lron Inorganic Bound 10 IN
(GCl) (IN)

3 Grey Cast-lron Non Asbestos Organic 5 NAO
(GCl) (NAO)

4 Coated Low Steel/Low Metallic 10 CTD
(CTD) (LS/LM)

5 Carbon-Ceramic Low Steel/Low Metallic 3 CcC
(CC) (LS/LM)

Table 4.3: Summary of the selected FCs categories, number of FCs analyzed for each category,
corresponding materials combinations and labels.

4.3. Experimental

All the PM1o samples analyzed in this chapter were collected during emission
tests performed in controlled laboratory conditions (see Chapter 2 for further details)
and following the WLTP-Brake cycle.™ The elemental composition of the investigated
PMio particulates was characterized by the mean of the Energy Dispersive X-Ray
Spectroscopy (EDXS), following the protocol described in detail in Chapter 2 and briefly
summarized in the next lines. Each measurement was performed with the following
power parameters: V = 20 kV, Iyeam = 300 pA. Real acquisition time was set to 500 s, with
detector deadtime never exceeding the 20%. The samples surfaces were always
positioned at the ideal working distance for the employed system (WD = 8.5+0.1 mm).
For each investigated PMig sample, five different areas of approximatively 400 x 300 um
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are analyzed. Elemental concentration results are then averaged and reported always
together with the corresponding standard deviations (SD).

4.4, Results

The following section summarizes all the obtained results in terms of elemental
composition of the investigated brake emissions powders. For each sample, only
average results and corresponding standard deviations are reported in the next
paragraphs. All the results from each single measurement can be found in Appendix 4.

4.4.1. Category 1: GCI BDs + LS/LM FMs (LS/LMs)

Category 1 regroups all the investigated emissions generated by the coupling of
standard GCl braking discs with ECE R90 LS/LM friction materials. These emissions arise
from ten different FCs, combining mainly series products on both side of the friction
couple. Nevertheless, two prototypal GCl BDs and one prototypal FM specifically
developed for emission reduction were also used. Selected BDs were from two different
producers, while FMs from three different producers. As already described in the
previous paragraph, this category represents a good picture of the material couplings
currently dominant in the EU market, with the only exception of the high-end segment.
Figure 4.4 reports an EDXS spectrum for each analyzed sample, while the following Table
4.4 summarizes the average elemental concentrations. As can be observed, it is clearly
evident that all these investigated PM1o samples have elemental composition dominated
by three main elements, i.e. with concentration always higher than 10 wt%: they are
Iron, Oxygen and Carbon, accounting together for about the 90% of the total PMig mass
in most of the cases. On the other side, the remaining minority part of the emissions is
composed by a wide range of secondary (concentration between 10 and 1 wt%), minor
elements (concentration between 1 and 0.01 wt%) and trace elements (frequently or
always found close or below the estimated quantification limit for the EDXS probe (0.01
wt%). In between these elements, some of them are always found, such as Magnesium,
Aluminum, Silicon, Sulfur, etc., and therefore are referred along the text as ubiquitous.
Conversely, other elements appear with lower frequencies, such as Potassium, Titanium
and Barium. Looking at the main elements, Iron is a clear marker for the wear of the GCl
BDs. However, significant amount of Fe has to be ascribed also to the friction material
consumption, since LS/LM formulations typically contain appreciable amounts of Iron
powders and steel fibers. Oxygen is due to the consumption of both sides of the friction
couple as well as the interaction of the worn material with the local environment. On
one side, tribo-oxidation occurring at the BD surface represents a significant
contribution. At the same time, inorganic oxides contained in the FM as abrasives and
fillers are a clear source of this element. Carbon is a main marker for the wear of the
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friction materials, since LS/LMs usually contain significant amounts of organic
compounds (resins and organic fibers) as well as C-based lubricants (graphites and
cokes); in addition, secondary amounts of strong abrasives (carbides) and fillers
(carbonates) are also, in general, always present. At the same time, minor but not
negligible contribution of Carbon is due to the consumption of the GCl graphite lamellae.
Finally, secondary and minor elements are mainly due to the formulation of the specific
friction material and are in general due to minor components or impurities. Similarly,
trace elements are mainly due to impurities coming from the raw materials of the
friction composites as well as from the cast-iron alloys.
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Figure 4.4: Comparison between EDXS spectra for each PMg sample collected during emission tests of FCs
belonging to the Category 1 (GCI BDs + LS/LM FMs).

4.4.2. Category 2: GCl BDs + IN FMs (INs)

Category 2 regroups all the investigated emissions generated by the coupling of
standard GCl braking discs with inorganic bound friction materials. FMs reported in this
category are mostly prototypal products, with only one material being currently on the
market (for racing applications). All the materials belonging to this category come from
the same producer. Since these FMs formulations do not contain any organic binder,
their overall content of Carbon is significantly lower in respect to the LS/LMs counterpart
and exclusively due to elemental (Graphites and Cokes) or inorganic Carbon (carbides
and carbonates). They represent a possible future development of FCs for the European
market, specifically voted to the reduction of volatile organic compounds (VOCs)

emissions due to the oxidation of the FMs organic binders.
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Category 1: GCI BDs + LS/LM FMs

LS/LM1 LS/LM2 LS/LM3 LS/LM4 LS/LM5 LS/LMé6 LS/LM7 LS/LM8 LS/LM9 LS/LM10
wt% sD wt% sD wt% SD wit% SD wt% SD wt% sD wt% sD wt% SD wit% SD wt% sD
Fe 54.6 1.7 53.3 0.9 51.9 0.6 58.4 1.1 52.6 0.8 56.7 1.8 61.5 1.0 52.3 25 55.5 1.2 53.5 1.0
(o] 27.4 1.2 27.2 0.7 29.5 03 22.8 0.7 25.1 0.4 17.3 0.9 204 0.7 24.2 1.7 24.6 13 25.8 0.9
C 10.1 08 9.0 03 10.0 04 11.2 0.7 11.6 08 11.2 1.2 10.2 04 11.0 0.7 10.2 0.4 9.6 0.6
Sn 1.7 0.2 2.26 0.03 1.73 0.01 0.7 0.2 0.89 0.05 1.84 0.04 0.94 0.04 2.41 0.04 1.11 0.03 1.01 0.06
Si 1.30 0.08 1.42 0.01 1.25 0.03 1.49 0.06 1.24 0.03 1.78 0.08 1.54 0.05 13 01 1.60 0.04 1.31 0.04
Mg 1.24 0.05 1.84 0.03 1.29 0.01 0.83 0.02 1.11 0.05 1.26  0.09]| 0.54 002 2.5 0.1 0.89 002 0.56 0.04
Al 1.15 0.07 1.64 0.05 1.32 0.04 0.75 0.02 1.01 0.04 1.18 0.06 0.86 0.02 1.23 0.06 1.05 0.05 1.20 0.08
S 0.73 0.06 0.95 0.06 0.77 0.02 0.70 002 0.83 0.02 090 002] 094 002 098 005| 086 005| 0.55 0.01
Cr 0.63 0.05 0.91 0.02 0.85 0.02 0.42 0.01 0.49 0.02 0.75 0.05 0.37 0.03 0.67 0.05 0.56 0.02 0.61 0.02
Mn 0.43 0.02 0.41 0.02 0.64 0.02 0.46 0.03 0.41 0.02 0.37 0.01 0.47 0.03 0.39 0.02 0.43 0.02 0.43 0.01
Zn 0.26 0.03 0.28 0.03 0.23 0.01 1.6 {05 2.37 0.05 2.7 0.1 0.45 0.03 0.86 0.05 0.75 0.06 1.34 0.05
Cu 0.22 0.04 0.13 0.02 0.18 0.01 0.15 004 | 0.23 0.06 3.1 0.2 0.23 0.05 031 o003| 029 o004]| 3.89 0.08
Ca 0.17 0.04 0.38 0.01 0.29 0.01 0.4 0.2 0.45 0.02 0.74 002 0.22 0.01 0.60 002 044 0.00]| 0.00 -
Mo 0.00 - 0.22 0.08 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 -
v 0.00 = 0.09 0.01 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 =
Ti 0.00 - 0.00 - 0.05 0.00 0.00 - 1.33 0.04( 0.06 001] 0.00 - 114 004 | 057 0.01] 0.02 0.02
Bi 0.00 = 0.00 = 0.00 - 0.16 002 0.00 - 0.00 = 0.00 = 0.00 = 0.00 - 0.00 -
K 0.00 = 0.00 = 0.00 = 0.00 = 0.37 0.01 ( 0.00 = 0.00 = 0.00 = 0.00 = 0.00 =
Ba 0.00 - 0.00 - 0.00 = 0.00 = 0.00 - 0.00 - 1.38 005 0.00 = 1.04 004 0.00 -
p 0.00 - 0.00 - 0.00 = 0.00 = 0.00 = 0.15 001] 0.03 0.01 0.00 - 0.00 - 0.05 0.02
Na 0.00 - 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 - 0.00 - 0.08 0.06
Ni 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 =

Table 4.4: Summary of elemental composition as obtained for the investigated FCs from Category 1. Average results are reported together with the

corresponding standard deviations (SD) over five measurements, in red. Main elements are highlighted in grey. Ubiquitous elements are highlighted in blue,

while frequent elements in green. Finally, infrequent elements are highlighted in orange.
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Category 2: GCI BDs + IN FMs

IN1 IN2 IN3 IN4 IN5 ING IN7 IN8 IN9 IN10
wid SD wi¥ 5D wit9% SD wt sD wt% SD wtd% sD wi¥ 5D wtd 5D wt¥ sD wt% 5D
Fe 6828 154] 66.73 086 | 6485 051] 67.24 049 641> 078] 63.23 039]| 67.18 090 59.21 061] 5794 061| 64.23 037
0 1895 102 2231 045 2394 0.27] 2244 067)] 2521 057| 2364 030] 2008 0.72] 26.09 0.24] 26.80 034 19.23 0.30
C 642 055| 446 060] 4.20 0.22 478  0.31 300 083]| 650 044] 640 078] €16 067] 565 055 1243 0.65
Si 212 007 267 0.04] 281 011] 239 002| 299 009) 247 005| 250 007] 335 004] 372 007]| 237 008
Al 090 00&] 112 0.04 1.06 0.03 0.81 0.04 1.15 005]| 097 003] 097 0.04] 152 002 166 0.03] 0.04 0.01
n 057 006] 105 0.09] 093 0.07] 086 005] 123 0.11 1.00 010] 106 008] 002 004] 0.00 0.28 0.04
Mn 0.56 002] 054 0.02 0.48 0.04 054 004| 046 003] 045 003| 053 002] 045 002] 044 0.00] 051 0.01
K 049 001] 060 0.01 0.86 0.02 042 003| 088 001 061 001] 062 001 116 0.02 132 001] 000
5 044 004] 016 0.01 0.20 0.02 010 001} 007 001] 007 001| 011 000] 027 001] 021 0.01) 011 0.01
5n 020 005] 000 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 094 0.02 143 0.03] 0.29 0.02
Cu 016 003] 019 0.02 0.20 005)] 027 004) 027 009| 021 003] 024 008] 020 003] 019 003| 0.24 0.04
Cr 0.15 002] 018 0.01 0.13 0.02 015 002) 015 003] 014 O001| 014 000) 012 001] 012 0.02] 021 0.01
Mo 074 013| 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 001 001] 000 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00
Ca 001 000] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 033 0.03] 0.00 051 ©002| 029 002] 019 001) 052 0.02] 050 0.01| 0,00 -
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 003 001] 004 0.01
v 0.00 0.00 0.00 0.00 0.00 = 0.00 0.00 0.00 0.00 0.02 0.01
Table 4.5: Summary of elemental composition as obtained for the investigated FCs from Category 2. Average results are reported together with the

corresponding standard deviations (SD) over five measurements, in red. Main elements are highlighted in grey. Ubiquitous elements are highlighted in blue,
while frequent elements in green. Finally, infrequent elements are highlighted in orange.
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Figure 4.5 reports an EDXS spectrum for each analyzed PMio sample, while Table 4.5
summarizes their average elemental concentrations. As can be observed in both the
graph and the composition summary table, the overall chemical profiles of FCs from
Category 2 are similar to those from Category 1. About the 90-95% of the total
particulate mass is usually composed by three elements only, which also in this case are
Iron, Oxygen and, secondary, Carbon. However, the overall amount of Iron is significantly
higher in respect to the LS/LMs counterpart, while the Carbon concentration is lower,
rarely approaching the 10 wt%. The remaining 5-10% of these particulates is therefore
composed by a dispersion of minor ubiquitous or frequent elements. Finally several
minor and trace elements are observed more infrequently, frequently at the edge
between the quantification and the detection limits. The presence of all these elements
depends alternatively on the specific FM formulation as well as the impurities in the BD
cast-iron.
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Figure 4.5: Comparison between EDXS spectra for each PM;o sample collected during emission tests of FCs
belonging to the Category 2 (GCI BDs + IN FMs).

In these emissions, Iron still remain a not specific marker for the wear of both sides of
the tribological interface. Indeed, inorganic bound FMs exhibit higher hardness and
more aggressive tribological behavior towards the GCI BDs. Therefore, a major part of
the Iron is likely expected to be produced by mechanical abrasion. Still, the inorganic
bound FMs formulations contain appreciable amounts of Iron based species (15-25 wt%).
Oxygen is also a not specific marker, since it can arise from both the tribo-oxidation of
the GCI BD braking surfaces as well as from the inorganic oxides composing the FM mix
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(abrasives, fillers and inorganic binder). Carbon arises as well from both sides of the
friction couple, since it is contained in the friction mix (graphites and cokes lubricants)
and, secondary in the GCl alloy. Secondary and trace elements are mainly due to the
consumption of the friction material or impurities in the GCl alloy and FMs raw materials.
Among these elements, Silicon is most frequently found in relatively high concentrations
(2-4 wt%), since commonly used inorganic binders are cements, geopolymers and
pyrolyzed Silicon resins.

4.4.3. Category 3: GCI BDs + NAO FMs (NAOs)

Category 3 collects the emissions generated by the coupling of standard GCI
braking discs with NAO friction materials. All the materials belonging to this category are
series products. In particular, NAO formulations are commercialized as automotive
original equipment products in the US and Asian markets. Therefore, the emissions
collected from these friction couples are specifically representative for these areas.
Since NAO friction materials typically produces lower emissions in respect with the
LS/LM counterpart when coupled against standard GCl braking discs, they are currently
under preliminary scrutiny for possible application also in the EU. Thus, the chemical
composition of these emissions might eventually represent a possible evolution of the
current EU emissions composition (which is nowadays more similar to what is reported
for Category 1). Within Category 3, two similar GCl BDs from a single producer are
coupled against five different friction composites from three producers.

Figure 4.6 shows the comparison between the EDXS spectra acquired for each friction
couple (one spectra per FC). Table 4.6 summarizes the average elemental concentration
as obtained from the elemental analysis. As can be immediately observed, the emissions
produced by GCl BDs and NAO FMs have elemental composition profile which is
significantly different in respect with the emissions from Category 1 and 2 couples. Iron,
Oxygen and Carbon, still represent the major fraction of the particulate mass. However,
they sum up about the 60 to 75% of the PM1g emissions. This is mainly due to the overall
significantly lower content of Iron, which is determined by the combination of the two
following causes: i) NAO FMs typically do not contain any Fe-based compounds; and if)
NAO FMs show in general a gentler tribological behavior towards the GClI braking
surfaces, i.e. they cause lower abrasion of the rotor, while being characterized by a more
pronounced tribo-oxidative wear mechanism. Notably, the first point leads also to the
observation that Iron is a specific marker for the wear of the BDs in emissions from
Category 3. Conversely, the Oxygen remain a not specific marker for the consumption
of both sides of the tribological interface. On one side, the amount of inorganic oxides,
carbonates, sulfates, etc., is typically higher in NAO formulations in respect with the
LS/LM counterpart. On the other hand, a significant contribution arising from the tribo-
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oxidation of the cast-iron cannot be neglected. Finally, Carbon is a preferential marker
for the consumption of the friction material, since it typically causes low wear of the BDs,
thus limiting the contribution of the graphite lamellas from the GCI. Between the
secondary elements, three of them are always found with concentrations higher than 4
wt%: Zirconium, Barium and Titanium. The significant presence of these elements is well
coherent with the typical NAO composition, always characterized by significant
concentration of Zirconium oxides and silicates (abrasives), titanates (abrasives and
reinforcements) and Barium sulfate (filler). Copper is also always found in the observed
emissions, but with bimodal dispersion: secondary amounts when the starting FMs is a
Copper-full or Copper-less formulation (two cases out of five) or minor amounts when
the starting friction composite is a Copper-free formulation (three cases out of five).
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Figure 4.6: Comparison between EDXS spectra for each PM;o sample collected during emission tests of FCs
belonging to the Category 3 (GCI BDs + NAO FMs).

Other ubiquitous secondary elements are Silicon, Aluminum, Sulfur and Magnesium,
which are mainly due to the consumption of the friction material. Potassium, Zinc and
Tin are also found in secondary amounts, but with lower frequency: their presence is
dependent on the specific FM formulation. Finally several minor and trace elements are
observed, such as Sodium, Calcium, Manganese and Bismuth. They are due to minor

components of the friction materials and/or to impurities of the FM raw materials or the
GCl.

90



Category 3: GCI BDs + NAO FMs

NAO1 NAQO?2 NAO3 NAO4 NAO5

Average SD |Average SD |Average SD |Average SD |Average SD
0 34.3 0.6 29.1 0.6 34.1 0.5 24.6 0.6 34.8 0.4
Fe 28.6 0.5 30.4 0.5 8.1 0.3 37.2 0.8 22.5 0.4
C 11.1 0.3 6.0 0.4 18.7 0.6 18.2 0.7 9.6 0.4
Zr 7.9 0.1 9.8 0.1 10.1 2.3 3.9 0.1 11.4 0.1
Ti 322 0.03]| 284 005 7.1 2.5 290 0.07 47 0.1
Ba 199 009 251 0.05 11.8 0.3 4.2 0.1 Sl 0.1
Mg 191 0.03| 035 0.03 2.7 0.1 044 001| 324 0.04
Si 189 003 154 004| 141 006 156 0.02| 244 003
Al 048 0.02| 050 003]| 061 003 028 002( 070 0.01
S 087 0.02| 087 002| 206 008 117 002 1.84 0.02
Cu 043 0.06 7.4 0.1 018 0.04| 345 009| 042 0.03
Cr 014 001| 013 001]| 015 001 013 001| 017 0.10
Ca 1.31 0.02( 0.00 - 159 005 089 003| 262 0.05
Zn 3.62 0.09 3.6 0.2 017 0.02| 0.00 - 039 0.03
Sn 1.01 002| 254 003| 0.00 - 0.00 - 1.04 0.05
K 094 0.01]| 133 0.02 136 002| 050 003| 0.00 -
Mn 0.19 0.03| 021 002] 0.00 - 024 001| 0.00 -
Bi 0.00 - 041 0.05]| 0.00 - 0.00 - 0.00 -
Na 0.00 - 0.00 - 0.00 - 0.00 - 036 0.12

Table 4.6: Summary of elemental composition as obtained for the investigated FCs from Category 3. Average results are reported together with the
corresponding standard deviations over five measurements (SD, in red). Main elements are highlighted in grey. Ubiquitous elements are highlighted in blue,
while frequent elements in green. Finally, infrequent elements are highlighted in orange.



4.4.4. Category 4: CTD BDs + LS/LM FMs (CTDs)

Category 4 collects the emissions generated by the coupling of coated braking
discs with specially developed LS/LM friction materials. BDs inside this category are
mainly products in prototypal to pre-series production stage, from three different
producers. On the other hand, the friction composites are LS/LM formulations for the
automotive original equipment market from five different producers. Some of them are
suitably modified to withstand the coupling against braking surfaces with higher
hardness and abrasive capability in respect with the GCl rotors. As previously introduced,
coated discs are specifically developed in order to reduce the BD wear and the overall
emission of the friction couple. This is obtained by deposition of materials harder than
the cast-iron, typically CerMet composites, by means of several different processes.
Therefore these rotors have significantly higher costs in respect with the standard GCl
BDs. For this reason, they represent an evolution of the medium to the high-end BD
market and they are expected to find wide distribution in the next 5 to 10 years.

Figure 4.7 and Table 4.7 report respectively a sample EDXS spectra collected for each
PM1o specimen generated by Category 4 FCs and their elemental composition. As can be
gualitatively noticed, these emissions are characterized by a wider distribution of
elements in respect with the emissions from the previous categories. This is an effect of
the early development stage of these friction couples, with several different materials
and modifications being investigated in order to find the most robust technological
solutions.
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Figure 4.7: Comparison between EDXS spectra for each PM1o sample collected during emission tests of FCs
belonging to the Category 4 (CTD BDs + LS/LM FMs).
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Category 4: CTD BDs + LS/LM FMs

CTD1 CTD2 CTD3 CTD4 CTD5 CTD6 CTD7 CTD8 CTD9 CTD10
Average SD |[Average SD |Average SD |Average SD |[Average SD |Average SD |Average SD |Average SD |Average SD |Average SD
(0] 31.2 0.4 27.2 0.1 35.1 0.2 29.9 0.6 32.2 1.6 33.2 1.2 31.8 0.4 29.0 0.4 28.6 0.8 25.0 0.7
Fe 17.9 0.4 38.5 0.7 17.3 0.3 40.7 0.5 30.3 2.1 36.0 1.9 35.6 1.1 37.9 0.6 19.4 1.5 24.4 0.6
C 11.4 0.6 15.6 2.1 14.4 0.4 4.0 0.3 74 1.8 13.7 1.6 11.4 1.5 11.3 0.9 18.5 4.2 12.6 1.7
Al 6.1 0.1 2.6 0.2 3.20 0.03 2.12 0.04] 298 0.04 135 0.03| 039 0.02 1.66 0.06 2.7 0.2 0.98 0.05
Sn 4.99 0.06 23 0.2 3.00 0.02 441 0.05 496 0.32 0.29 0.07 2.59 0.12 1.43 0.02 11.1 0.7 8.9 0.2
Cu 4.38 0.09 1.4 0.1 0.50 0.03 0.21 002| 0.28 006| 018 0.04| 021 0.02] 065 0.06 0.18 0.04 12.2 0.3
Mg 3.86 0.05 2.0 0.2 2.44 0.02 1.78 0.05 337 0.04 2.45 0.05 3.6 0.1 3.0 0.1 3.2 0.2 1.50 0.01
S 2.10 0.02 1.00 0.09 2.50 0.02 1.89 0.04]| 247 0.06| 0597 0.04] 1.02 0.02 193 0.02 2.4 0.1 1.40 0.06
Cr 1.98 0.03 1.0 0.2 1.64 0.01 8.32 0.09 4.8 0.4 7.11  0.50 8.6 0.4 3.5 0.4 0.87 0.08 5.0 0.1
Zn 2.85 0.08 2.6 0.3 1.89 0.06 1.07 0.03 6.0 0.3 1.00 009| 0.11 0.06 43 0.1 5.2 0.4 0.00 =
Ca 1.63 0.02 0.75 0.08 1.18 0.03 0.00 = 0.00 = 0.69 0.03] 1.22 0.06 1.27 0.03 051 003| 053 0.02
Ti 0.00 - 0.00 - 2.37 0.04 3.08 0.05 2.6 0.2 2.30 0.16] 241 0.10 0.19 0.04 0.18 0.02 0.00 -
Si 0.86 0.01 1.7 0.2 0.00 = 1.59 0.05 1.16 0.03 074 0.03| 064 001] 034 0.01 1.5 0.1 0.80 0.04
w 9.0 0.1 2.6 0.4 14.47  0.07 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 4.2 0.2
Co 1.24 0.04 | 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 -
Ba 0.00 - 0.39 0.06 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 271 0.06 0.00 - 0.00 -
K 0.00 = 0.00 = 0.00 = 069 0.02 1.11 0.07 0.00 = 0.00 = 0.00 = 0.00 = 0.00 =
Mn 0.14 0.02 0.33 0.02 0.00 = 0.25 0.01| 0.00 = 0.00 = 0.31 0.02] 0.00 = 0.00 = 0.00 =
P 0.41 0.01 0.00 = 0.00 = 0.00 = 038 0.01 0.00 = 0.00 = 0.00 = 0.00 = 0.00 =
Ni 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.11 0.02] 0.00 = 0.00 = 1.21 0.08
Bi 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.80 0.03 0.00 - 0.00 -
Zr 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 5.7 0.3 1.24 0.05
Table 4.7: Summary of elemental composition as obtained for the investigated FCs from Category 4. Average results are reported together with the

corresponding standard deviations over five measurements (SD, in red). Main elements are highlighted in grey. Ubiquitous elements are highlighted in blue,

while frequent elements in green. Finally, infrequent elements are highlighted in orange.
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In Category 4, Iron, Oxygen and Carbon represent the dominant contribution to the
total PMjo mass, accounting together for about the 70% of the weight. Similarly to the
case of Category 3 FCs, the concentration of Iron is significantly lower in respect with
the counterpart from Category 1 and 2. However, the vast majority of the coatings are
composed also by Iron alloys (mainly steels and Fe-Cr alloys). Thus, Fe is not a specific
marker for the consumption of one side of the tribological interface. Conversely, Oxygen
may be expected to represent a more specific marker for the wear of the friction
composite, since the Iron species composing the BD braking surfaces are significantly
less oxidized in respect with the cast-iron. Similarly, the Carbon represents a more
specific marker for the wear of the friction material: in spite of the frequent presence of
inorganic carbides inside the BD coatings, their consumption is significantly lower in
comparison with the softer friction composite. Secondary and minor elements here
account typically about the 30 % of the total PM1o mass. Several secondary elements are
find ubiquitously, such as Al, Mg, S, Cu, Sn and Cr. Others are found frequently (such as
Si, Ca, Zn, Ti) or only rarely, such as Co, W, Ni, Ba and Zr. The presence of the non-
ubiquitous elements is strongly dependent by the specific coating composition and FM
formulation. Finally, some other elements are found in minor and trace amounts, such
as P, Kand Mn. They are typically due to minor components of the friction material as
well as impurity in the constituting raw materials.

4.4.5. Category 5: CC BDs + LS/LM FMs (CCs)

The last reported category of emissions collects PM10 particulates generated by
the coupling of Carbon-ceramic braking discs with specially developed LS/LM friction
materials. BDs and FMs inside this category are series products for automotive original
equipment for the high-end market. In particular, two CC BDs coming from the same
producer and two FMs from two different produces are combined and tested.

EDXS spectra and the obtained elemental concentrations are reported in Figure 4.8 and
Table 4.8, respectively. As can be observed, the three main elements characterizing all
the investigated emissions, i.e. Fe, O and C, still represent the major contribution to the
particulate mass (about 70%). However their distribution inside the sum is different in
respect with all the previous investigated emissions. In particular, Fe and C are found in
very low and high concentrations, respectively. This is well in agreement with the
composition of the CC braking discs, which do not contain Iron. Consequently, Fe
represents a specific marker for the consumption of FM in these friction couples.
Similarly, the Oxygen can be considered as a preferential marker for the wear and tribo-
oxidation of the friction material, since CC BDs typically exhibit lower wear and oxidation
in respect with the GCl counterpart. For the same reason, in spite of the fact that Carbon
can arise from both the side of the friction couple, the contribution from the BD side of
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the tribological interface can be considered as a minor fraction. Secondary and minor
elements constitute about the 30% of the particulate mass. Among them, the ones
which are found ubiquitously are Cr, Sn, Cu, Zn, Al, Si, Mg, S and Ca. They arise mainly
from the consumption of the friction materials. Since the overall consumption of the FM
is significantly higher in respect with the CC DB wear, some of the secondary elements,
such as Cu and Sn, are even locally found to have concentrations higher than 10 wt%
(one sample out of three). A further evidence of the preponderant presence of material
worn by the friction composite is represented by the concentration of Silicon, which is
largely contained in the BD braking surface and always present in modest amounts in
LS/LM FMs. Indeed, the Silicon amount is found on average around the 3 wt%: on one
side, this represents the highest overall concentration for this element among all the FCs
categories. On the other hand, it is a concentration value substantially not dissimilar to
those observed in the emissions from the previous coupling typologies (1-2.5 wt%). Only
Zirconium is found as frequent secondary elements, while Titanium and Phosphorous
are registered as trace and infrequent elements. However, the number of FCs here is
more lower in respect with the previous categories: thus, the statistical diffusion of
secondary, minor and trace elements is more limited.
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Figure 4.8: Comparison between EDXS spectra for each PM1g sample collected during emission tests of FCs
belonging to the Category 5 (CC BDs + LS/LM FMs).
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CC1 CcCc2 CC3

Average SD | Average SD |Average 5SD
C 25.7 1.2 18.1 0.7 27.1 3.2
0 22.4 0.5 35.8 0.3 355 1.0
Fe 14.3 0.5 15.6 0.5 12.6 0.9
Cu 19.4 0.6 0.19 003]| 0.23 0.02
Cr 3.7 0.2 089 003| 068 0.06
Sn 351 006] 105 0.3 8.1 0.6
Zn 2.8 0.1 5.1 0.2 4.0 0.3
Al 2.4 0.1 1.92 0.07 2.0 0.2
Si 2.1 0.1 336 0.06 3.0 0.3
Mg 1.88 0.03| 249 0.04 23 0.2
S 1.1 0.1 2.01 0.03 1.54 0.08
Ca 0.26  0.04] 033 0.02 ] 0.30 0.06
Zr 0.00 - 354 0.04 2.5 0.1
Ti 0.00 - 0.11 001)| 0.09 0.02
P 0.30 0.02] 0.00 - 0.00 -

Table 4.8: Summary of elemental composition as obtained for the investigated FCs from Category 5.
Average results are reported together with the corresponding standard deviations over five
measurements (SD, in red). Main elements are highlighted in grey. Ubiquitous elements are highlighted in
blue, while frequent elements in green. Finally, infrequent elements are highlighted in orange.

Since the overall consumption of the FM is significantly higher in respect with the CC DB
wear, some of the secondary elements, such as Cu and Sn, are even locally found to have
concentrations higher than 10 wt% (one sample out of three). A further evidence of the
preponderant presence of material worn by the friction composite is represented by the
concentration of Silicon, which is largely contained in the BD braking surface and always
present in modest amounts in LS/LM FMs. Indeed, the Silicon amount is found on
average around the 3 wt%: on one side, this represents the highest overall concentration
for this element among all the FCs categories. On the other hand, it is a concentration
value substantially not dissimilar to those observed in the emissions from the previous
coupling typologies (1-2.5 wt%). Only Zirconium is found as frequent secondary
elements, while Titanium and Phosphorous are registered as trace and infrequent
elements. However, the number of FCs here is more lower in respect with the previous
categories: thus, the statistical diffusion of secondary, minor and trace elements is more
limited.

4.5. Summary

All the elemental characterization results previously reported are summarized
in the tables and figures showed in the following paragraphs, with the aim of providing
visual and direct evidences for the comparative assessment of the elemental
composition of the investigated emissions.
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Figure 4.10: Kiviat plots for main components distribution in PM1o emissions from each category of friction couple. Grey, green, red and blue bars indicate
respectively the content of Iron, Oxygen, Carbon and Other elements. a) Category 1: GCI BDs + LS/LM FMs; b) Category 2: GCI BDs + IN FMs; ¢) Category 3: GCI
BDs + NAO FMs; d) Category 4: Coated BDs + LS/LM FMs; and e) Category 5: CC BDs + LS/LM FMs.
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Figure 4.10: Distribution of the main components for PM1o emissions from each category of friction couple. Grey, green, red and blue bars indicate respectively
the content of Iron, Oxygen, Carbon and Other elements. a) Category 1: GCI BDs + LS/LM FMs; b) Category 2: GCI BDs + IN FMs; ¢) Category 3: GCI BDs + NAO
FMs; d) Category 4: Coated BDs + LS/LM FMs; and e) Category 5: CC BDs + LS/LM FMs.
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4.5.1. Main Elements

As clearly showed along Paragraph 4.4., the elemental composition of the PMg
particulates generated by brakes is in general largely dominated by three main elements,
which are Iron, Oxygen and Carbon. Taking all the obtained results together, it is possible
to observe that the sum of the three main elements is typically higher than the 70% of
the total PM1o mass, while easily reaching the 90-95% when GCI BDs are coupled against
LS/LM and IN FMs. Figure 4.9 and 4.10 summarizes the distribution of the main elements
in all the emissions generated by each identified category of friction couple.
Dependently on the specific compositional features of the starting materials composing
the FC, as well as from their tribological behavior and wear mechanism, the relative ratio
of the main elements can vary significantly. For example, NAO FMs coupled with GCI BDs
generate emissions with lower content of Iron and higher content of Oxygen in respect
with the counterparts generated by LS/LM and IN FMs. Similar trends are observed in
the PMio emissions generated by CTD BDs coupled against LS/LM FMs. Finally, PM1go
particulates generated by friction couples featuring CC BDs are characterized by the
lowest concentrations of Iron and the highest of Carbon. Secondary and minor elements
represent only an extremely modest fraction of the total weight of the PM3, emissions
in particulates generated by FCs belonging to Category 1 and 2 (GCI BDs + LS/LM/IN FMs).
Conversely, they represent the 25-30 % of the total mass of the emissions when PMg
particulates from Category 3, 4 and 5 are considered. All these observations are
summarized in Figure 4.11, Figure 4.12 and Table 4.9.
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Figure 4.11: Overall distribution of the main components in PM1o emissions from each category of friction
couple.
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Figure 4.12: Overall distribution of the main components in PM1o emissions from each category of friction

couple.
wt% LS/LMs INs NAOs CTDs CCs
Fe 55.0 64.3 25.4 29.8 14.2
0 24.4 22.9 31.3 30.3 31.3
C 10.4 6.0 12.7 12.0 23.7
Others 10.1 6.8 30.6 27.9 30.8

Table 4.9: Comparison of main elements in emissions generated by different FCs. The concentrations
reported are the average of all the main elements concentrations in each category of emissions.

Taking all the results together, it is clearly possible to distinguish between characteristic
elemental distribution profiles generated by different combinations of starting materials
composing the friction couple. More in detail, Category 1 friction couples (GCl BDs +
LS/LM FMs) produce emissions exhibiting an elemental distribution profile strongly
polarized towards the Iron. Emissions generated by Category 2 (GCl BDs + IN FMs)
friction couples share overall similar compositional features, but showing even higher
concentrations of Iron and overall lower content of Oxygen, Carbon and other elements.
These observations are well coherent with the overall lower content of Carbon in the
inorganic bound FMs and with a higher abrasive capability of such materials towards the
GCI BD, which likely play an important role in generating particulates with an overall
lower oxidation level of the Iron.!?>2?/ |n addition, it is also possible to comparatively infer
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that about the 40 wt% of the Carbon produced in emissions from Category 1 (GCI BDs +
LS/LM FM:s) friction coupes has most likely organic origin. More detailed insights into the
Carbon speciation are reported in Chapter 5 (5. Speciation). Emissions produced by
friction couples from Category 3 (GCl BDs + NAO FMs) and Category 4 (Coated BDs +
LS/LM FMs) share similar elemental distribution profiles. They are characterized by
significant lower amounts of Iron in respect with the counterparts from Category 1 and
2, while having slightly higher content of Oxygen and significantly higher amounts of
other elements. Also in these cases, the characteristic elemental profile is well coherent
with the tribological characteristic of these friction couples.”??! In particular, when
looking at the Category 3 FCs (GCI BDs + NAO FMs), it is reasonable to expect an overall
lower direct abrasion of the rotor, since NAO FMs typically exhibit lower friction
coefficients and are softer materials in respect with the LS/LM counterparts.!?®
Therefore, the higher amount of Oxygen is due to the combination of the two following
factors: i) higher adhesive character in the friction mechanism, therefore resulting in
higher tribo-oxidation of the Iron worn by the rotor; and ji) higher amount of material
worn from the friction composite, i.e. higher amount of inorganic oxides, carbonates,
silicates, etc., arising from the FM side of the tribological interface. Similar influence of
the specific tribological mechanism is determined when assessing the elemental
distribution profile of the emissions generated by FCs from Category 4 (Coated BDs +
LS/LM FMs). More in detail, since rotor coatings are typically made by CerMet
composites, therefore exhibiting significantly higher hardness in respect to the cast-iron,
also in this case a significantly higher amount of material worn from the friction
composite side of the friction couple has to be expected inside the generated
particulates.'#2%2324 |n spite of having very similar elemental distribution profiles, it is
anyway possible to observe slight differences in the overall Iron concentration in
emissions between Category 3 and Category 4: indeed, particulates generated by NAO
FMs show in general slightly lower amount of Iron in respect with the counterparts
produced by Coated BDs. Notably, also this observation is good in agreement with the
compositional characteristic of the tribological interface. In particular, NAO FMs typically
do not contain metallic Iron species (Fe powders, steel fibers, etc.), while conversely
CerMet coatings for rotors are in general composed by dispersions of ceramics within
Fe-based alloys. Furthermore, it is possible to assume that in emissions from Category 3
FCs, the Iron is mostly due to the wear of the braking disc, while in the emissions from
Category 4 FCs, it arises mostly from the consumption of the friction material. Finally,
the emissions generated by the friction couples from Category 5 exhibit peculiar relative
abundance between the main constituents. More in detail, the elemental distribution
profiles of the PMy particulates produced within this category are significantly polarized
towards the Carbon corner, while exhibiting the overall lowest amount of Iron. Also in
this case, the compositional and tribological characteristic of the friction couple is pivotal
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in determining the elemental distribution profile.*>® Indeed, the extremely low
content of Iron is easily explained by the Carbon-ceramic nature of the braking discs.
Therefore, in these emissions Iron can be considered as a specific marker for the
consumption of the friction material. In addition, the significant presence of Oxygen and
other elements in these particulates can be ascribed to the higher relative consumption
of the friction composite when working against a Carbon-Ceramic BD, which is
significantly harder in respect with the GCI counterpart.

4.5.2. Secondary and Minor Elements

As observed in the previous paragraph, for all the investigated PM g particulates,
the main elements are Iron, Oxygen and Carbon, which can be considered as
characteristic constituents for the brake emissions. Nevertheless, significant amount of
other elements are also found, typically ranging from 10 to 30% of the total particulate
mass. These elements are usually found in far lower concentrations in respect with the
principal ones and are mainly due to the consumption of the friction material. Therefore
they are mostly case-specifically dependent on the friction composite formulation.
Nevertheless, looking at all the collected results, it is still possible to aggregate the
obtained chemical information to identify trends and draw some general conclusions.
First of all, it is possible to notice that some of these elements are always found, while
others appear with lower frequency. Therefore, they can be categorized on the basis of
their appearance frequency as: i) Ubiquitous, when always found; /i) Frequent, when
found in more than the 50% of the analyzed particulates; and iii) Infrequent, when
appearing in less than the 50% of the investigated PM1o emissions. In addition, it is also
possible to further categorize them on the basis of their typical concentrations as: i)
Secondary, when appearing with overall concentration between 10 and 1 wt%; and ii)
Minor, when found with overall concentration between 1 and 0.01 wt%. To be
highlighted that 0.01 wt% is selected as inferior limit since it represent an overall
empirical quantification limit for the EDXS probe. Several additional elements can be
found in concentrations lower than the 0.01 wt%, i.e. in Trace or Ultra-Trace amounts.
These last elements are not assessed nor investigated in this work.

Figure 4.13 reports the dispersion diagrams of secondary and minor elements, as
defined in the previous lines, for the PMy emissions generated by the different
investigated FCs categories. In particular, the appearance frequency of a selected
element within the emissions belonging to a specific category is plotted on the x-axis,
while the y-axis accounts for the element concentration. Figure 4.14 summarizes the
average concentration of secondary and minor elements weighted over their
appearance frequency within the specific categories. Referring to Category 1, Mg, Al, Si,
Zn and Sn are found as ubiquitous secondary elements, while only Ba is found to appear
in secondary amounts with low frequency.

102



20 3.0 9.0
g 8 E: 7
:il: a ) Sn E b ) ! 5 8.0 C ) '
=g e = e 7.0
9 S 2 2 60
£ Mg . 5 2.0 bt Ba
2 Ba Ale = S50 \
S 10Ff S g
8 " n e 8 8 40 Ti
y X
§ : S 10 L S 30 c
S ¢ . aoe | O L S no g,
o7 J W W .
M Mo ® snoe 2.0 N
2 Vs Mo Ca « Mn ) . " wn S _ o Ca-2 vg'e
e = Ti Py 1.0 Bi Ke 3
© Na -\ o ] Cu v : Mn - |
< _— I oo o e 2 0o Na n— oAl
00 . . . . . ; ‘ . . . :
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 50 80 100
Frequency / % Frequency / % Frequency / %
® 9.0 = 2.0
R -
80 r 8.0 5n
2 d ) we = e)
“g 70 \:\ 7.0
S ol S 60
o sn ]
% 50 F o ‘;‘; 50
]
& a0t 8 40 ine
< Zre M <
8 30 r . lJ?- LOJ 30 Mg Si
o Ine ple © %
g, 20 F o 5 Ti Cue g\ 20 o Al
2 Ti - ’
T 10y . KgNi Cae Si s § 10 P S
‘% 0.0 Pe Mn ¢ L . L % 0.0 L X X Ca{
0 20 an 60 30 100 00 200 400 600 80.0 1000
Frequency / % Frequency / %

Figure 4.13: Frequency and average concentration of secondary and minor elements for PM1o emissions from each investigated category of friction couple. a)
Category 1: GCI BDs + LS/LM FMs; b) Category 2: GCI BDs + IN FMs; c) Category 3: GCI BDs + NAO FMs; d) Category 4: Coated BDs + LS/LM FMs; and e) Category

5: CC BDs + LS/LM FMs.
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Mg, Al, Si are commonly contained in friction materials in forms of oxides, carbonates,
silicates and alumino-silicates, mostly behaving as abrasives or fillers. Similarly, Ba can
be used in form of Baryte (Barium sulphate), behaving as well as filler. Between these
elements, only Si can be found also in the cast irons: it is typically used as alloying
element in limited concentrations (0.1-2.0 wt%). Zn is typically used in two main forms
inside the friction composite: as metal (for Fe anodic protection) or as ZnS (lubricant).
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Figure 4.14: Average concentrations of secondary and minor elements weighted over their frequency

appearance within the specific category of emission. Grey - Category 1: GCI BDs + LS/LM FMs; yellow -

Category 2: GCI BDs + IN FMs; green - Category 3: GCl BDs + NAO FMs; blue - Category 4: Coated BDs +
LS/LM FMs; and red - Category 5: CC BDs + LS/LM FMs.

Similarly, Sn is frequently used in the friction composite in metallic or sulfide forms,
respectively as friction stabilizer and solid lubricant. All the other observed elements are
typically found in minor amounts (1 < [x] < 0.01 wt%) or rarely: they are Na, P, S, K, Ca,
Ti, V, Cr, Mn, Cu, Mo and Bi. Among these elements, the vast majority is mainly due to
compounds that can be typically used in the friction composites. Kand Ca are due mainly
to silicates, alumino-silicates and hydroxides, respectively used as fillers and pH
modifiers. S is mainly due to metal sulfides, commonly used as solid lubricants, and,
secondary, to insoluble sulfates that can be infrequently used as fillers. Ti can be found
in alumino-silicates as well as in form of titanates, behaving respectively as fillers and
friction modifiers. Bi, similarly to Zn and Sn, is used both in form of metal and sulfide,
covering substantially similar functions. Cr, Cu and Mo can be found on both sides of the
friction couple. In particular, they are typical alloying elements or impurities of cast-irons
(and more in general of all the Fe-based alloys). At the same time, they can be used in
the friction composite in form of: i) spinel oxides (Cr), as abrasives; ii) sulfides (Cu and
Mo), as solid lubricants; and iii) metallic form (Cu), as friction stabilizer. Mn is likely the
only minor element mostly due to the wear of the GCI BD, since it is a common impurity
for Fe-based alloys, while is extremely rarely found in raw materials for friction
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composites. Finally, Na and P are found rarely and in concentrations close to the
detection limit of the EDXS probe. They are most likely due to minor components or
impurities of the friction material. Among all these considerations, it is worth to highlight
two main points. First of all, it is evident that the friction material contributes in
secondary fashion to the overall mass of the PM1g particulates generated by Category 1
FCs. Second and most important, Cu is found to be only a secondary non ubiquitous or
a minor contribution in the investigated emissions from Category 1 FCs, which represent
the current and next future standard couplings for the automotive original equipment
market in EU. This observation well reflects the progressive dismission of Cu-based raw
materials in friction composites for the referenced markets, following the most recent
legislations cited in the introduction of this thesis. However, minor or trace amounts of
Cu can be likely expected to be always found in brakes emissions, since Cu often
comprises in cast iron. Moving to the emissions generated by Category 2 FCs, it is to be
highlighted that, in spite of being treated with the main emission constituents for sake
of symmetry with the other FCs categories, C is actually a secondary ubiquitous
contribution in these PMy particulates. It is typically found in concentrations around 5-
7 wt%, i.e. the lowest overall concentrations reported among all the PMyo particulates
generated by the different investigated typologies of FCs. Notably, this observation is
extremely coherent with the absence of organic binders in the FMs of Category 2 FCs. In
addition to C, only Al and Si are found ubiquitously as secondary contributions. These
two elements are indeed main constituents of several inorganic binders, such as geo-
polymers, cements and silicon resins. Thus, they give account of the consumption of the
friction material. Other ubiquitous but minor elements are S, Mn, Cr and Cu, which
mainly arise from the wear of the rotor. Finally, Zn, K, Ti, Sn and Mo are also found in
minor amounts, but with progressively lower frequency. Therefore, they are likely due
to some of typical compounds of the friction composite, as already described for
emissions generated by FCs belonging to Category 1. Particulates generated by Category
3 FCs show significantly higher amount of secondary elements, for the reasons already
discussed in the previous paragraph. Zr, Ba, Ti, Cu, Si, Mg and S are found in
concentrations exceeding the 1 wt% on average basis. The possible origin of the major
part of these elements is already reported in the previous line with the only exception
of Zr, which appear for the first time in significant amounts, thus representing a specific
marker for Category 3 emissions. Indeed, Zr is commonly used in form of oxide (ZrO;)
and silicate (ZrSiO4), which are respectively used as filler with modest abrasive capability
and strong abrasive in NAO FMs. Emissions generated from Category 4 FCs show also
significant amounts of secondary and minor elements, due to the specific tribological
behavior. All ubiquitous elements are found in secondary amounts. They are Mg, Al, S,
Cr, Cu, Sn. In particular, Mg, Al, Cu, S and Sn can be considered as specific markers for
the consumption of the friction material, since they are typically found in LS/LM FMs, in
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the forms already described in the previous lines. Conversely Cr is a non-specific marker.
It can be found in the FMs as already reported. However, the overall higher Cr amounts
found in this group of emissions are more completely justified by the fact that several
BD coatings are made by at least one intermetallic/alloy component (such as steel, Fe-
Cr alloys, etc.). Ca, Si, Ti and Zn are also found frequently in secondary amounts. Also
these elements are mainly due to the consumption of the friction composite, since they
are constituents of several raw materials already described. Zr, Ba and W are found
infrequently, but with overall significant concentrations. The origin of Zr and Ba was
already discussed, while W appear for the first time in brake emissions. It is a specific
but not ubiquitous marker for the wear of the BD coating, since it can be found in form
of carbide in some CerMet formulations. Finally, Co was observed rarely (one out of ten
PMio samples). Also in this case, it represents a specific marker for the wear of the BD,
since it can be found in some metallic alloys for CerMet coatings. Notably, this specific
element was observed only in one single proof of concept test, featuring the presence
of a coating solution which can not found way to industrialization due to both safety and
economic reasons. Thus, its presence in brakes emissions is expected to be completely
negligible when coated BDs will appear on the market. Finally, K, P, Mn, Ni, Bi are found
in minor amounts or rarely. The origin of K, P, Mn and Bi was already discussed. As far
as Niis concerned, it is likely due to the wear of some BD coatings, since some alloys for
CerMet coatings (steel, Ni-Cr alloys, etc.) might contain this metal. It is worth to highlight
that emissions from Category 3 and 4 were found to share similar overall elemental
composition profiles when assessing the main constituents. Notably, secondary
elements distribution can be used to effectively discriminate between the two emission
categories. More in detail, PMg particulates generated by Category 3 FCs were found to
exhibit ubiquitously significant amounts of Zr, Ba and Ti. Conversely, these three
elements are found more infrequently and with significant lower concentrations when
looking at the counterparts from Category 4 FCs. Therefore, the overall presence and
relative abundance of Zr, Ba and Ti can likely be used as specific proxy for emissions
generated by Category 3 FCs. Finally, moving to emissions from Category 5 FCs, it is
possible to observe significant amounts of secondary elements, such as Mg, Al, S, Si, Cr,
Cu, Zn, and minor amounts of Tiand P. All these elements, with the only partial exception
of Si, are due to the wear of the friction material, which is significant in this category of
FCs. Their origin compound were already reported. Conversely Siis found in several raw
materials for braking pads production as well as in the Carbon-ceramic composite
constituting the BD side of the tribological interface. This double origin helps to justify
the overall higher concentration of Si found here in respect to all the other emissions
categories. To be highlighted that Category 5 features a limited number of investigated
FCs. Thus, the overall distribution of the secondary elements here has a lower statistical
value in respect to all the other emissions categories.
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4.5.3. Overall Summary for Introduction to Next Investigations

Table 4.10 reports all the elemental composition main characteristics of the emissions
generated by the five investigated categories of FCs. The table is intended to represent
an overall summary of all the observations described and discussed in the two previous
paragraphs. As can be observed, the chemistry of the brake emissions is largely linked
to Iron and its oxidation compounds. Indeed, Iron and Oxygen are always found to be
between the main elements, with Iron being dominant (> 50 wt%) in emissions from
Category 1 and 2 FCs. Therefore, the speciation of Iron-based compounds inside brake
emissions represents a pivotal point toward a more detailed chemical characterization
of such particulates. For this reason, the topic will be largely discussed in the next
chapter (Chapter: 5. Speciation). In particular, wide investigation by mean of X-Ray
Diffraction (XRD) and X-Ray Absorption Near Edge Spectroscopy (XANES) probe is
reported to assess the presence and the relative abundance of different Iron compounds.
Notably, XANES is also used in order to investigate the oxidation states of several d-block
metals of environmental and toxicological interest appearing in secondary or minor
amounts in the brake emissions, such as Cr, Mn, Cu and Zn. In spite of being an overall
minor contribution, their speciation remains of great importance when assessing the
behavior of brake emissions towards environmental and biological systems, especially
when they arise from species which might react and change their nature during tribo-
oxidative events (i.e. metals and sulfides). Finally, the remaining part of secondary and
minor elements are represented by alkali and alkaline-earth metals, together with
Aluminum and Silicon. As previously reported, they are mainly due to materials
composing the friction composites. In particular, they are contained in alumino-silicates,
oxides and other materials from geological origin, typically used as fillers or mild
abrasives. For this reason, they usually have high thermal stability and are not expected
to modify their nature during tribo-oxidative events. Nevertheless, their interaction with
liquids, in particular with water, might represent an interesting point to be investigated.
For this reason, both cationic and anionic species released by brake emissions are also
investigated in the next chapter by the mean of lonic Chromatography. As already
discussed in the first chapter, trace (< 0.01 wt%) and ultra-trace (down to ppm and ppb)
elements are not investigated in this thesis work, since, due to their extremely low
concentrations, their contribution to the overall environmental and toxicological
behavior of brake emissions should likely be more limited.
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Category1 Category2 Category3 Category4 Category5

Main Fe, O, C Fe, O 0O, C, Fe O, Fe, C O, C, Fe

Secondary i ) K, Ca, Zn, Sn Ca, Si, Ti, Zn -
Frequent
Secondary B3 ) . Zr, Ba, W, Co -
Infrequent

i Na, K, Ca, P, S, Ti, V, S, Mn, Cr, Cu, . R ]
Minor Mn, Cr, Cu, Mo, Bi Zn. K, Ti, Sn, Mo, Na, Bi, Al, Cr, Mn K, P, Mn, Ni, Bi Ti, P

Main: always [x] > 10 wt% (bold= dominant (> 50 wt%)) Ubiquitous: always found
Secondary: 1.0 < [x] < 10wt% Freguent: appearance frequency > 50%
Trace: [x] < 1.0 wt% Infrequent: appearance frequency < 50%

Table 4.10: Summary of the elemental composition characteristics of PMgbrake emissions from different FCs categories.
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4.6. Elemental Composition Maps

Taking all the reported results together, it is finally possible to draw some maps of the
elemental composition of PMjp brake emissions. First of all, since different friction
couples have preferential diffusion in specific markets, automotive brake emissions can
likely exhibit different elemental composition profiles in different geographical areas.
For instance, FCs belonging to Category 1 (GCl BDs + LS/LM FMs) have wide and
dominant distribution on the European markets. Conversely, FCs belonging to Category
3 (GCl BDs + NAO FMs) are widely diffused in the North American and Asian markets.
Since the overall elemental distribution profiles of PMjo particulates generated from
these two different FCs categories were found to be characterized by significant
differences, therefore emissions produced by brakes in the cited continents are likely
expected to reflect these differences. This is expected more likely when assessing the
chemical composition of emissions at the local scale, such for example when comparing
particulates from cities in different continents. Figure 4.15 summarizes how different
elemental profiles are likely expected to find distribution in several world regions.
Unfortunately, no clear information about the distribution of brakes materials are
available for African and Ocean Pacific regions. Finally, it is worth to highlight that brakes
emissions from Indian and South-East Asian regions might differ significantly from other
countries such as China, Japan and South Korea, since the road transport in the former
ones is dominated by motorbikes more than cars. Motorbikes brakes are typically made
by different materials, usually steel BDs coupled against sintered FMs, i.e. friction
composites mostly made by metals. Therefore it is important to point out that the
elemental distribution profiles generated by Category 3 FCs represent only a partial
depiction of the overall chemical composition of non-exhaust emissions generated by
traffic in all those areas in which motorbikes are dominant. In addition to all these
considerations, it is also possible to add a further level in the analysis, i.e. the distribution
of brakes materials in function of different market segments, as reported in Figure 4.16.
As can be observed, the vast majority of the worldwide cars are expected to generate
brake emissions having similar elemental distribution profiles, characteristic for specific
geographic areas. However, a minor part of the worldwide fleet (luxury and high-end
cars), is expected to generate emissions with significantly different elemental profiles,
independently on the geography. Taking all these observations together, it appears clear
how can be difficult to draw general conclusions on the overall chemical composition of
the emissions generated by brakes if geography and market considerations are not taken
into account. In spite of being a first and absolutely partial depiction of the global
situation, the results reported in this chapter still represent a first step towards a more
contextualized correlation between the diffusion of different categories of friction
couples and the compositional features of their corresponding emissions.
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Figure 4.15: Geographical dependance of the elemental distribution profile of PM1o particulates generated by car brakes.
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Figure 4.16: Market segment dependance of the elemental distribution profile of PM1g particulates generated by car brakes.
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Finally, the strong development of new materials and design solutions which is currently
ongoing in the automotive brake industry is likely expected to impact the emissions
elemental distribution profiles in the next years. Once new technologies such as coated
BDs and inorganic bound FMs will appear diffusely on the market substituting the
current FCs, elemental composition of the corresponding emissions will change
accordingly to the dominant solutions. For instance, as schematically showed in Figure
4.17, Category 1 FCs (GCI BDs + LS/LM FMs) in EU might be substituted in the next future
alternatively by Category 2 (GCI BDs + IN FMs) or Category 4 (CTD BDs + LS/LM FMs) FCs
in order to reduce brakes emission factors.
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Figure 4.17: Possible future evolutions in elemental composition profiles of automotive brake emissions in
EU.

Notably, this reduction will come together with a modification of their chemical
composition, accordingly with the findings reported in the previous paragraphs. Even
spurious solutions not assessed in this work, such as the combination of Coated BDs and
NAO FMs will probably appear on the market. Such combination will represent a new
category of FCs, whose emissions will exhibit most likely mixed character between those

from Category 3 and Category 4.
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5. Speciation in Brake Emissions

The elemental composition of an emission sample is a necessary but still not
sufficient information when assessing its behavior towards environment or biological
systems. Therefore, it is of fundamental importance trying to understand which is the
distribution of an element amongst different chemical species, i.e. to assess the
speciation of that element. Indeed, different oxidation states and different compounds
of a specific element can exhibit significantly different eco- and cyto- toxicology. However,
while the elemental analysis of environmental emissions can be easily performed by the
means of several chemical probes, their speciation is usually more complex and less
explored. This is especially true for brakes emissions: indeed, a general assessment of
their phase composition is substantially lacking in the literature. Thus, this chapter aims
to provide a deeper insight into the distribution of the compounds constituting the
particulates emitted by disc brake devices. In particular, the phase composition of the
inorganic fraction is widely explored, since it was found in the previous chapters to be
dominant in brakes emissions. To do so, a multi-technique approach is used. More in
detail, X-Ray Diffraction (XRD) analysis is used to characterize the main constituents of
the crystalline fraction, as already reported in previous chapters. In addition, X-Ray
Absorption Near Edge Spectroscopy (XANES) probe is used to characterize more deeply
the distribution of oxidation states in d-block metals usually appearing in brakes
emissions, even in secondary or minor amounts.

5.1. Aim of the Study

The elemental composition of a sample represents the first information needed
to identify an investigated material. However, in spite of providing a fundamental
characterization, the elemental analysis alone is frequently not sufficient to completely
assess the chemical nature of a sample of interest. In particular, a more complete and
detailed depiction of the investigated material is obtained when it is possible to merge
together information from both elemental and phase composition analysis. This is
especially true when: i) investigated materials are complex and heterogeneous mixtures;
and ji) one or more constituting elements can arise from different sources. Notably, both
these conditions are usually verified when assessing environmental emissions. As far as
the particulates generated by brakes are concerned, this is particularly evident also from
the results reported in the previous chapters. Therefore, it becomes frequently
necessary to look at the dispersion of elements of interest amongst different chemical
species (or compounds), i.e. to speciate them. This might be translated in a wide range
of different chemical information, going from the assessment of the distribution of
oxidation states of a specific element up to the identification of specific compounds
containing that element of interest. These information are pivotal when assessing the
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correlation between the chemical nature of a material with its environmental and
biological behavior. A typical example is represented by the Chromium, which can be
usually found in three different oxidation states: Cr% Cr®* and Cr®, with the latter one
being extremely more dangerous and toxic in respect to the former species.™ Similarly,
most of the d-block metals exhibit fairly different toxicology in their different states. As
rule of thumb for some of them, higher oxidation states often translate in higher
solubility in biological media and therefore in higher bioavailability and higher activity
towards biological systems, such for instance V, Mn, Cr.l3! Others show significantly
higher eco- or cyto- toxic behavior in metallic form, while being less active in oxidized
forms (Zn, Cu).**! More in general, different oxidation states in metals are able to
activate different toxicological paths, ranging from acute responses to chronic effects.®”!
Therefore, it is particularly evident how a reliable speciation of the constituting elements
of the brakes emissions is fundamental in order to correctly assess their behavior toward
environmental and biological systems. For this reason, the investigation reported in this
chapter proposes a wide characterization of the phase composition of brakes emissions
generated by different friction couples. Similarly to what reported in Chapter 4 for the
elemental composition, the distribution of identified compounds is related to the
different starting materials composing the friction couple.

5.2. Experimental Techniques

To cope with the intrinsic complexity of the chemical composition of the brakes
emissions, a multi-technique approach is adopted. In particular, XRD analysis is used in
order to characterize the phase composition of the crystalline fraction. The distribution
of main constituents, such as the Iron and its oxides, is the main target for this analysis.
Nevertheless, valuable information can be obtained also on the presence of secondary
components, such as inorganic oxides and sulfides, as well as of other metals. In spite of
being an extremely powerful probe, the XRD analysis suffers of two main drawbacks
when applied to the chemical speciation of brakes emissions: i) it can assess only the
crystalline fraction, therefore being blind towards amorphous compounds; and ii) it is
characterized by relatively high detection limits, especially when modest amounts of
material are available. For this reason two additional techniques are proposed to
overcome these limitations. The first one is the XANES analysis, which can be applied for
its nature independently on the long-range order exhibited by the investigated material,
being at the same time sensible to lower amounts of analyte in respect with the XRD
analysis. For this reason, XANES is used to assess the overall distribution of oxidation
states of d-block metals present within the investigated particulates, even in secondary
or minor amounts. The second technique is the Raman Spectroscopy, which can be used
to qualitatively identify some chemical species such as metal oxides and sulfides as well
as elemental Carbon. Similarly to the XANES probe, also Raman Spectroscopy can be
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used independently on the presence of amorphous compounds. However, its
application is described more in detail in Chapter 7. Dimensional Profiles and Chemical
Composition, since it is used in this thesis only in that section and limitedly to the
comparative assessment of the phase composition of the ultra-fine fractions. As far as
the Carbon is concerned, its speciation is dealt assessing its presence in organic,
elemental and inorganic forms. This is done by means of Carbon elemental analysis (C-
EA). In particular, the investigated samples are induced to a sequential total combustion
by means of the application of suitable heating ramps in Oxygen enriched environment.
Therefore, the CO;, generated in different temperature ranges is used as marker for
assessing the relative abundance of the different Carbon compounds inside the
particulates. Finally, also the ionic fraction released in water media by the investigated
PMio emissions is briefly assessed by means of lonic Chromatography. All the
experimental protocols adopted for the speciation analysis are detailed described in
Chapter 2.

5.3. Crystalline Fraction

From all the findings reported in Chapter 3 and 4 it is possible to infer that the
chemistry of the brakes emissions is greatly related to the chemistry of Iron. In particular,
Iron oxides are generally found as main constituents of the particulates generated by
brakes. In addition to the Iron, several other metals and inorganic oxides and sulfides
can be frequently found in these emissions. Finally, also elemental Carbon is found to
be a significant contribution. Since most of these compounds have usually crystalline
character, XRD probe might represent a useful tool for their identification. For this
reason, phase identification and quantification (where possible) were carried out on
several PMyg particulates are reported in the next sections. More in detail, XRD analysis
was carried out on the same samples investigated in Chapter 4, when sufficient amount
of material was deposited on the collection substrates. Therefore, their origin as well as
their complete elemental composition can be found in that chapter. For the same reason,
the results are presented and discussed in function of the different combinations of
materials composing the friction couple, following the categorization previously
proposed. As already reported in the paragraph of Chapter 2 dedicated to the XRD
analysis, highly disordered or even amorphous phases can be expected within the
collected particulates. In addition, in spite of being selected for their non crystalline
character, cellulose filters still retain some degree of short-range order, therefore
exhibiting a modulated background. For all these reasons, the reported results of phase
guantification have not to be considered as absolute or fully quantitative, but relatively
to the crystalline fraction only.
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5.3.1. Category 1 (GCI BDs + LS/LM FMs)

The next figures (Figure 5.1 to 5.5) report the Whole Profile Powder Fit (WPPF)
refinements carried out on five particulates generated by friction couples belonging to
the Category 1, i.e. combinations of GCl braking discs and Low Steel/Low Metallic friction
materials. More in detail, LS/LM1, LS/LM2, LS/LM4, LS/LM6 and LS/LM10 samples were
analyzed. In addition, Table 5.1 summarizes the relative abundance ratio of the
identified phases relatively to the crystalline fraction. As can be immediately seen from
all the reported results, the crystalline fraction of these particulates is dominated by the
presence of Iron oxides. In particular, both Magnetite (Fes04) and Hematite (Fe,03) are
always found, with the latter being dominant. In addition, also metallic Iron (a-Fe) and
Graphite (2H —hexagonal polymorph) are always found, but in significant lower amounts.
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Figure 5.1: Refinement for PM1o from LS/LM1 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
model; iv) vertical bars: crystallographic references. a-Fe, FesQ4, Fe;03 and C reference bars are
respectively reported in blue, green, red and yellow.
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Figure 5.2: Refinement for PM1g from LS/LM2 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
model; iv) vertical bars: crystallographic references. a-Fe, Fe304, Fe,03, C and y-Fe reference bars are
respectively reported in blue, green, red, yellow and light blue. SnS is detected (*) but not quantified.
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Figure 5.3: Refinement for PM1o from LS/LM4 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
model; iv) vertical bars: crystallographic references. a-Fe, Fes0,, Fe;0s, a-Zn and C reference bars are
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Figure 5.5: Refinement for PM1o from LS/LM10 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
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LS/LM1  LS/LM2  LS/LM4  LS/LM9  LS/LM10
Fe,0,  51.7(3)  488(9)  42.7(3)  69.5(9)  54.6(9)
(7

Fe,0, 33.9(3) 34.1(7) 22.2(5) 16.3(9) 31.1(9)
Fe (a+y) 8.9(2) 11.2(9) 25.7(2) 9.1(8) 4.9(2)
C 5.5(2) 5.9(2) 5.4(2) 5.1(6) 4.3(4)
SnS traces traces - - -
a-Zn - - 3.8(3) - -
CuZn - - - - 5.1(8)
Ruwp 3.69% 3.23% 3.56% 4.05% 3.63%
X2 1.95 1.35 191 1.07 1.20

Table 5.1: Summary of relative weight ratios for identified crystalline phases in PM1o emissions from
Category 1 friction couples. Estimated standard deviations (esd) are reported in blue within brackets and
refer to the last reported significant digit. Rwp and x? are goodness of fit parameters.

Notably, all these findings are in excellent agreement with those previously reported for
the elemental composition of the same category of samples. Therefore, it can be
inferred that the crystalline fraction fits overall very well the elemental composition of
the investigated particulates, in particular when looking at the main constituents. As far
as minor components are concerned, other metals such as Zn and Brass (Cu-Zn alloy)
are easily detected when contained in weight percentage higher than 1 wt% in the
investigated particulate. However, these compounds are found with lower frequency in
respect with the previous ones, since their presence is dependent on the specific friction
material formulation. In addition, also Tin Sulfides are detected when present even in
low amounts (sample from LS/LM1 and LS/LM2 FCs), thanks to their high crystallinity.
However, they cannot be reliably quantified, due to the high signal to noise ratio in
comparison with their diffraction peaks intensities. For this reason, they were excluded
from the phase analysis and reported in Table 5.1 as “traces”. Finally, other two
interesting considerations can arise from the reported results. First, as already pointed
out in Chapter 3, the elemental Carbon (Graphite + Coke) concentrations found by XRD
phase analysis are always lower (50-60%) in respect with their counterparts obtained
from EDXS analysis. This can be explained by the two following factors: i) the tendency
of the EDXS probe to slightly overstate light elements concentration (see Annex 2); and
i) the presence of Carbon in non-crystalline forms, such as results of thermal
degradation of the organic binders. The second observation is that two different
polymorphs of Iron can be observed very often at the diffraction analysis, i.e. a-Fe
(Ferrite) and y-Fe (Austenite). If the first one can arise from both the abrasion of the BD
and FM, y-Fe is likely more related to steel fibers eventually present in the friction
composite.
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5.3.2. Category 2 (GCI BDs + IN FMs)

Figures 5.6 to 5.10 show the WPPF refinements carried out on the experimental
XRD patterns collected on five different particulates generated by friction couples
belonging to the Category 2, i.e. combinations of GCI BDs and inorganic bound (IN) FMs.
Table 5.2 summarizes the corresponding results of phase composition analysis. More in
detail, emissions from IN1, IN4, IN6, IN8 and IN10 friction couples are analyzed (their
elemental composition can be found in Paragraph 4.4.2 in the previous Chapter). As can
be observed from the reported results, also in this case Iron-related species are the
dominant contribution to the crystalline fraction of the investigated emissions. However,
here the overall amount of metallic Iron is higher than in the counterparts from Category
1. Notably, this findings is in excellent agreement with both: i) the results from the
elemental composition characterization reported in Chapter 4; and ii) the specific
tribological characteristic of this category of friction couples: indeed, IN FMs are harder
and more abrasive in respect with the LS/LM counterparts; therefore, IN FMs likely
generate more material by direct abrasion of GCI BD braking surfaces, in respect with
that one generated by adhesive and tribo-oxidative mechanism when compared to
LS/LM FMs.

. — Model
B — Difference
8000 O PM10-IN1
ll I a-Fe
6000} y-Fe
= l Fe,0,
B. l | F8203
~ 4000 ;"‘ 1 C
> i e MosS,
2 2000 ) ,
)
o,
<
£
oF [ [ [
| [ |
| | [ [ [ T
R Y T o T O A I I N T
-20001 FEE L1 (R A
e, MW\-‘NM,N* M%MWWWNwmaw'ﬂﬁm B |
74000_ 1 \'l‘....I....I....I....I....I....I....I....I....I....I....I....
1420 25 30 35 40 45 50 55 60 65 70 75 80 85

20/°

Figure 5.6: Refinement for PM1ofrom IN1 FC via WPPF method. i) Black profile: experimental pattern; ii)
red profile: calculated model; iii) pink profile: residuals between experimental data and calculated model;
iv) vertical bars: crystallographic references. a-Fe, y-Fe, Fe304, Fe,03, C and MoS; reference bars are
respectively reported in blue, light-blue, green, red, yellow and pink. The main peak of MoS; is reported
on split x-axis, since it is located at lower diffraction angle in respect with the standard range.
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Figure 5.7: Refinement for PMsg from IN4 FC via WPPF method. i) Black profile: experimental pattern; ii)
red profile: calculated model; iii) pink profile: residuals between experimental data and calculated model;
iv) vertical bars: crystallographic references. a-Fe, Fe304, Fe;03, C and a-Zn reference bars are respectively
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Figure 5.8: Refinement for PM1ofrom IN6 FC via WPPF method. i) Black profile: experimental pattern; ii)
red profile: calculated model; iii) pink profile: residuals between experimental data and calculated model;
iv) vertical bars: crystallographic references. a-Fe, Fe30a, Fe;03, C and a-Zn reference bars are respectively

reported in blue, green, red, yellow and light blue.
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Figure 5.9: Refinement for PM1ofrom IN8 FC via WPPF method. i) Black profile: experimental pattern; ii)
red profile: calculated model; iii) pink profile: residuals between experimental data and calculated model;
iv) vertical bars: crystallographic references. a-Fe, Fes04, Fe,03, C and a-Zn reference bars are respectively

reported in blue, green, red, yellow and light blue.
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Figure 5.10: Refinement for PM1o from IN8 FC via WPPF method. i) Black profile: experimental pattern; ii)
red profile: calculated model; iii) pink profile: residuals between experimental data and calculated model;
iv) vertical bars: crystallographic references. a-Fe, y-Fe, C, Fe30a, Fe,0s, SiC and Sn reference bars are
respectively reported in blue, light-blue, yellow, green, red, pink and black.
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IN1 IN4 IN6 IN8 IN10

Fe;0, 32.9(6) 29.0(2) 39.7(2) 47.2(3) 8.2(9

Fe,O4 21.6(9) 44.0(2) 34.3(2) 34.0(3) 6.3(3
(

Fe (a+y) 39.7(7) 20.2(9) 21.8(7) 15.3(8) 80.6(6)
C 4.4(3) 5.1(2) 2.7(2) 3.5(3) 2.5(9)
MosS, 1.4(2) - - - -
a-Zn - 1.3(3) 1.5(2) - -
SiC-6H - - - - 2.2(2)
Sn - - - - 0.1(1)
Rup 4.60% 4.28% 4.06% 4.74% 4.28%
X2 3.23 1.26 1.23 1.83 1.26

Table 5.2: Summary of relative weight ratios for identified crystalline phases in PM1o emissions from
Category 2 friction couples. Estimated standard deviations (esd) are reported in blue within brackets and
refer to the last reported significant digit. Rwp and x? are goodness of fit parameters.

This behavior is particularly evident in the particulates generated by IN10 FC, where the
metallic Iron is found to be the dominant phase (80 wt%) of the PM1g emission. Indeed,
the friction material of this FC comes from racing application, where braking
performances are maximized. In addition, this friction mix is coupled against a standard
GCI BD (not for racing purposes). For this reason, the extremely high abrasive character
of the friction material likely determined an emission generation mostly based on direct
abrasion of the disc braking surfaces. Notably, these results highlight how the XRD probe
can be a convenient probe to easily discriminate between different ratios of metallic and
oxidized Iron in brakes emissions, therefore being a precious tool to investigate also the
tribological mechanisms of specific friction couples.

In addition to the main phases related to the Iron, also elemental Carbon is always found
(Graphite-2H, hexagonal polymorph) in all the investigated particulates. Notably,
Graphite concentration is lower in these particulates than in the counterparts from
Category 1. This observation is well in agreement with the overall fraction of material
arising from the FM side of the friction couple, due to the mechanical and tribological
characteristics of the IN friction materials. In addition, other minor and less frequent
compounds are spotted. They are mainly dependent on the specific friction mix
formulations. In particular, minor amounts of MoS, (solid lubricant, IN1), metallic Zn
(friction modifier and corrosion protection, IN4 and IN6) and Silicon carbide (SiC-6H,
hexagonal polymorph, abrasive, IN10) plus metallic Tin (friction modifiers, IN10) are
identified. All these compounds are characterized by high electron density and/or high
crystallinity; therefore, they are detected even in minor amounts.
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5.3.3. Category 3 (GCI BDs + NAO FMs)

Figures 5.11 to 5.13 show the WPPF refinements carried out on the
experimental XRD patterns collected on three different particulates generated by
friction couples belonging to the Category 3, i.e. combinations of GCl BDs and NAO FMs.
Table 5.3 summarizes the corresponding results obtained from the phase composition
analysis More in detail, emissions from NAO1, NAO2 and NAO4 friction couples are
analyzed (their elemental composition can be found in Paragraph 4.4.3, in the previous
Chapter). First of all it is worth to highlight that the diffraction signals are overall
significantly lower in respect with the XRD patterns of the emissions generated by the
first two categories of FCs. Thus, the signal to noise ratio is also significantly lower,
resulting in more difficult identification and phase analysis processes, higher
uncertainties and an overall lower quality of the fits. This is due to the significantly lower
amounts of material generated and therefore collected during the emission tests of the
FCs belonging to Category 3. Nevertheless, significant amount of analytical information
can be extracted from the collected XRD pattern. For example, it is clearly possible to
observe that all the three investigated particulates from Category 3 FCs show extremely
low contents of metallic Iron. This is coherent with the compositional features of the
origin FCs, as well as with their tribological characteristics. Indeed NAO friction materials
are usually less prone to generate significant direct abrasion from the GCI BDs in respect
to the LS/LM and IN counterparts. Thus, their tribology is in general more characterized
by adhesive mechanism and tribo-oxidation. Considering this, the relative abundance of
metallic Iron in respect to its oxidized forms can be reasonably expected lower. Another
interesting observation is represented by the significant presence of inorganic oxides in
all the investigated PM1o emissions. In particular, Zirconia (ZrO;) is always detected, as
extremely common abrasive for NAO formulations. In addition, also Potassium Titanate
(K,TigO13, mild abrasive) is detected once. Where present in the origin friction materials,
also other metallic species are easily identified (Zn and Cu). Notably, all these findings
are in excellent agreement with the elemental composition of the investigated
particulates, as well as with the already observed tendency in Category 3 FCs to host
higher relative ratio of material generated by the consumption of the friction mix when
compared with LS/LM an IN counterparts. Finally, it is worth to specifically mention the
particulate generated by the NAO4 friction couple, since it appears to be significantly
different from most of the collected particulates, also within its category. Indeed, this
emission shows two features never observed before: i) a significantly higher content of
amorphous phase(s), testified by the broad bump observed in the 15-35° angular range;
and ji) the presence of FeO (Wustite). In particular, the presence of FeO can be seen as
an anomaly, since it is a compounds stable in conditions (reducing environments),
usually different from those experienced by the tribological interface. This might
furthermore reflects a substantial difference in the tribology of some NAO materials.
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Figure 5.11: Refinement for PM1gfrom NAO1 FC via WPPF method. i) Black profile: experimental pattern;

ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated

model; iv) vertical bars: crystallographic references. ZrO,, a-Cu, C, Fes04, a-Fe and Fe,03 reference bars
are respectively reported in pink, orange, yellow, green, blue and red.
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Figure 5.12: Refinement for PM1gfrom NAO2 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
model; iv) vertical bars: crystallographic references. Fe304, a-Fe, ZrO,, a-Zn and Fe,05 reference bars are

respectively reported in green, blue, pink, light blue and red. C (*) is detected but not quantified.
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Figure 5.13: Refinement for PM1ofrom NAO4 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
model; iv) vertical bars: crystallographic references. a-Fe, Fe304, ZrO,, K;TigO13 and FeO reference bars
are respectively reported in blue, green, orange, pink and black. C (*) is detected but not quantified.

NAO1 NAO2 NAO4
Fe;0, 52(2) 57.2(7) 54.5(8)
Fe,0, 21(3) 23.2(7) -
a-Fe 1.8(1) 1.2(1) 5.8(1)
C 5.2(3) NQ NQ
Zr0, 16.5(6) 16.9(4) 11.5(4)
a-Zn - 2.5(2) -
Cu 3.5(2) - -
FeO - - 20.2(2)
K,TigO13 - - 8.0(4)
Rwp 3.06% 3.50% 2.83%
X2 1.42 1.93 1.37

Table 5.3: Summary of relative weight ratios for identified crystalline phases in PM1g emissions from
Category 3 friction couples. Estimated standard deviations (esd) are reported in blue within brackets and
refer to the last reported significant digit. Rwp and x? are goodness of fit parameters.
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Notably, in the emissions from Category 3, no y-Fe (Austenite) Iron polymorph was
observed. This observation is well in agreement with the compositional features of NAO
friction materials, which typically do not contain steel fibers.

5.3.4. Category 4 (CTD BDs + LS/LM FMs)

Figures 5.14 and 5.15 show the WPPF refinements carried out on the
experimental XRD patterns collected on two different particulates generated by friction
couples belonging to the Category 4, i.e. combinations of Coated BDs and LS/LM FMs.
Table 5.4 summarizes the corresponding results obtained from the phase composition
analysis. More in detail, emissions from CTD4 and CTD10 friction couples are analyzed
(their elemental composition can be found in Paragraph 4.4.4, in the previous Chapter).
These are the only two filters from the Category 4 whose collected diffraction intensities
were sufficient for the phase analysis. In addition, Figure 5.16 shows the comparison of
the experimental XRD pattern collected on three additional PMjp; emissions from
Category 4. For these particulates, only the phase identification is reported, together
with a qualitative assessment of the relative abundance of the identified compounds.
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Figure 5.14: Refinement for PM1ofrom CTD4 FC via WPPF method. i) Black profile: experimental pattern; ii)

red profile: calculated model; iii) pink profile: residuals between experimental data and calculated model;

iv) vertical bars: crystallographic references. a-Fe, y-Fe, Fes04, Fe;03, and C reference bars are respectively
reported in blue, light blue, green, red and yellow.
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Figure 5.15: Refinement for PM1ofrom CTD10 FC via WPPF method. i) Black profile: experimental pattern;
ii) red profile: calculated model; iii) pink profile: residuals between experimental data and calculated
model; iv) vertical bars: crystallographic references. a-Cu, a-Fe, Fes0q4, Fe,0s3, are respectively reported in
orange, blue, green, and red.
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Figure 5.16: Experimental XRD pattern collected for PM1osamples from CTD5, CTD7 and CTD8 FCs. The
phase identification is reported close to each observed peak
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CTD4 CTD10 CTD5 CTD7 CTD8

Fe 0, 32.9(4) 14.2(2) main main main
Fe,O4 49.6(5) 54.9(2) main main main
Fe (a+y) 14.1(7) 17.0(2) secondary  secondary  secondary
C 3.4(5) - minor - minor
Cu - 13.6(9)
Rwp 3.93% 3.65%
X2 157 4.10

Table 5.4: Summary of relative weight ratios for identified crystalline phases in PM1g emissions from
Category 3 friction couples. Estimated standard deviations (esd) are reported in blue within brackets and
refer to the last reported significant digit. Rwp and x? are goodness of fit parameters. For emission samples
from CTD5, CTD7 and CTD8 FCs, only a qualitative assessment of the relative abundance is reported for
the identified compounds.

As can be observed from the reported results, the dominant presence of oxidized Iron
species is confirmed also in the PM1 emissions described in this paragraph. Conversely,
metallic Iron is found in lower amount, usually in both ferritic and austenitic forms.
Looking at the relative abundance between the two polymorphs (relative ratio in main
peaks reported in Figure 5.16) it is evident that y-Fe is dominant in these particulates.
This observation is in good agreement with the tribological characteristics of the friction
couple belonging to Category 4, since they are expected to produce emission with higher
relative ratio of material generated by the consumption of the friction composite.
Similarly, when present, metallic Copper (a-Cu) is easily identified and quantified.
Notably, its concentration is in extremely good agreement with the corresponding
results from the elemental analysis. Conversely, the overall low concentrations of
Carbon combined with the low signal to noise ratio in the collected XRD patterns, makes
the identification and therefore the quantification of its crystalline compounds
extremely difficult.

5.3.5. Category 5 (CC BDs + LS/LM FMs)

As previously reported, the friction couples belonging to the Category 5, i.e.
carbo-ceramic BDs coupled against LS/LM FMs, generate the lower amount of emissions
in respect to the counterparts from all the other categories. The very low amount of
material collected on the corresponding filters is detrimental for the XRD analysis, since
it becomes impossible to obtain more than few and very weak diffraction features for
the corresponding emissions. Figure 5.17 reports as example the experimental
diffraction patterns obtained for the CC2 sample, together with the phase attribution of
the observed diffraction peaks. As can be seen in the graph, the collected intensities are
extremely low. Nevertheless, some qualitative information can still be obtained. In
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particular, looking at the relative ratio between the diffraction peaks for each phase, it
is possible to see that, for the first time, the Graphite main peak at about 26.5° has higher
intensity in respect with the counterpart for the Magnetite (at about 36°). This is in good
agreement with both the results from the elemental analysis and the compositional
features of the friction couple. More in detail, being the BD made by carbo-ceramic
composite, the emissions of FCs belonging to Category 5 are richer in Carbon and poorer
in Iron in respect with the counterparts from all the previous categories. In addition, no
clear evidences of the presence of the Hematite (Fe;0s) are observed, while weak signals
from metallic Iron are detected. Finally, other two broad features are observed: i) a
shoulder at lower diffraction angles in respect with the main Magnetite peak; and ii) a
peak at about 40°. Both this two signals are compatible with the presence of Silicon
carbides, and, more in detail, with the SiC-6H (hexagonal) polytype. Notably, this
compound can be present on both sides of the friction couple: as constituent of the
carbo-ceramic composite and eventually as abrasive in the friction mix.
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Figure 5.17: Experimental XRD pattern collected for PM;osample from CC2 FC. The phase identification is
reported close to each observed peak.

5.3.6. Crystalline Fraction Summary

As testified from all the results reported in the previous paragraphs, the XRD
probe can be used as convenient tool to characterize the crystalline fraction of the brake
emissions. At a first level, the identification of several crystalline compounds composing
the investigated particulates, together with qualitative assessments of their relative
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abundance, can be obtained even when PMip samples are collected in extremely limited
amounts. When more material is available for the analysis, semi-quantitative
information can be obtained thanks to the phase analysis carried out by means of WPPF
refinement methods. Notably, all the results obtained are in excellent agreement with
the corresponding ones from the elemental analysis. Therefore, it can be inferred that
the crystalline fraction of the brake emissions represents a good first description of their
phase composition, especially when evaluating the main constituents. With specific
reference to the Fe/O ratio already diffusely discussed in the previous chapter, it is found
that the Iron contained inside the PM1g brakes emissions has usually more oxidized than
metallic character, with very few exceptions. However, different ratio between metallic
and oxidized Iron are unveiled, depending on the materials composing the starting
friction couple and accordingly with their tribological properties. Thus, it is possible to
conclude that the XRD probe can be conveniently used also to understand more in detail
the tribological behavior of a specific FC.

When minor components are considered, more limited but still valuable information can
be obtained. This is due to the combination of two main factors: i) the relatively high
detection limits of the XRD probe; and ii) the low amounts of material typically available
for the analysis. Nevertheless, several compounds characterized by high electron density
and/or high crystallinity can be easily detected and possibly quantified in semi-
guantitative fashion. This is especially true for metals (such as Cu, Zn and their alloys),
for inorganic oxides (ZrO,, titanates) and inorganic sulfides. Interestingly, the XRD phase
analysis can be used also to qualitatively assess the relative abundance between
crystalline compounds (Graphites, cokes, inorganic carbides) and amorphous forms
(organic binders) of Carbon inside the emissions. Similarly, it can be used to evaluate the
relative ratio between different Iron polymorphs (a-Fe and y-Fe): depending on the
compositional features of the specific friction couples, this can be used to assess more
in detail the relative contribution of the two FC sides to the generation of the
investigated particulate.

Finally, taking all the reported results together, it is possible to summarize the relative
abundance of several typologies of crystalline compounds depending on the materials
composing the friction couple (Table 5.5). As already discussed in the previous chapter,
the chemistry of the brakes emissions can be closely related to the chemistry of Iron, as
first approximation. More in detail, Iron oxides (mainly Magnetite and Hematite) are
frequently the dominant constituents, while metallic Iron represents a secondary
contribution. Other metals (mainly Cu and Zn) are unfrequently found in appreciable
amounts and their presence is dependent on the specific formulation of the friction
material. Other inorganic oxides are usually found in appreciable amounts only in
particulates generated by FCs belonging to Category 3, while being an overall minor
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contributions in the other categories. Crystalline compounds of Carbon are ubiquitously
found, but in secondary or minor amounts. Finally, other compounds, such as inorganic
sulfides and carbides are rarely detected in trace amounts.

LS/LMs INs NAOs CTDs
(o] MG W e
Category 1 Category 2 Category 3 Category 4 General
Fe;0, Main Main Main Main
Fe,04 Main Main Secondary Secondary Main
a-Fe/y-Fe Secondary Main Minor Minor
Lt Minor Minor Minor Minor Minor
(Cu, Zn)
Graphite Secondary Minor Secondary Minor Secondary
Inorganic
Oxides - - Secondary - |
Minor
Others Traces Traces Traces Traces

Table 5.5: Summary of relative abundance for crystalline compounds identified in the investigated PM1g
particulates.

5.4. Oxidation States in d-Block Metals

In spite of being a convenient tool for the phase composition investigation, as
already reported, the XRD probe suffers of two main drawbacks: i) relatively high
detection limits, most of all when limited amount of material is available for the analysis;
and ii) complete insensibility to amorphous materials. In the next paragraphs, XANES
analysis is proposed as convenient tool in order to overcome these limitations. In
particular, the distribution of oxidation states of several d-block metals of environmental
and biological interest is assessed, especially when they are present in the PMig
emissions in minor/trace amounts and not detected in the XRD analysis. For this reason,
Ti, V, Cr, Mn, Cu and Zn K-edges in several collected particulates are reported and
analyzed. A detail of all the measured spectra is summarized in Table 5.6, together with
the corresponding element concentration within each investigated particulate. In
addition, also an investigation on the X-Ray absorption of Iron at the K-edge is reported,
in order to look more in detail at the local structure of this element, since it is recognized
as the most characterizing element for brakes emissions. The analysis reported in the
next paragraphs are carried out based on two levels. For each element, a first qualitative
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assessment is always reported, by means of comparison between the X-Ray Absorption
(XAS) spectra of investigated brakes emissions and others from representative standards
for specific oxidation states. When sufficient quality of the experimental spectra is
obtained and wide range of standards spectra are available, Linear Combination Fit
refinement of the latter ones is used to match the experimental data and obtain a more
guantitative information on the relative abundance of the oxidation states.

Ti/ wt% V/wt% Cr/wt% Mn/wt%  Fe/wt% Cu/wt% Zn/ wt%

LS/LM1 0.63(0.05) 0.43(0.02) 546(17) 0.22(0.04) 0.26(0.03)

LS/LM2 0.09(0.01)  0.91(0.02) 0.41(0.02)  53.3(0.9) 0.28(0.03)

LS/LM3 0.85(0.02) 0.64(0.02)  51.9(0.6) 0.23(0.01)
LS/LM4 0.42(0.01) 0.41(0.01)  58.4(1.1)
IN3 0.13(0.02)  0.48(0.04)  64.8(0.5)
IN10 64.2(0.4)
NAO1  3.22(0.03) 0.14(0.01)  0.19(0.03)  34.3(0.6)
CTD3 1.64(0.01) 17.2(0.3)

Table 5.6: Summary of investigated K-edges and corresponding elemental concentrations in analyzed PM1
particulates (from Chapter 4).

5.4.1. Titanium K-edge

XAS spectrum for Titanium is acquired only for the NAO1 sample, which was
previously found to contain about 3.2 wt% of the element. Figure 5.18 shows the
experimental XAS spectrum acquired at the Ti K-edge, together with standard references.
In particular, metallic Ti (Ti foil) and three different Ti(IV) compounds are reported. The
three Ti(IV) compounds differ for coordination and structure: i) K,Ti,Os is composed by
[(TiO)O4)] trigonal bipyramid units®, in which Ti exhibits coordination 5 (®'Ti); ii) TiO,,
Anatase polymorph, is composed by [TiOe] octahedral units, in which Ti exhibits
coordination 6; and iii) TiO, Rutile polymorph, composed by [TiOg] octahedral units and
Ti exhibits coordination 6.1 As can be observed from the inset reported in Figure 5.18,
all the spectra are characterized by a pre-edge structure, which is commonly associated
in literature to transitions from 1s to 3d energy levels.l®! This transition is usually
forbidden from selection rules, but becomes allowed when p-d orbital mixing occurs in
sites without a center of symmetry, such as in [TiO4] tetrahedral or [(TiO)O4] pyramid
coordination. The intensity and the position of the pre-edge structure are reported to
be directly proportional to the degree of p-d hybridization, the oxidation state and the
coordination.®® In particular, the normalized intensity of the feature can be used to
discriminate between three main coordination domains for Titanium, i.e. “Ti, PITi and
[6ITj.1 More in detail, 'Ti compounds usually exhibit the higher intensities, between 70
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and 100% of the main absorption peak, and the lower energy shifts (around 3 eV). ©ITi
compounds usually exhibit the lowest relative intensities, from 0 to 30% of the main
peak, together with the stronger energy shifts towards the higher energies (up to 5 eV).
BITi compounds show intermediate characteristics, with normalized energies in the
order of the 40 to 70% of the main absorption peak and energy shifts around +4 eV.
Looking at the position of the pre-edge feature as measured for the NAO1 sample, it is
clearly possible to observe that it is shifted towards higher energies (4970.5 eV) in
respect with the metallic Ti counterpart (4966.4 eV). Therefore it is clearly possible to
conclude that the oxidation state of Titanium inside the investigated particulate is 4+.
However, the assessment of its coordination is less straightforward: the shift of the pre-
edge peak (4.1 eV) is closer to the common range for PITi compounds, while the
normalized intensity value (about 17%) is typical to the domain of ®'Ti compounds. At
the same time, looking at the shape of the pre-edge structure, strong differences are
clearly evident when compared with the corresponding area in the TiO, references.
Conversely, the modulations of the absorption located immediately after the main peak
appear more similar to those of the !Ti standards in respect to the corresponding range
in the potassium titanate spectrum.
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Figure 5.18: Experimental XAS spectrum at the Titanium K-edge for NAO1 PM1o sample (red profile) and
corresponding standard references (dotted lines). Ti foil, K,Ti,Os, Rutile and Anatase are respectively
reported in black, blue, green and yellow. In the top-left corner is reported a more detailed comparison of
the observed pre-edge features.
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For all these reasons, it is inferred that Titanium contained in NAO1 PM3 sample can be
due to different compounds, most likely form the titanate family and possibly exhibiting
mixed coordination character. This seems reasonable since: j) potassium titanates are
commonly used as mild abrasives and friction modifiers in NAO FM formulations; and i)
titanates as friction mix raw materials come usually from geological origins and are
mixtures of different phases. Unfortunately, standard samples of other Potassium
titanates were not available during the XAS experiment to confirm the hypothesis.
Nevertheless, it seems at least corroborated by other results reported in the
literaturel®®, as well as from the linear combination fit showed in Figure 5.19. Indeed, in
spite of being not completely satisfactory, this fit clearly shows on overall low affinity
between the spectrum from NAO1 particulate sample and those ones from the two most
common polymorphs of TiO, (Anatase and Rutile). Conversely, the Potassium Titanate
appears to describe in better fashion the major features of the experimental XAS
spectrum at the K-edge.
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Figure 5.19: Linear combination fit of the experimental XAS spectrum for the NAO1 PM1 sample, at the Ti
K-edge. The measured points are reported as black circles, while the standard references are rendered in
dotted lines. Potassium titanate, Rutile and Anatase are respectively reported in blue, green and yellow.

The overall final fit is reported as red profile, while the pink line represents the residuals between
experimental data and calculated model. A R value of 2.28 is obtained for this fit.

137



5.4.2. Vanadium K-Edge

Vanadium K-edge spectrum was acquired only for the LS/LM2 PMy, sample,
since this is the only emission in which V has been found in amounts significantly higher
(0.09+£0.01 wt%) than the EDXS detection limit. In spite of the extremely low
concentration of Vanadium and the consequent low signal to noise ratio, the collected
XAS spectrum retains a sufficient degree of appreciable details. The spectrumis reported
in Figure 5.20, together with four V-based reference compounds, i.e. metallic Vanadium,
V,0s, VO3 and V,0s. Thus, four different oxidation states are available for comparison:
V(0), V(II), V(IV) and V(V). As can be observed in the graphs reported below, also
Vanadium K-edge spectrum are characterized by pre-edge features. Similarly to the
Titanium case, they are due to symmetry-forbidden transitions (Is = 3d). These
features gain intensity from the mixing of p and d orbitals, following coordination
geometry variations from octahedral to five-coordinate or tetrahedral or metal-ligand rt
bonding.*” Therefore, they exhibit increasing intensity in respect with the main
absorption peak moving towards the higher oxidation states.
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Figure 5.20: Experimental XAS spectrum at the Vanadium K-edge for LS/LM2 PM1o sample (yellow profile)
and corresponding standard references (dotted lines). V foil, V203, VO, and V,0s are respectively reported
in black, green, blue and red. In the top-left corner is reported a more detailed comparison of the
observed pre-edge features.
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Looking in detail at the comparison of the pre-edge structures reported in the inset in
Figure 5.20, it is possible to confirm a good matching of both the position and the relative
intensity of the peak from the LS/LM2 sample with the corresponding from V(lIl) and
V(IV) references. Conversely, V(V) pre-edge is clearly shifted towards higher energies
and exhibits at the same time significantly higher intensity. These qualitative
observations are also confirmed by the linear combination fit of the Vanadium
references reported in Figure 5.21. As can be observed, both the metallic V and the
higher oxidation state V(V) do not appear in the fit, testifying their extremely low
similarity with the experimental V K-edge of LS/LM2 emission sample. The best linear
combination fit is obtained when mixed V(lII) and V(IV) oxidation state are considered,
in 40:60 ratio. In spite of describing in good fashion the pre-edge feature, the overall fit
still does not describe in completely satisfactory manner the main absorption peak and
the following modulations (R = 2.20, x> = 0.20). Therefore, it is possible to exclude the
presence of V,03; and VO, oxides in the investigated particulate.
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Figure 5.21: Linear combination fit of the experimental XAS spectrum for the LS/LM2 PM1o sample, at the
V K-edge. The measured points are reported as black circles, while the standard references are rendered
in dotted lines. V,03 and VO, are respectively reported in blue and green. The overall final fit is reported
as red profile, while the pink line represents the residuals between experimental data and calculated
model. A R value of 2.20 is obtained for this fit.
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Differently from the Titanium case, Vanadium compounds are not typically used in
friction materials formulations. Thus, attributions driven from the knowledge of the
friction mix formulation are not possible. Therefore, Vanadium in LS/LM2 PMio sample
is most likely a trace element/impurity in the cast-iron or in raw materials composing
the friction couple. Considering the first option, Vanadium eventually surrounded by
Iron might possibly generate Fe-V mixed oxides. Indeed, the overall measured profile
appears to closely resemble those typical for spinel compounds, as can be seen for
instance looking at the Chromite profile in Paragraph 5.4.3 for reference, as well as in
the limited available literature on XANES characterization for such typology of Vanadium
compounds.!® Considering the second possibility, Vanadium might be contained as
trace elements within a wide range of different geological compounds typically used as
fillers, such as for example silicates and alumino-silicates.

5.4.3. Chromium K-Edge

Chromium K-edge spectra were acquired for the following six PMjo particulate
samples: LS/LM1, LS/LM2, LS/LM3, LS/LM4, NAO1 and IN3. Chromium concentration
ranges between 0.14+0.01 (NAO1) and 0.9140.02 (LS/LM2) wt%. All the acquired spectra
are reported in Figure 5.22, together with standard references for three different Cr
oxidation states: Cr(0) (Cr foil), Cr(lll) (Chromite, Fe,CrO,4) and Cr(IV) (Chromium trioxide,
Cr0Os). As can be observed in the following graphs, all the measured spectra are closely
similar and characterized by a sharp and intense main absorption peak, followed by
strong modulations. Spectrum from sample NAO1 is characterized by an extremely low
signal to noise ratio, due to the modest Cr concentration combined with a very low
amount of deposited material on the corresponding collection substrate. Similarly,
spectrum from IN3 sample shows low signal to noise ratio, even if the overall profile is
less affected. Nevertheless, also in these two spectra, minimum level of detail is retained
to assess qualitatively the Chromium speciation. As can be clearly observed from the
comparison of the collected spectra with the reported standard references, all the
measured Cr K-edges closely resemble that one from the Chromite (Fe2CrQ4), in which
Chromium exhibits 3+ oxidation state. In particular, the sharp pre-edge peak occurring
at about 5993.3 eV in Cr(VI) compounds, due to the 1s to mixed 3d/4p hybrid orbital
transition* is never observed. Figure 5.23 shows a detail of the pre-edge energy range
for the four most resolved samples (LS/LM1 to LS/LM4), in which is clearly possible to
see how a pre-edge structure indicating the same transition is always present.
Nevertheless, the observed pre-edge peaks are characterized by very low intensities,
never exceeding the 4% of the corresponding main absorption peak. In addition, they
are localized at lower energies (5990.5-5990.7 eV) in respect with the counterpart from
the Cr(VI) compounds. All these observations testify the absence of hexavalent
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Chromium in the observed PMio emissions (at least at the detection capability of the
XANES probe) and the only dominant presence of Cr in trivalent oxidation state.
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Figure 5.22: Experimental XAS spectrum at the Chromium K-edge for LS/LM1, LS/LM2, LS/LM3, LS/LM4,
NAO1 and IN3 PM1o samples (green scale and violet scale profiles). The standard references are reported
in dotted lines: Cr foil, Fe,CrO4 and CrOs are respectively reported in black, blue and red.
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Figure 5.23: Comparison of the pre-edge peaks in LS/LM1, LS/LM2, LS/LM3 and LS/LM4 PM;o samples with
standard reference compounds.
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A further confirmation of these results is obtained by linear combination fit of reference
XAS spectra against the ones collected for the emissions samples. In particular, it is
clearly possible to observe that the only reference needed to fit perfectly (R = 0.009, x>
=0.52) the experimental data is the Chromite, as can be seen reported for LS/LM1 PMig
sample in Figure 5.24.
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Figure 5.24: Linear combination fit of the experimental XAS spectrum for the LS/LM1 PMip sample, at the
Cr K-edge. The measured points are reported as black circles, while the standard references are rendered
in dotted lines. Fe,CrOy is reported in green. The overall final fit is reported as red profile, while the pink
line represents the residuals between experimental data and calculated model. A R value of 0.009 is
obtained for this fit.

The obtained results are well coherent with the compositional characteristics of the
investigated friction couples. For instance, Chromites and Magnesium-Chromites from
geological origin are typical mild abrasives used in LS/LM formulations. In addition,
Chromium is always found in cast-irons in trace amounts as alloying element or impurity.
As far as the FM raw materials are considered, both the highest temperatures possibly
experienced locally at the tribological interface (500-700°C), as well as those
characteristic for a standard use of disc brakes devices (below 100°C), are not sufficient
to promote the Chromium oxidation from stable spinel compounds to eventual
hexavalent forms. In addition, when considering traces of metallic or intermetallic Cr
inside the GCI braking discs, the cast-iron can likely act as a buffer, limiting the oxidation
of Cr to its trivalent form through the tribo-reactions with Iron:
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Cr(s) + 2Fe(5) + ZOz(g) -> FezCrO4(s)

Notably, this is also in agreement also with the Fe-Cr-O phase diagram, even at the
highest temperatures. Similarly to what reported before, Figure 5.25 shows the detail of
the pre-edge energy range for the remaining two samples (NAO1 and IN3). As already
highlighted, the XAS spectra of these two samples are significantly less defined, due to:
i) low amounts of particulate collected during the corresponding emission tests; and ii)
low Cr concentrations. In spite of a significantly lower degree of confidence, it is anyhow
possible to guess similar trend to that reported for the previous four particulates. More
in particular, even if broad and noisy, Cr(lll) pre-edge features seems to appear at about
5990.7 eV, while no clear evidences of peaks at 5993 eV from Cr(VI) compounds can be
spotted. Thus, combining these observations with the previous considerations on the
stability of Cr-bearing compounds in the friction couples, it is possible to conclude that
also for particulates generated by GClI BDs coupled against IN or NAO FMs the
completely dominant form of Chromium is Cr(lll).
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Figure 5.25: Comparison of the pre-edge peaks in NAO1 and IN3 PMig samples with standard reference
compounds.

5.4.4. Manganese K-Edge

Manganese K-edge spectra were acquired for the following six PMg particulate
samples: LS/LM1, LS/LM2, LS/LM3, LS/LM4, NAO1 and IN3, with Manganese
concentration ranging between 0.19+0.03 (IN3) and 0.6440.02 (LS/LM3) wt%. All the

acquired spectra are reported in Figure 5.26, together with standard references for
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different Mn-bearing compounds exhibiting four different oxidation states: Mn© (Mn
foil), Mn!" (Manganese Oxide, Mn0), Mn!" (Manganese trioxide, Mn,03) and Mn")
(Manganese dioxide, MnO5).
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Figure 5.26: Experimental XAS spectrum at the Manganese K-edge for LS/LM1, LS/LM2, LS/LM3, LS/LM4,
NAO1 and IN3 PM3g samples (green scale and blue scale profiles). The standard references are reported in
dotted lines: Mn foil, MnO, Mn,03 and MnO, are respectively reported in black, yellow, orange and red.

As for all the other considered d-block metals, the Manganese K-edge shifts towards
higher energies with increasing oxidation states. This is true for both the main edge peak
and the pre-edge structures eventually present. In the case of Manganese, the position
of the main absorption peak position is reported to be sensitive with interferences
between atomic absorption and multiple-scattering features from distant neighbors.*?
Conversely, the pre-edge region, located 15-20 eV before the main absorption peak, is
reported to be much less influenced by medium and long -range structures. Its
appearance is related to transitions from 1s to empty 3d levels, more or less hybridized
with 4p levels from Mn ligands. Thus, several empirical methods based on the evaluation
of the intensity and position of pre-edge feature to assess the Mn oxidation state are
reported™?, since the transitions become progressively more allowed moving towards
the higher Mn valences. In particular, higher Mn oxidation states (Mn"), Mn™ and Mn"")
usually generate pre-edge peaks with normalized intensities between 30 and 100% of
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the main absorption peak, localized above 6542 eV. Conversely, lower valences (Mn'",
Mn" and Mnv)) are characterized by relative intensities typically below the 10%, with
pre-edge peaks laying below 6542 eV.*? As can be observed qualitatively already at the
visual inspection of the reported XAS spectra, all the Mn K-edge reported have
significant affinity with the range of the lower oxidation states. This is further
corroborated in Figure 5.27, reporting the detail comparison of the pre-edge features of
three investigated samples together with the corresponding ones from reference
standard materials. Looking at the graphs reported, it is evident that the normalized pre-
edge peak intensities of the investigated samples are well below the 10% of the main
absorption peak and their positions lay below 6452 eV.
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Figure 5.27: Comparison of the pre-edge peaks in LS/LM1, LS/LM2 and LS/LM3 PM3, samples (green scale
profiles) with standard reference compounds (dotted lines).

All these qualitative observations are finally confirmed in more quantitative fashion also
by linear combination fit of standard references Mn K-edges. As can be observed in
Figure 5.28, which reports the fit for the LS/LM4 particulate as example, the overall XAS
spectrum profile is well described (R = 0.057, x* = 1.54) when assuming the presence of
Manganese in three oxidation states. In particular, Mn!" is the dominant oxidation state,
Mn and Mn© are minor contributions, while Mn") is not appearing. These results are
coherent with the compositional features of the starting materials generating the
investigated brakes emissions. Looking at the rotor, Mn is always contained in minor
amounts in grey cast-irons, mainly in form of MnS precipitates. Conversely, Mn
compounds not commonly used or reported as raw materials for friction composites.
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Therefore Mn in FMs can likely be present as impurity of other metallic/intermetallic
species (Fe powders, steel fibers, etc.) or as trace/minor element in materials from
geological origin (alumino-silicates, silicates, etc.) typically used as fillers. In all of these
cases, the temperatures typically experienced at the tribological interface are hardly
sufficient to promote the oxidation of Manganese to its higher oxidation states.
Moreover, similarly to what proposed for the Chromium case, the large excess of Fe
from grey cast-iron BD can likely act as buffer to limit the oxidation of Mn to lower states,
forming mixed Fe-Mn oxides also at the highest temperatures.
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Figure 5.28: Linear combination fit of the experimental XAS spectrum for the LS/LM4 PM;o sample, at the
Mn K-edge. The measured points are reported as black circles, while the standard references are rendered
in dotted lines. Mn foil, MnO and Mn,0s profiles are reported respectively in grey, green and blue. The
overall final fit is reported as red profile, while the pink line represents the residuals between
experimental data and calculated model. A R value of 0.057 is obtained for this fit.

5.4.5. Iron K-Edge

Iron K-edge spectra were acquired for the following six PM1g particulate samples:
LS/LM2, LS/LM3, LS/LM4, NAO1, IN3 and IN10, with Iron concentration ranging between
34.3+0.6 (NAO1) and 64.8+0.05 (IN3) wt%. All the acquired spectra are reported in
Figure 5.29, together with standard references for different Fe compounds exhibiting
different oxidation states and coordination: metallic Fe (both foil and from the GCI cast
iron), Fel" (Wustite, Fe0), Fe"" (Magnetite, Fe304), Fe!"" (Maghemite, y-Fe,03) and
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Fel (Hematite, a-Fe,03). As can be observed in comparative graph, all the reported
spectra for the PM1o emissions look qualitatively similar. In particular, the XAS spectra
are characterized by weak pre-edge features at about 7114 eV and sharp main
absorption peaks occurring between 7130 and 7134 eV. In addition, a shoulder of the
main peak is always found at higher energies (at about 7145 eV) together with following
broad modulations. The only major exception is represented by the K-edge recorded for
sample IN10, which resembles closely the XAS spectra acquired at the Fe K-edge for the
pristine grey cast-iron composing the braking disc. Another minor difference is observed
in LS/LM4 and IN3 PM1o sample, where the pre-edge structure exhibit slightly higher
intensity and lower energy in respect to the counterparts from other LS/LM and NAO
samples.
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Figure 5.29: Experimental XAS spectrum at the Iron K-edge for LS/LM2, LS/LM3, LS/LM4, NAO1 IN3 and
IN10 PM3o samples (blue scale profiles). The standard references are reported in dotted lines: Fe foil,
pristine GCI, FeO, Fe304, y-Fe,03and a-Fe, 05 are respectively reported in black, grey, green, yellow,

orange and red.
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The linear combination fits carried out for LS/LM3, LS/LM4 and IN10 samples (Figures
5.30 to 5.32) further confirms the qualitatively observed differences in terms of relative
abundance of Fe-bearing compounds (or oxidation states), which are summarized in
Table 5.7. For LS/LM3 sample, the best fit (R = 0.001, x*> = 0.04) is obtained when
describing the experimental spectrum only with Iron oxides. In particular, the Hematite
(a-Fe,03) is observed to describe the major part of the features (50%), while Magnetite
(Fes0s)and Maghemite (y-Fe;Os) contribute in similar minor proportion (25%).
Interestingly, these observations shed a new light into the local structure of the Iron
composing this brake emissions. For the first time, XANES analysis unveiled the presence
of the y-Fe,03 polymorph within the range of Iron oxides characterizing the non-exhaust
emissions from brakes. Maghemite is characterized by the same spinel ferrite structure
as Magnetite, and, similarly to FesO,, is ferrimagnetic. Indeed, it can be considered as a
Fe(ll)-deficient Magnetite in the octahedral site, generated by low-temperature
oxidation of the Magnetite itself. Therefore, the similar crystal structure leads to
extremely similar characteristic diffraction patterns. Thus, these two Iron oxides can
hardly be distinguished at the XRD probe, especially when broad peaks are observed,
such as reported for the investigated brakes PMio emissions (see Paragraph 5.3).
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Figure 5.30: Linear combination fit of the experimental XAS spectrum for the LS/LM3 PM1o sample, at the
Fe K-edge. The measured points are reported as black circles, while the standard references are rendered
in dotted lines. Fe304, y-Fe,03 and a-Fe, 05 profiles are reported respectively in yellow, orange and red.
The overall final fit is reported as red profile, while the pink line represents the residuals between
experimental data and calculated model. A R value of 0.001 is obtained for this fit.
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Figure 5.31: Linear combination fit of the experimental XAS spectrum for the LS/LM4 PMo sample, at the
Fe K-edge. The measured points are reported as black circles, while the standard references are rendered
in dotted lines: pristine GCl, Fes04and a-Fe,03 profiles respectively in grey, yellow and red. The overall
final fit is reported as red profile, while the pink line represents the residuals between experimental data
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and calculated model. A R value of 0.009 is obtained for this fit.
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Figure 5.32: Linear combination fit of the experimental XAS spectrum for the IN10 PM1o sample, at the Fe

K-edge. The measured points are reported as black circles, while the standard references are rendered in

dotted lines: pristine GCI and Fes04 profiles respectively in grey and yellow. The overall final fit is reported
as red profile, while the pink line represents the residuals between experimental data and calculated

model. A R value of 0.002 is obtained for this fit.
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GCl FeO Fes0, a-Fe,0; y-Fe,0,|R-facter  ¥?

LS/LM3 - - 25 50 25 0.001 0.04
LS/LM4 20 - 25 25 - 0.009 0.55
IN1O 70 - 30 - - 0.002 0.10

Table 5.7: Summary of relative abundance of Iron-based species in the investigated PM1o particulates, as
obtained from LCF analysis of the corresponding measured XAS spectra. The relative abundances are
expressed in terms of weight percentage. The results are approximated to 5% of confidence level.

Conversely, particulates generated by LS/LM4 and IN10 friction couples show a
progressive decrease of the overall amount of oxidized Iron and an increase of Iron
exhibiting metallic character. In particular, the best fit (R = 0.009, x> = 0.55) for the
LS/LM4 sample is obtained when using as reference standards the XAS spectrum of the
pristine GCI composing the braking discs (20%), Hematite (Fe203, 25%) and Magnetite
(Fes04, 55%). When looking at the IN10 sample, the GCI contribution is even higher
(70%), while only secondary contribution of Magnetite (Fes04, 30%) is observed. Notably,
all these trends are in excellent agreement with the observations previously reported in
the XRD analysis as well as with the tribological characteristic of the different
investigated categories of FCs. For instance, inorganic bound FMs usually exhibit higher
direct abrasion towards the GCI BDs, therefore producing more metallic Iron in respect
with the LS/LM counterparts. This behavior, justified by their specific mechanical
properties (higher hardness) and already observed in the XRD characterization of the
corresponding PMg emissions, is confirmed also at the XANES analysis. Interestingly, the
reported XAS study indicate that significant variability of the tribological mechanism can
exist also within the same category of FCs. For example, looking at the comparison
between the Iron-based species composing the PMyg emissions generated by LS/LM3
and LS/LM4, it is clearly possible to spot important differences. On one side, LS/LM4 is
characterized by an overall higher degree of metallic Iron, testifying a corresponding
higher degree of BD consumption due to direct abrasion. On the other hand, LS/LM3
particulate show significantly higher content of oxidized, with even the indication of a
partial further oxidation of Magnetite to Maghemite. Thus, LS/LM3 FC tribology is clearly
characterized by a higher level of adhesive wear and tribo-oxidation. Taking all the
obtained results on a more general level, it is clearly possible to state that the
combination of XRD and XANES Fe K-edge analysis of the PM1g emissions produced by
brakes represents an extremely powerful tool for: i) the accurate speciation of Iron
within the investigated particulates; ii) the comparative assessment of the tribological
behavior of specific friction couples; and jii) the characterization and the study of the
emissive mechanisms of investigated FCs.
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5.4.6. Copper K-Edge

Copper was found in appreciable amounts (higher than 0.5 wt%) only in a limited
number of emissions, i.e. those generated by friction couples having copper-content
FMs. When it is the case, XRD analysis unveiled the presence of metallic Cu or, with
minor frequency, of some of its alloys (brass). In most of all the other investigated
particulates, trace amounts of Copper are always detected, typically in the 0.1-0.3 wt%
range. Cu is in fact a common trace element/impurity of Iron, thus it can be typically
found in minor amounts the cast-iron composing the BD, as well as in some raw
materials for friction composites (Fe powders, steel fibers, etc.). The XAS spectrum of
only one sample was acquired at the Cu K-edge, as representative for the case of FCs
from Category 1 with Cu-free FMs. In particular, PMio emission from LS/LM1 was
measured ([Cu] = 0.22 + 0.04). It is reported in Figure 5.33, in comparison with three
standard reference materials exhibiting Cu in different oxidation states: Cu'® (Cu foil),
Cu" (Cu,0, Cuprite) and Cu" (CuO, Tenorite).

Normalized Absorption

Cu(0)- Fail _# ‘ =
i 8270 8980 8290

ookt o+ v v )
8960 8980 95000 S020 9040 9060

Energy /eV
Figure 5.33: Experimental XAS spectrum at the Copper K-edge for LS/LM1 PM1g samples (blue profile). The
standard references are reported in dotted lines: Cu foil, Cu,0 and CuO are respectively reported in black,

grey, red and orange.
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As can be observed, in spite of the high number of acquired spectra integrated together,
the resolution of the final merged spectrum is barely sufficient to assess qualitatively the
features of the profile. In particular, looking at the energy shift of the K-edge as well as
its overall profile shape, Cu looks to match better the spectrum from LS/LM1 sample.
Although the refinement has to be used only as qualitative indication due to its low
reliability (R =0.020, x*> = 0.88), the previous observation seems to be confirmed also by
the linear combination fit showed in Figure 5.34, from which it is possible to observe the
contemporary presence of all the three oxidation states, even if Cu(0) and Cu(ll) appear
in significant lower amounts (respectively 25 and 15%). Therefore, the reported results
depicts a situation of partial oxidation for the Copper, when contained in trace amount
in brakes emissions.

O Experimental Cu K-edge- LS/LM1
— Linear Combination Fit
""""" Cu(0)_Cu Foil
""""" Cu(1)_foil_Cu,0
1or Cu(ll)_Cuo
— Residuals

0.5

... Cu(0)- 25%

Normalized Absorption

0.0F"

8900 8950 9000 9050 9100 9150

Energy / eV

Figure 5.34: Linear combination fit of the experimental XAS spectrum for the LS/LM1 PMp sample, at the
Cu K-edge. The measured points are reported as black circles, while the standard references are rendered
in dotted lines: Cu foil, Cu,0 and CuO profiles are reported respectively in black, red and orange. The
overall final fit is reported as red profile, while the pink line represents the residuals between
experimental data and calculated model. A R value of 0.020 is obtained for this fit.

5.4.7. Zinc K-Edge

Differently to Copper, Zinc was found more frequently in appreciable amounts
(higher than 0.5 wt%). Several Zn-compounds are indeed typically used in the friction
materials, ranging from metallic forms (Zn, brass), to oxides and sulfides respectively
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used as mild abrasives and solid lubricants. When present in metallic form and in
secondary amount, it is typically detected at the diffraction analysis. However, it is also
found in minor amounts (<0.5 wt%) in some of the investigated particulates. In such
cases, no information are obtainable on its speciation by means of the XRD probe. For
this reason, three XAS spectra collected at Zn K-edge are reported and analyzed in the
following lines. In particular, PMio emissions from LS/LM1, LS/LM2 and LS/LM3 are
measured, where Zn concentration ranges from 0.2340.01 and 0.28+0.03 wt%. The
corresponding spectra are showed in Figure 5.35, together with spectra from selected
Zn-compounds used as standard references. As can be observed, Zn XAS spectra are not
characterized by the presence of any pre-edge peak. The three profiles from the
investigated samples are very similar. However they differ significantly form the
reported standard compounds, i.e. metallic Zn(0) (Zn foil), and two different forms of
Zn(ll), i.e. ZnS and ZnO.

Zn- LS/LM3

Zn- LS/LM2

Zn- LS/LM1

Normalized Absorption

7n(0)- F0|I
Ol‘:'.m:m.'.l....l....I....I....I....
9640 9650 9660 9670 9680 9690 9700

Energy / eV

Figure 5.35: Experimental XAS spectrum at the Zonc K-edge for LS/LM1, LS/LM2 and LS/LM3 PM1o samples
(blue-scale profiles). The standard references are reported in dotted lines: Zn foil, ZnS and ZnO are
respectively reported in black, yellow and red.
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In particular, all the three spectra from the investigated samples exhibit the presence of
a triple peak after the absorption edge, which is particularly evident in the particulate
from LS/LM3 FC. The only indication that can be obtained, due to shift towards higher
energies of PM1o samples Zn K-edge in respect with the corresponding from standard Zn
foil, is that Zinc appears to have oxidation state of +2. As expected from the observed
poor level of affinity with the standards, the attempt of a linear combination fit using
the XAS spectra from the available reference materials ended in completely
unsatisfactory results. However, from the comparison with spectra from several other
standard materials reported in the literature®, it is possible to obtain some additional
hints about the speciation of the Zinc inside the collected emissions. In particular, the
only compounds showing similar triplet appear to belong to the family of Zn-based spinel
oxides, such as the Hetarolite (ZnMn,0,), the Franklinite (ZnFe,04) and the Gahanite
(ZnAl;04). Therefore it seems reasonable to hypothesize that, similarly to what happens
in the case of the Chromium, Zn eventually present in the PM1o emissions in minor or
trace amount can react with the excess of surrounding Iron to form mixed oxides.

5.4.6. Summary of Oxidation States in d-Block Metals

As testified from all the results reported in the previous paragraphs, the XANES
probe appears to be a convenient tool for the non-destructive characterization of the
oxidation states of several d-block metals which can be found in the brakes emissions.
The technique becomes fundamental when those metals are contained within the
collected particulates in very low amounts, since no other options are available to assess
their speciation.

Taking all the results together, it is possible to summarize that, on global basis, d-block
metals appear frequently to be oxidized when contained in minor or trace amounts
within the investigated emission. However, most of them are not found in their higher
oxidation states. For instance, Vanadium is found to show intermediate V(lII) and V(IV)
character, possibly compatible with mixed forms with the Iron. Chromium is always
detected in its trivalent form. More in detail, extremely matching fits are obtained with
the Chromite (Fe,CrQ4) structure. Similarly to the Vanadium, Mn is also found to exhibit
mixed character, well described by the compresence of Mn(ll) and Mn(lll) forms. Finally,
also Cu is found to exhibit partially oxidized character, with Cu(l) being the most
matching oxidation state. This finding appear coherent with other observations reported
in literature.™ Finally, Zinc is observed in Zn(Il) form, most likely related to mixed Fe/Zn
oxides. Notably, for all these metals, Iron appears as a sort of sequestering/buffer agent.
Conversely, Titanium is found in Ti(IV) form and exhibiting mixed 5/6 coordination. This
finding is coherent with its possible presence in the friction mixes in form of Potassium
titanate.
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Finally, it is worth to highlight that in the case of the Iron, the obtained XANES results
strongly confirm the previous observation based on XRD analysis. Indeed, Iron is
confirmed to be mostly found in oxidized form, mainly related to the Magnetite (Fes04)
and the Hematite (a-Fe,0s3). At the same time, in those cases in which the prevalence of
direct abrasion wear is stated by XRD analysis, XANES probe also replicates and further
confirms the observation. Most interestingly, XANES analysis helped in identify also the
presence of the Maghemite (y-Fe,0s3) in particulates which were already identified as to
be generated by prevalent tribo-oxidative action. Finally, as already observed by the
reported XRD characterizations, the Wustite oxide (FeO) represent a negligible
contribution.
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6. Size Distributions

Most of the emissions investigated in this work are PM1o particulates. This means
that the particles are characterized by having maximum dimension not higher than 10
um. However, below this limit, different dimensional distributions might be present. In
the previous chapters it was demonstrated that different categories of materials
composing the friction couple are characterized by different tribological mechanisms,
leading to different compositional profiles. Similarly, the compositional properties and
the tribological characteristics of a specific friction couple are fundamental in
determining its emissive pathway. On the other hand, it is well known that decreasing
particulates dimensions shows detrimental effects towards human toxicology, since
smaller particles are increasingly able to penetrate deeper the respiratory apparatus.
Therefore, this chapter reports an investigation specifically meant to assess the eventual
correlation between the different materials composing the friction couple and the
dimensional distribution profiles of the corresponding particulates.

6.1. Aim of the Study

All the brakes emissions samples observed up to this chapter are PMyg
particulates, meaning dispersion of particles exhibiting aerodynamic diameter lower
than 10 um. Indeed, all these emissions samples are voluntary collected in this form by
means of suitable devices (cyclones) in order to specifically simulate and therefore
characterize those particulates which, once emitted, can stay in air for prolonged times
due to their small dimensions and weight.’ However, independently of the upper limit,
particulates generated in different conditions can likely exhibit different size
distributions. The results reported in the previous chapters demonstrated how
compositional and tribological characteristics of a specific friction couple are pivotal in
determining the compositional profile of the corresponding PM1o emissions. At the same
time, it appears reasonable that different friction couples, characterized by different
tribological mechanisms, can produce PMjy particulates with intrinsically different
dimensional profiles. For instance, it is well recognized in the literature that increasing
the temperature at the disc brake tribological interface typically causes an increasing
emissions of finer particles.”® Accordingly, PMio emissions from friction couple
characterized by more pronounced adhesive wear mechanisms are characterized by
higher fraction of smaller particles.® Conversely, more direct abrasion can likely
produce coarser dimensional distributions.®! Therefore, the study reported in this
chapter is aimed at corroborating these hypothesis and, more in detail, to seek eventual
correlations between different distribution profiles in PMio particulates generated by
friction couples belonging to different coupling categories. This is of particular interest,
since part of the toxicology of a particulate is determined and modulated by its
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dimensional profile. Smaller particles are indeed capable to progressively penetrate
deeper into biological systems, such for example the human respiratory apparatus (see
Table 1.2 in Chapter 1).1°® In addition, due to their higher surface area, smaller particles
of a specific material are in general far more reactive, soluble and bio-available in respect
with counterparts with bigger dimensions, thus being more capable of inducing
inflammation, oxidative stress and several other negative biological effects.'®® For all
these reasons, a deeper characterization of the eventual correlations between brakes
materials, tribological mechanisms and dimensional profiles of the corresponding
particulates can be a further tool to improve the environmental and toxicological impact
of brake emissions. Indeed, it can be used to: i) design friction couples specifically
capable to maximize the size distribution of the emitted particles; and ii) provide to final
customers scientific evidences for a more informed assessment or choice of friction
couples of interest.

6.2. Experimental

The PMjp particulates used in this study are a selection of those reported in
Chapter 4. In particular, several emissions generated by FCs belonging to Category 1 to
Category 4 are investigated, as reported in Table 6.1. Unfortunately, due to the very low
amount of collected material, the characterization of the dimensional profile of
particulates generated by Category 5 FCs was not possible (all the available material was
dedicated to the chemical characterization).

Category 1 Category 2 Category 3 Category 4
FC Particles/ # FC Particles/ # FC Particles/# FC Particles/ #
LS/LM1 > 15000 IN3 > 3500 NAO1 >3500 CTD2 >3500
LS/LM4 >10000 IN4 >5000 NAO2 >5000 CTD3 >5000
LS/LM9 >5000 INS > 7000 NAO4 >5000 CTDS >5000
LS/LM10 >5500 IN6 >5000 NAOS >5000 CTD8 >5000

Table 6.1: Summary of the PM1o samples investigated for their particle size distribution.

Since the investigated samples are exactly the same as reported in Chapter 4, the
detailed description of the experimental details for their collection can be found in that
section. Nevertheless, a short summary of the most important experimental detail is
reported in the next lines. All PMyo particulates are collected at the same dynamometric
bench, during emission tests following exclusively the metric imposed by the WLTP-
Brake braking cycle and using the same geometry for all the components of the braking
device.” |n particular, the braking corner is composed as follows: i) a four pistons fixed
Aluminum caliper, with pistons diameter of 44 mm; ii) a vented braking disc with

diameter of 342 mm and thickness of 32 mm; and jii) a couple of brake pads with surface
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of 89.1 cm?. All the tests are performed with simulated vehicle inertia of 72.67 kg m2.
For each investigated sample, PMi, powder spared from the chemical analysis is
resuspended in isopropyl alcohol by sonication. Then, diluted resuspension of
particulate is gently deposited on a 47 mm polycarbonate filters (Sartorius™ 23006) by
means of a micro-pipette in order to maximize the particles dispersion on the substrate.
The obtained filter is then cut in small pieces, which are then deposited on Aluminum
stubs covered by Carbon tape for electron microscopy. Several SEM images are acquired
for each filter, to obtain statistically meaningful datasets (number of particles > 3500, at
least). SEM images are finally binarized, segmented and analyzed to obtain the particle
size distribution (PSD) profile for each investigated sample by means of ImageJ!*?
software.

6.3. Particle Size Distribution (PSD)

The following paragraphs report the results obtained for the PSD
characterization of the investigated samples listed in Table 6.1. Results are aggregated
in terms of typology of friction couple to seek correlations and trends between specific
materials and the dimensional profile of the corresponding particulates. As already
proposed in Chapter 3, PSD results are showed as histograms distributions, following the
dimensional fractions characteristic of particulate collection carried out by ELPI+
impactor. Particles from the finer fractions are merged all together in dimensional the
range characterized by Dmax < 170 nm.

6.3.1. Category 1 (GCI BDs + LS/LM FMs)

The first category assessed is represented by the coupling of GCI BDs and LS/LM
FMs, i.e. the standard friction couple for the automotive original equipment market in
EU. Figure 6.1 shows the PSD profiles as obtained for the four investigated PM10
samples: LS/LM1, LS/LM4, LS/LM9 and LS/LM10. The first two samples are characterized
by statistically wider datasets in respects to all the other samples, since the
corresponding particulates are sampled in multiple tests and used also for other studies
reported in this thesis. Finally, Figure 6.2 shows the comparison of the four obtained PSD
profiles, while Table 6.2 summarizes all the results obtained in terms of appearance
frequency for each dimensional range. As can be observed in the reported graphs, the
four profiles look in general very similar. In particular, more than 95% of the independent
observations are constituted by particles exhibiting Dmax parameter lower than 2.5 um
in all the four analyzed particulates. In general, the dimensional most populated range
is between 0.6 and 1.6 um, with peak at 0.6 um. Three samples out of four exhibit
frequency appearance of particle from finer fractions (< 170 nm) around the 5%, with
sample LS/LM1 representing the only significant exception (almost 15%).
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Figure 6.1: PSD profiles as obtained for the investigated PM1g samples from Category 1 FCs.

Frequency/ %

Frequency/ %

30.0

250

200

10.0

5.0

0.0

30.0

250

200

15.0

10.0

5.0

0.9

Dmax/ m

1.6

30.5% oLs/LM4a
20.9%
— 196%
11.9%
7.8%
5.5%
3.1%
I | 06% g0
==
0.17 031 0.6 0.8 1.6 2.5 365 536 987
Dmax/ um
@ELS/LM10
27.7%
: 23.0%
18.9%
10.3% 10.5%
T | [
| 1 1
47% | | |
r - ! | 3.2%
' 3 | ] 9% oox

3.65 536 987

160



350

_ OLS/LM1
300+ I OLS/LM4
BLS/LMO
250 |
~ BLS/LM10
o 200 | e AL
S I
S | -
S 150 |
&]‘ H
& 100 f
50 |
00 Al s
06 09 16 25 365 536 987

D pax/ UM

Figure 6.2: Comparison of PSD profiles as obtained for the investigated PMip samples for Category 1 FCs.

D,../um LS/IM1 LS/LM4 LS/LM9  LS/LM10 Average SD
0.17 13.7 55 4.8 4.7 7.2 3.8
0.31 18.5 11.9 10.7 10.3 12.8 3.3
0.6 31.7 30.5 29.9 27.7 30.0 1.5
0.9 15.3 20.9 20.8 18.9 19.0 2.3
1.6 13.5 19.6 22.2 23.9 19.8 3.9
2.5 5.0 7.8 8.8 10.5 8.0 2.0
3.65 1.5 3.1 2.3 3.2 2.5 0.7
5.36 0.6 0.6 0.5 0.5 0.7 0.1
9.87 0.2 0.0 0.1 0.0 0.1 0.1

Table 6.2 Frequency appearance % of particles in the investigated PM1o samples from Category 1 FCs. The
last two columns report the category average and the corresponding index of variability (standard
deviation - SD), respectively.

More in general, the whole PSD profile of the particulate from LS/LM1 sample appears
significantly shifted towards finer dimensional fractions in respect with the counterparts
from the other three samples, showing consistently significant different particles
frequency appearance in all the assessed ranges. The overall high variability reported
are mostly caused by these dimensional differences showed by the LS/LM1 sample.
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6.3.2. Category 2 (GCI BDs + IN FMs)

The second category assessed is represented by the coupling of GCI BDs and IN
FMs, i.e. prototypal friction materials in which the organic binder is substituted with
inorganic compounds. Figure 6.3 shows the PSD profiles as obtained for the four
investigated PMio samples: IN3, IN4, IN5 and IN6. Figure 6.4 reports the comparison of
the four obtained PSD profiles, while Table 6.3 summarizes all the results obtained in
terms of appearance frequency for each selected dimensional range. As can be
observed in the reported graphs, the four profiles share some similarities. In particular,
also in this case, about the 95% of the independent observations are constituted by
particles exhibiting Dmax parameter lower than 2.5 pm in all the four analyzed
particulates. Similarly as reported for Category 1 particulate, the most populated
dimensional ranges are between 0.6 and 1.6 um. However, two samples out of four (IN3
and IN4) have frequency peak at 0.6 um, while the other two (IN5 and IN6) exhibit
frequency peak at 1.6 um. In general, the peak frequency is always lower in respect with
the counterparts from Category 1, thus resulting in overall broader profiles. In spite of
the existence of two slightly different couples of profiles, the overall variability along the
whole dimensional range remains lower in respect with particulates from the previous
category, testifying an overall higher degree of intra category similarity in the PSD of
particulates generated by Category 2 FCs.

D_../um IN3 IN4 IN5 IN6 Average SD
0.17 6.9 5.6 1.3 2.0 4.0 2.4
0.31 11.1 8.2 11.6 12.6 10.9 1.7
0.6 28.7 27.2 20.5 23.2 24.9 3.2
0.9 18.3 20.6 22.7 22.6 21.0 1.8
1.6 21.1 22.8 25.2 23.6 23.2 1.5
2.5 9.4 10.7 12.7 10.9 10.9 1.2
3.65 3.4 3.8 4.6 3.7 3.9 0.5
5.36 1.1 1.0 1.2 1.3 1.1 0.1
9.87 0.1 0.1 0.2 0.0 0.1 0.1

Table 6.3: Frequency appearance % of particles in the investigated PMo samples from Category 2 FCs. The
last two columns report the category average and the corresponding index of variability (standard
deviation - SD), respectively.
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Figure 6.3: PSD profiles as obtained for the investigated PM1g samples from Category 2 FCs.
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Figure 6.4: Comparison of PSD profiles as obtained for the investigated PMip samples for Category 2 FCs.

6.3.3. Category 3 (GCl BDs + NAO FMs)

The third category assessed is represented by the coupling of GCI BDs and NAO
FMs, i.e. standard materials coupling for the automotive original equipment market in
the North America and Asia region. Figure 6.5 shows the PSD profiles as obtained for the
four investigated PMig samples: NAO1, NAO2, NAO4, NAOS. Figure 6.6 reports the
comparison of the four obtained PSD profiles. In addition, Table 6.4 summarizes all the
results obtained in terms of appearance frequency for each selected dimensional range.

D_../pum NAO1 NAO2 NAOA NAOS Average SD
0.17 8.9 6.1 4.2 6.1 6.3 1.7
0.31 10.4 10.0 9.8 10.2 10.1 0.2
0.6 29.2 27.9 28.4 31.0 29.1 1.2
0.9 23.6 22.0 20.6 22.1 221 1.1
1.6 21.6 23.6 25.3 21.1 229 1.7
2.5 5.3 7.9 9.0 7.1 7.3 1.3
3.65 0.8 2.2 2.3 1.9 1.8 0.6
5.36 0.1 0.3 0.4 0.4 0.3 0.1
9.87 0.0 0.0 0.0 0.1 0.0 0.0

Table 6.4: Frequency appearance % of particles in the investigated PMo samples from Category 3 FCs. The
last two columns report the category average and the corresponding index of variability (standard
deviation - SD), respectively.

164



Frequency/ %

Frequency/ %

20.0

15.0

10.0

5.0

0.0

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.17

0.31

0.6

09
Dimax/ um

16

ONAOL
I 29.2%
. 236%
1 216%
10.4%
| 89%
53%
| \ 08% 1% 00%
—
017 031 06 09 16 25 365 536 0.87
D/
= NAO4
o 28.4%
25.3%
20.6%
I 9.8% 9.0%
| 4.2%
2.3%
04%  0.0%

25 365 536 987

Frequency/ %

Frequency/ %

35.0

30.0

25.0

20.0

10.0

5.0

0.0

35.00

30.00

25.00

20.00

15.00

10.00

5.00

ONAO2
B 27.9%
L 23.6%
220%  —
10.0%
- 7.9%
6.1%
I 2.2%
I_I 0.3%  00%
017 031 06 09 16 25 365 536 987
D max/ um
31.0% @ NAOS
22.1% 21.1%
10.2%
6.1% 7.1%
I 1.9%
0.4% 0.1%
017 031 06 09 16 25 365 536 987
Dppax/ um

Figure 6.5: PSD profiles as obtained for the investigated PM1g samples from Category 3 FCs.
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Figure 6.6: Comparison of PSD profiles as obtained for the investigated PMg samples for Category 3 FCs.

Once again, in all four samples, about 95% of the particles exhibit Feret diameter lower
than 2.5 um and the most populated dimensional range is comprised between 0.6 and
1.6 um. Similarly to particulates from Category 1, also in Category 3 the frequency peak
is observed at 0.6 um, with asymmetry of the distribution on its right side. The variability
along the whole dimensional range is limited, testifying a good homogeneity of results
inside the specific FC category.

6.3.4. Category 4 (CTD BDs + LS/LM FMs)

The fourth considered category is represented by the coupling of CTD BDs and
LS/LM FMs, i.e. prototypal and pre-series FCs with coated braking discs. Figure 6.7 shows
the PSD profiles as obtained for the four investigated PMi, samples of this specific
category: CTD2, CTD3, CT5, CTD8. Figure 6.8 reports the comparison of the four
obtained PSD profiles, while Table 6.4 summarizes all the results obtained in terms of
appearance frequency for each selected dimensional range. As already observed in all
the previous particulates, also in all the samples from Category 4 about the 95% of the
particles exhibit Feret diameter lower than 2.5 um. Similarly, the most populated
dimensional range is comprised between 0.6 and 1.6 um. However, in this case the
frequency peak is always observed at 1.6 um, with asymmetry of the distribution
towards lower dimensions. The variability along the whole dimensional range is limited,
testifying a good homogeneity of results inside the specific FC category.
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Figure 6.7: PSD profiles as obtained for the investigated PM1g samples from Category 4 FCs.
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Figure 6.8: Comparison of PSD profiles as obtained for the investigated PM1o samples for Category 4 FCs.

D,../um CTD2 CTD3 CTD5 CTD8 Average SD
0.17 3.1 2.0 3.5 3.6 3.1 0.6
0.31 7.4 5.3 7.1 7.6 6.8 0.9
0.6 22.2 19.1 20.7 22.9 21.2 1.5
0.9 21.7 21.7 18.7 22.2 21.3 1.0
1.6 29.4 32.9 29.1 29.1 301 1.6
2.5 12.0 13.8 14.1 10.5 12.6 1.4
3.65 3.5 4.1 4.4 3.1 3.8 0.5
5.36 0.6 0.9 1.2 0.7 0.9 0.2
9.87 0.2 0.1 0.2 0.2 0.2 0.0

Table 6.5: Frequency appearance % of particles in the investigated PMo samples from Category 4 FCs. The
last two columns report the category average and the corresponding index of variability (standard
deviation - SD), respectively.

6.3.5. Summary

The average appearance frequencies as obtained for each category of
particulate are compared together in Figure 6.9 and Table 6.6. As can be observed from
the reported results, particulates from Category 1 (GCI BDs + LS/LM FMs) show the
higher frequency of particles from smaller fractions . Particulates from Category 3 (GCl

BDs + NAO FMs) show similar trends and behavior. Considering the higher variability
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highlighted in the results from the first typology of coupling due to the peculiar behavior
of sample LS/LM1, the overall PSD profiles from Category 1 and Category 3 PMio samples
can be considered very similar. Conversely, particulates from Category 2 and Category 4
exhibit in general particles characterized by higher dimensions. In particular, Category 2
emissions show lower ratio in the frequency between particles from the finer fractions
(< 600 nm) in respect to the intermediate ad higher ones. Finally, particulates generated
by Category 4 FC differ significantly from all the others, since they show the same
tendency to host lower percentages of finer particles in respect to the counterparts from
Category 2, while exhibiting in addition the frequency peak around dimensions 1 pum

bigger than all the other observed PMjo particulates.
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Figure 6.9: Comparison of PSD profiles as obtained for the investigated PMip samples for Category 4 FCs.
LS/LM IN NAO CID
Do/ UM Average % SD Average % SD Average % SD Average % SD
0.17 7.2 3.8 4.0 2.4 6.3 1.7 3.1 0.6
0.31 12.8 3.3 10.9 1.7 10.1 0.2 6.8 0.9
0.6 30.0 1.5 24.9 3.2 29.1 1.2 21.2 1.5
0.9 19.0 2.3 21.0 1.8 22.1 1.1 21.3 1.0
1.6 19.8 3.9 23.2 1.5 22.9 1.7 30.1 1.6
2.5 8.0 2.0 10.9 1.2 7.3 1.3 12.6 1.4
3.65 2.5 0.7 3.9 0.5 1.8 0.6 3.8 0.5
5.36 0.7 0.1 1.1 0.1 0.3 0.1 0.9 0.2
9.87 0.1 0.1 0.1 0.1 0.0 0.0 0.2 0.0

Table 6.6: Comparison of particle frequency appearance % vs. selected dimensional fractions in the
investigated PMjo samples from the four reported categories. Corresponding index of variability (standard
deviation - SD) are reported in blue.

169



35.0

300

250

200

150

Frequency/ %

100 |

0.0

s R LRI I
e et veon sbem NAO2

Dmax/ um o e B S =

Figure 6.10: Comparison of PSD average profiles for PMio emissions generated by different typologies of FC (left side) and SEM images representative for the
investigated particulates (right side). In the PSD graph, grey, yellow, green and blue profiles represent respectively average results obtained for PM1o samples
from Category 1 (GCI + LS/LM FMs), Category 2 (GCI BDs + IN FMs), Category 3 (GCI BDs + NAO FMs) and Category 4 (CTD BDs + LS/LM FMs) friction couples.
Error bars represent the intra category observed variability (standard deviation). Referring to the SEM images, samples from LS/LM1 (a), IN4 (b), NAO2 (c) and
CTD3 (d) are showed. They are labeled in grey, yellow, green and blue, accordingly to the belonging family. All the SEM images reported are acquired at
magnification of 4000x, using back scattered detector to sample ideal working distance of 8.5 mm.
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Finally, Figure 6.10 reports the comparison between the obtained average PSD profiles
and SEM images collected on particulates investigated in this study. In particular, one
SEM image for particulate from each category is acquired at magnification of 4000x
using the back scattered detector to sample ideal working distance of 8.5 mm. As can be
observed by the comparative visual inspection of the PSD profiles and the images
reported, it is possible to further confirm the trends described in the previous lines.
More in detail, is particularly evident that PM1g emissions collected from Category 2 and
Category 4 host an higher relative ratio of particles with bigger dimensions in respect to
the counterparts of smaller dimensions. Conversely, PM1g samples from Category 1 and
Category 3 exhibit more homogeneous dispersion of small particles with dimensions in
the order of or below 1 um.

6.4. Conclusions

The results reported in the previous paragraphs show that some correlations
between the typology of the materials composing the friction couple and the
dimensional profile of the corresponding particulates actually exist. In spite of an overall
dominant presence of particles with observed Feret diameter lower than 2.5 um (about
the 95% of the independent observations) in all the analyzed particulates, different
dimensional distributions are observed. More in detail, PMig samples generated by
friction couples belonging to Category 1 (GClI FMs + LS/LM FMs) and Category 3 (GCI BDs
+ NAO FMs) are observed to be composed by an overall higher fraction of finer particles
(Dmax < 600 nm). Conversely, PM1o emissions generated by FCs belonging to Category 2
(GCI BDs + IN FMs) and Category 4 (GTD BDs + LS/LM FMs) exhibit PSD profiles
characterized by higher amounts of coarser particles. In particular, FCs from Category 4
are found to generate particulates with the highest fraction of coarser particles among
all the observed samples.

Notably, when looking at the tribological mechanism, FCs from Category 2 and 4 share
a pronounced tendency of abrasion wear, due to their specific compositional
characteristics. More in detail, IN friction materials are significantly harder in respect
with the GCI of the rotor and exhibit higher friction coefficient when compared to the
LS/LM counterparts. On the other hand, coated BDs are in general significantly harder
than the coupled friction FMs, usually generating more abrasion in the friction
composite. In both cases, the mismatch between the mechanical properties of the
materials composing the friction couple makes the generation of a diffuse friction layer
more difficult, thus favoring the direct abrasion more than the adhesive wear
mechanism. Conversely, LS/LMs friction composites are in general able to create more
diffuse transfer layer at the tribological interface, most of all when they are specifically
designed to maximize comfort characteristics. Similar behavior is also observed in NAO
FMs, which are furthermore characterized by gentler behavior towards the cast iron
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braking surfaces of the rotors.>*3 Therefore, it is possible to infer that FCs characterized
by more pronounced direct abrasion wear mechanism usually produce coarser
particulates in respect with the counterparts in which the tribological event is more
characterized by adhesive wear and tribo-oxidation.

Most importantly, all the reported results confirm that it is possible to design friction
couples at the specific aim of shifting the PSD profile of the corresponding emissions
through the selection of suitable materials and couplings, as well as modifying or taking
advantage of their tribological behavior. Therefore, this can be used as further a tool, in
association with chemical considerations, in order to voluntarily tune the physico-
chemical properties of the brakes emissions in order to limit their environmental and
toxicological impact.
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7. Dimensional Profiles and Chemical Composition

Most of the emissions investigated up to this chapter are PMio particulates. This
means that the particles contained in the investigated emissions are characterized by
having maximum dimension not higher than 10 um. As demonstrated in the previous
chapter, below this limit, different dimensional distributions might be present depending
on the characteristics of the tribological interface. On the other hand, when looking at a
specific friction couple, it can produce emissions characterized by a wide dimensional
dispersion, ranging from ultra-fine particles having nanometric dimensions up to
millimetric scaled objects. Depending on the dimensional fractions considered, different
paths of emission in environment can be guessed. For instance, once emitted, PM o
particulates can stay longer in air in respect with particles with higher dimensions, which
conversely are more likely subject to fall directly to the ground. Therefore, different
distribution of materials emitted in environment from braking devices can preferentially
populate different environments (air vs. soil/water) on the basis of the dimensional
fraction in which they are generated. Thus, particulates produced by the same friction
couple, but in different dimensional segments, can interact preferentially with different
biological systems. At the same time, since emissions from different dimensional
fractions are likely generated by different wear mechanisms (abrasive vs. adhesive), this
might possibly have an influence also on the their chemical composition. For this reason,
this chapter investigates the influence of the emissions dimensions on the their overall
compositional features. For this reason, two separate but related studies are reported,
assessing eventual compositional differences in various dimensional fractions produced
by the same friction couple. In particular, the following paragraphs report the
comparative assessment of the chemical composition between: i) PMs emissions and
ultra-fine particulates; and ii) coarse debris materials and PM 1o emissions.

7.1. Aim of the Study

The major part of the investigations reported in this thesis work are based on
non-exhaust brakes PMi particulates, i.e. powder samples having controlled size
distributions exhibiting maximum dimensions lower than 10 um. The choice of a specific
dimensional cut is a necessity due to concomitant factors, such as the need to produce
results directly referencing and matching to the existent body of knowledge™? in the
research field of the air quality as well as to collect reproducible particulate samples with
commercially available instrumentation. As demonstrated in the previous chapter, when
assessing brakes NEE, different size distributions can exist below the selected limit of 10
um. These distributions are influenced and modulated by the materials composing the
friction couple and their tribological characteristics. At the same time, in real world
scenario, materials immitted in environment by the disc brake device can have even
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wider dimensional distribution, ranging from nanometric particles up to millimeter-
scaled objects. If the main subjects of particle emission and toxicological studies are
PM1o and PM; s particulates for both historical and practical reasons, at the same time
coarser and finer dimensional fractions are similarly important and interesting.

For instance, as far as the coarser fractions are concerned, brakes wear debris produced
during the tribological event can easily fall directly to the ground, due to the higher
dimensions and therefore superior weights (see pictures in Annex 7). Since the wear
debris is generated more by coarse mechanical abrasion and stochastic events occurring
at the tribological interface, it can most likely have different compositional features in
respect with an hypothetical corresponding PMig counterpart generated by tribo-
oxidative events occurring on well-formed and structured friction layer.2® This seems
especially reasonable when considering the overall oxidation level of the Iron (and, more
in general, of all the metallic species inside the emission) or the overall amount of
Carbon generated by thermal degradation of organic species.®! Therefore, if the
coarser debris material falling to the ground happens to have different chemical
composition in comparison to the corresponding finer particulate, it appears evident
that impact assessments towards different environments (soil/water vs. air) should be
based on different sets of compositional data targeting the most corresponding typology
of particulate pollutant. Similar considerations can be drawn for the toxicological
characterization of different biological systems, for instance human body organs or
apparatuses vs. aquatic or terrestrial organisms, since they might be exposed to
particulates exhibiting different physico-chemical features. On the other hand, it is well
known that nanoparticles can penetrate biological barriers more easily in respect to
micrometric particles. Thus, they can enter cells and generate more easily different
toxicological responses based on mutagenicity effects more than “simpler” contact
inflammatory effects.® At the same time, different evidences are nowadays reported
in literature on how nanoparticles are generated at the tribological interface. More in
detail, recent results showed that they are mostly related to the degradation of the
organic compounds and that their number increases exponentially with the increasing
temperature.””® Therefore, ultra-fine particles generated during braking can
preferentially concentrate or segregate some of the components of the corresponding
micrometric emission, thus eventually exhibiting different chemical composition.
Similarly to what discussed for the differences between wear debris and PM emissions,
this can potentially have profound implication on the toxicological characterization of
the investigated particulate.

For all these reasons, this chapter is specifically meant to deeply investigate eventual
interconnections occurring between different dimensional fractions of the brake
emissions and their corresponding chemical composition. The final aim is to define the
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most precise particulate targets in function of different environmental and toxicological
characterizations.

7.2. Ultra-fine vs. Micrometric Particulates

The investigation reported in this first section are focused on the results
obtained within the perimeter of activities of the nPETS project.*? In particular, it refers
to the investigation of nanoparticle emissions generated by brakes, and more in detail
on their chemical characterization. Part of the reported results has been recently
published.!*® In addition to the specific results of chemical composition of the brake
emission ultra-fine fraction (Dsp < 150 nm), a comparative assessment with results
obtained for coarser fractions is also reported, up to PM;s fraction. The obtained results
will be used in the second half of the project, together with chemical evidences collected
on other transport-related nanoparticle emissions, in order to investigate their
ecological and toxicological behaviors as well as to perform accurate source
apportionment studies.

7.2.1. Experimental

The following paragraph describes the materials and the analytical protocols
adopted for sample collection and chemical characterization. Particular attention is
devoted to the description of the procedures used to optimize the management of
limited amounts of particles of nanometric dimensions. Brakes nanoparticle emissions
are generated by two friction pairs composed by a fully pearlitic grey cast iron braking
disc (BD) coupled against two different ECE R90 Copper-free friction materials, labeled
as LS/LM-a and LS/LM-b.

The particulate samples are collected at a dynamometric bench designed for emissions
collection during tests performed in controlled conditions.'**! The emission test
procedure used to collect the particulates is the WLTP-Brake Cyclel*®. In particular, the
material is collected during both the bedding cycles (5 WLTP-Brake repetitions) and
during the cycle typically used for the evaluation of the emissions (i.e., the 6™ WLTP-
Brake Cycle repetition) in order to maximize the amount of collected nano-particles. For
the same purpose, three repetitions of a single emission test are carried out, each
repetition with new discs and pads. For all the tests, the braking corner is composed by:
i) a four pistons fixed Aluminum caliper with pistons diameter of 44 mm; ii) a vented
braking disc with a diameter of 342 mm and a thickness of 32 mm; and iii) a couple of
pads with a surface of 89.1 cm?2. During the dyno-bench tests, a controlled particle-free
air flux of 245 m3ht enters the brake enclosure in order to fulfill the temperature targets
as suggested by the most recent guidelines from the Particle Measurement Programme
(PMP) Informal Working Group™” (a tailored calibration run is carried out before the

bedding phases). The air flux is filtered through a HEPA-H13 filter which ensures an
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average filtration efficiency higher than 99.95%. The collection of the PM emissions is
carried out by an isokinetic sampling-probe, equipped with sharp-ended nozzles to
ensure a high efficiency sampling. The airborne particles are sampled through two
specific measurement instruments: a Dekati™ Electrical Low Pressure Impactor (ELPI+)
and a Dekati™ Gravimetric Impactor (DGI). For this study, the last five stages of the ELPI+
impactor are initially considered (dsp < 120 nm), collecting the particulates on
polycarbonate filters. However, in spite of all the strategies adopted for the sampling,
the amount of collected material on the lower stages of the ELPI+ was extremely low
and thus insufficient for a reliable chemical characterization. In order to overcome this
problem, material collected on the DGI collection substrates is used for chemical analysis,
sampling the collected particles in five size fractions below 2.5 pm. A comparison of the
collected amounts of materials in the two configurations and is reported for sample
LS/LM-a in Table 7.1 and Figure 7.1, for sake of reference. The instrument is used at the
flow rate of 95 L/min and a cyclone with a 2.5 um cutoff is placed before the inlet to
provide the first dimensional cut. Greased aluminum substrates are used for the upper
four stages, while a Teflon filter (pores diameter of 3 um) is used as backup. The material
collected on the first collection substrate (S1: 130 < dsp < 150 nm) represents the target
sample for the study of the nanoparticle emissions generated by brakes. This ultra-fine
particulate is then compared with material collected on the higher collection substrates
(S2: 400 < Dsp < 450 nm; S3: 800 < Dsp < 900 nm; S4: 2.1 < Dsp < 2.2 um).

ELPI+ DGI
Stage  Dgo/pm  Mass/mg | Stage  Dgp/pm  Mass/mg

S6 0.150 0.00 S4 2.10-2.20 0.67
S5 0.095 0.01 S3 0.80-0.90 591
54 0.054 0.00 S2 0.40-0.45 4.71
S3 0.030 0.02 S1 0.13-0.15 0.46
52 0.016 0.00

S1 0.006 0.00

Table 7.1: Summary table of measured weights of nanoparticles emissions collected by the mean of ELPI+
and DGl instruments for particulates generated by LS/LM-a FC.

For each particulate, one fourth of each collected substrate is used for chemical analysis,
while the remaining material is spared for the eco/cyto-toxicological characterization,
which will be performed in the second half of the project. For both the samples, the four
investigated particulates are stripped from the collection substrates after dissolution of
the collection grease in acetone and following sonication in 1 mL of isopropyl alcohol at
35 kHz for 2 minutes. The suspended particles are then recollected by centrifugation at
3000 rpm for 5 minutes and dried overnight in mild vacuum conditions (20 mbar) before
the chemical analysis. Stand-alone powders are deposited on Aluminum stubs previously
covered with carbon tape for electron microscopy. Particulates are always manipulated
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with a small metallic yet non-magnetic spatula and stocked or deposited in glass
containers in order to minimize the potential loss of sample material.

|
el

Figure 7.1: Comparison of: a) ELPI+ S6; and b) DGI S1 collection substrates after the performed emission
tests for LS/LM-a FC. The two reported substrates collect materials with similar dimensional dispersions,
centered at about 150 nm.

Scanning Electron Microscopy (SEM) imaging is used in order to verify qualitatively the
granulometric profiles of the collected particulates. Energy Dispersive Spectroscopy
(EDXS) analysis is coupled with the SEM probe in order to perform a comparative
assessment of the elemental compositions of the materials collected from the four
different DGI collection substrates. The analysis is carried out following the protocol
described in Chapter 2, with minimal variations due to very low amount of collected
material. In particular, for each powder sample, five areas of approximatively 300 x 200
um are analyzed.

Raman Spectroscopy (RS) is used in order to obtain some information on the phase
composition of the collected emissions, i.e. on the compounds composing the nano-
powders. Raman probe is chosen after carrying out X-Ray Diffraction (XRD) analysis,
which resulted in the complete absence of diffraction signals even when investigating
the material from the S3 collection substrate (800 < d50 < 900 nm). In spite of being
demonstrated in the recent literature,*>*3! and in this thesis work (Chapter 5. Speciation)
as a valuable tool for the characterization of the crystalline fraction of the PMig
emissions generated by brakes, in this context the XRD probe fails to provide significant
analytical signals, due to combination of the two following factors: i) the extremely
limited amount of analyzed material; and ii) the mostly nanometric (and possibly
amorphous) nature of the investigated samples. Raman analysis is carried out by the
mean of the Horiba LabRAM HR, equipped with a solid-state laser source (A = 473 nm).
The laser power is set nominally to 12.5 mW, since higher power values were found to
damage the samples, leaving burnt micro-area after the measurements. All the spectra
are acquired following analytical protocols described in the corresponding section of
Chapter 2.
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7.2.2. Qualitative Assessment of the PSD

SEM images of the collected particulates generated by LS/LM-a and LS/LM-b FCs
are reported in Figure 7.2 and 7.3, respectively. The overall particle size distributions are
coherent with the nominal Dsy values expected as a function of the adopted flow rate,
reported in Table 7.1. In particular, a progressive overall reduction in particle dimensions
is apparent moving from S4 to S1, with the material from the latter clearly exhibiting
ultra-fine granulometry.

7.2.3. Elemental Composition

The elemental composition of the nanoparticle emission, in the form of material
collected on the DGI S1 collection substrate, is investigated by means of EDXS analysis.
In addition, the chemical composition of the material collected on the higher collection
substrates from the DGI instrument (S2, S3 and S4) is investigated for a comparative
assessment with the ultra-fine fraction. The elemental composition of the nanoparticle
emission, in the form of the material collected on the DGI S1 collection substrate (Dsp <
150 nm), is investigated by means of EDXS analysis.

Figure 7.2; Comparison of SEM images acquired on the collected material for LS/LM-a sample; from top-
left to bottom-right: a) S4; b) S3; ¢) S2; and d) S1 DGI collection substrates. $4: 2.1 < Dsp < 2.2 m; $3: 800 <
Dso <900 nm; S2: 400 < Dsg < 450 nm; S1: 130 < Dsp < 150 nm.
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Figure 7.3: Comparison of SEM images acquired on the collected material for LS/LM-b sample; from top-
left to bottom-right: a) S4; b) S3; ¢) S2; and d) S1 DGI collection substrates. $4: 2.1 < Dsp < 2.2 m; $3: 800 <
Dso < 900 nm; S2: 400 < Dsg < 450 nm; S1: 130 < Dsp < 150 nm.

Average elemental concentration values for nanoparticle emissions generated by
LS/LM-a and LS/LS-b FCs are reported in Table 7.2 and 7.3. In addition, Figure 7.4 and
7.5 show the elemental distributions of the corresponding samples from S1 substrate
over five different measurements, together with the average elemental composition, in
form of histograms graphs.

sS4 S3 S2 S1

Element Average/wt% SD  Average/wt% SD  Average/wt%  SD | Average/wt% sD
Fe 50.5 19 46.3 2.6 44.4 2.4 37.9 1.7
o} 26.0 1.2 253 1.0 254 19 255 0.7

C 9.2 0.9 14.1 2.1 16.8 3.6 24.7 1.0

Si 4.1 0.2 1.7 0.1 1.5 0.1 2.6 0.2
Sn 2.1 0.1 3.0 0.2 2.8 0.1 2.1 <0.1
Zn 1.7 0.1 2.5 0.2 2.5 0.1 1.6 0.1
Al 1.5 <0.1 1.8 0.2 1.7 <0.1 1.5 0.1
Mg 1.1 <0.1 2.2 0.2 19 <0.1 14 <0.1
S 0.8 <0.1 1.5 0.1 1.5 <0.1 1.3 <0.1
K 0.6 <0.1 0.3 <0.1 0.3 <0.1 0.3 <0.1
cr 0.5 <0.1 0.5 <0.1 0.4 <0.1 0.3 <0.1
Cu 0.5 <0.1 0.3 <0.1 0.3 <0.1 0.3 <0.1
Mn 0.3 <0.1 0.4 <0.1 0.4 <0.1 0.3 <0.1

Others traces - traces traces traces -

Table 7.2: Summary table of measured elemental concentrations of nanoparticles emissions generated by
LS/LM-a FC. The average values are reported together with the corresponding variability index (SD —
standard deviation over five independent observations).
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S4 53 S2 S1

Element Average/wt% SD  Average/wt% SD Average/wt%  SD | Average/wt% SD
Fe 51.8 1.5 389 2.2 42.7 1.7 27.0 1.8
25.3 0.9 22.8 3.6 25.4 1.2 21.0 1.2

C 8.5 2.2 24.1 1.3 15.7 1.1 39.7 3.8

Si 4.7 0.3 2.3 1.3 1.5 0.1 1.4 0.1
Sn 1.9 0.1 2.2 0.1 2.6 0.0 1.7 0.1
Al 1.7 0.1 0.9 0.1 0.4 <0.1 0.5 <0.1
n 1.4 0.3 4.6 0.2 7.3 0.8 4.7 0.5
Cu 1.0 0.1 0.6 0.2 0.2 0.1 0.4 <0.1

K 0.8 <0.1 0.4 <0.1 0.3 <0.1 0.6 <0.1
Mg 0.8 0.1 1.4 0.1 1.8 0.1 1.1 0.1
S 0.6 <0.1 0.8 0.1 1.1 <0.1 1.4 0.1

Ti 0.5 <0.1 0.2 <0.1 0.1 <0.1 0.1 <0.1
Cr 0.5 <0.1 0.4 <0.1 0.5 <0.1 0.3 <0.1
Mn 0.4 <0.1 0.3 <0.1 0.3 <0.1 0.2 <0.1

Others traces traces traces traces

Table 7.3: Summary table of measured elemental concentrations of nanoparticles emissions generated by
LS/LM-b FC. The average values are reported together with the corresponding variability index (SD —
standard deviation over five independent observations).
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Figure 7.4: Distribution of elements as measured by EDXS probe for the material collected on the DGI S1
collection substrate during the emission test of the LS/LM-a friction couple. Five independent observations
(blue-scale histograms) and averaged results (green histograms) are reported.
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Figure 7.5: Distribution of elements as measured by EDXS probe for the material collected on the DGI S1
collection substrate during the emission test of the LS/LM-b friction couple. Five independent
observations (gray-scale histograms) and averaged results (purple histograms) are reported.

The results reported in Table 7.2 and 7.3, as well as in Figure 7.4 and 7.5, show that the
elemental composition of the nanoparticle emission is dominated by the presence of
three main elements, namely Iron, Carbon and Oxygen, since they account for over 85
wt% of the total particulate mass. Iron arises from both sides of the tribological interface,
i.e. from the wear and tribo-oxidation of the cast iron BD and from the Iron-based
compounds contained inside the friction mix. In turn, Carbon is a more specific marker
for the consumption of the friction material, since several Carbon-based compounds are
common constituents of LS/LM friction composites: organic resins as binders, graphite
and cokes as solid lubricants, inorganic carbides and carbonates as abrasives and
fillers.*® However, a minor but not negligible contribution can also be ascribed to the
wear of the cast iron braking disc, due to the presence of graphite lamellae within the
Iron-based alloy. The Oxygen arises from both sides of the friction couple: it is indeed a
marker for the oxidation of the metallic material from both the cast iron braking disc
and the friction material, as well as for the inorganic oxides, carbonates and silicates
commonly used in the friction mix as abrasives and fillers.*®! However, there are strong
compositional differences in the distribution of the main constituents of the two
collected nanoparticle emissions. In particular, sample from LS/LM-b FC shows a
significantly higher amount of Carbon; conversely, higher concentration of Iron is found
in sample from LS/LM-a friction couple. Finally, both the nanoparticle emissions features
the minor presence of a set of secondary and trace elements, which are typically found
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in concentrations lower than 5 wt%. Together, these elements account for about the 10-
15 wt% of the total particulate mass in both cases. The presence of these elements
relates closely to the specific friction material formulation and, secondary, to alloying
elements of the worn cast iron.

As can be spotted in Tables 7.2 and 7.3, the comparison of the results obtained for the
materials collected on S1 and from stages for higher dimensions reveals some
statistically significant trends. In both cases, in all the three particulates deposited on
the higher collection substrates, there are three dominant elements, namely Iron,
Oxygen and Carbon. Similarly to the case of the ultra-fine emission, these elements
account for about 85 wt% of the total sample mass. However, their relative distribution
changes moving towards the lower dimensional fractions. In particular, a constant
decrease of the Iron concentration can be observed. Conversely, the Carbon
concentration increases significantly moving from particulates with bigger dimensions
to their counterparts with smaller dimensions. This is in good agreement with other
results recently reported in literaturel®, showing that brakes nanoparticles are
preferentially and largely produced by organic compounds of the friction materials. In
addition, also Graphites and Cokes might likely contribute to the same behavior, since
they are extremely brittle materials. On the other hand, the overall variations of Oxygen
and the secondary elements are modest (when statistically meaningful). Interestingly,
the concentrations of main constituents measured in S4 samples (Dsp > 2 um) are very
similar to those reported in Chapter 4 for PMg particulates from the same coupling
typology (GCI BDs + LS/LM FMs). This is particularly meaningful, since results reported
in in Chapter 6. Size distributions showed that the previously investigated PMyg are
mainly populated by particles having dimensions < 2.5 um, thus not completely
dissimilar from the particulates collected on S4 stage in term of dimensional
distributions. All the discussed results are graphically reported in Figure 7.6 (LS/LM-a)
and Figure 7.7 (LS/LM-b).

Similarly, Figures 7.8 and 7.9 show a graphical comparison of the average concentration
values for the secondary elements, respectively for LS/LM-a and LS/LM-b samples.
Looking at the histogram graph for the first sample (LS/LM-a, Figure 7.8), it is possible to
notice that only Silicon preferentially segregates to the dimensional fraction with the
highest dimensional fraction. Notably the same trend is observed in particulates from
LS/LM-b. This might be due to the nature of Si-bearing compounds in the friction couple;
indeed, they typically are silicates and alumino-silicates of geological origin, i.e. very hard
materials with low tendency to wear. All other elements show a limited decrease of
average concentration moving from S4 to S1 (ie., from higher to lower overall
particulate dimensions), which might be more likely related to the overall slight decrease
of their overall amount than a real trend.
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Figure 7.6: Distribution of main constituents of LS/LM-a samples along the different dimensional fractions.
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Figure 7.7: Distribution of main constituents of LS/LM-a samples along the different dimensional fractions.
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Figure 7.8: Detail of average concentration values for secondary elements (concentration > 0.5 wt%) in
LS/LM-a particulates, along the four investigated dimensional distributions. Error bars indicates standard
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Figure 7.9: Detail of average concentration values for secondary elements (concentration > 0.5 wt%) in
LS/LM-b particulates, along the four investigated dimensional distributions. Error bars indicates standard
deviations (as o) around the corresponding average value.
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Looking more in detail at the particulates from LS/LM-b samples, it is possible to observe
a more variegated situation in respect with the counterparts from LS/LM-a samples, with
less straightforward trends. If the Silicon decreasing trend shows similarity with that
from the previous samples, other elements (Sn, Zn, Mg, S) exhibit on the contrary overall
increasing trends towards the finer fractions. In addition, it is also evident a preferential
(or anomalous) segregation of Zn on the S2 stage.

7.2.4. Phase Composition

Phase composition of the collected nanoparticle emissions is investigated via
Raman Spectroscopy. Figures 7.10 and 7.11 show the Raman spectra acquired directly
from the particulate obtained from the DGI S1 collection substrates, together with the
corresponding spectra collected from analyzing the materials sampled on the higher
collection substrates (S2-S4), respectively for LS/LM-a and LS/LM-b samples. As can be
observed, all the reported spectra look overall similar and exhibit the same main
features. In particular, two characteristic frequency ranges appear populated in all
measured samples: i) the low frequencies, from 50 to 700 cm™, hosting signals from Iron
oxides; and ii) the intermediate frequencies, from 1200 to 2000 cm™, where signals from
elemental Carbon typically reside.
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Figure 7.9: Comparison of Raman spectra acquired from the ultra-fine emission fraction (S1, green profile)
and from coarser fractions (52 to S4, blue-scale profiles) from LS/LM-a particulates.
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Figure 7.10: Comparison of Raman spectra acquired from the ultra-fine emission fraction (S1, green
profile) and from coarser fractions (S2 to S4, blue-scale profiles) from LS/LM-b particulates.

All the acquired spectra exhibit two peaks at about 215 and 280 cm™, which are
associated with the Hematite (a-Fe,03) phase. In both cases, the spectrum generated by
the material collected on the S1 substrate also hosts two additional broad features at
about 380 and 590 cm™ which are also coherent with the Hematite identification.
Moving towards the higher frequencies, all spectra exhibit two peaks at about 1355 and
1570 cm™, which indicate the presence of elemental Carbon (i.e., Graphites and Cokes)
inside the investigated particulates. All the described peaks are extremely broad and
characterized by low intensities: this observation suggests an overall low degree of
crystallinity of the identified compounds, which is well coherent with the (mostly
nanometric) nature of the samples. Notably, the evaluation of the phase composition
gualitatively confirms the trends observed in the elemental analysis. In particular, the
intensity ratio between the peaks associated with Hematite and elemental Carbon is
higher in the material collected on the S4 substrates (2.1 < Dsg < 2.2 um), and decreases
strongly in S1 stages. As far as the Iron/Oxygen ratio is concerned, it is possible to
observe more defined characteristic features of the Hematite in the spectrum from the
ultra-fine fraction (S1) with respect to its coarser counterparts: this observation can be
reasonably explained with an overall higher degree of oxidation of the Iron in Fe-based
particles from the lower dimensional fractions, as recorded also from the elemental
analysis reported in the previous section.
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7.2.5 Summary

Considering all the results reported in the previous paragraphs, some interesting
trends in the chemical composition of brakes emissions moving from the micrometric to
the nanometric realm become apparent. In particular, at least two clear behaviors are
identified: i) an overall decrease of the Iron/Oxygen ratio moving towards the ultra-fine
particle dimensions; and ij) an overall increase of the Carbon-based material moving
towards the lower particle size distributions.

Regarding the Fe/O ratio, it appears reasonable to expect an overall higher degree of
oxidation in Iron particles with nanometric dimensions with respect to their
counterparts of micrometric dimensions. This observation can be indeed well explained
by considering the different surface areas generated by different particle size
distributions. On the other hand, the increasing amount of Carbon-based material
observed moving towards the nanoparticle emissions can be likely explained by
considering the nature of the compounds which are typical sources of such element:
organic resins as well as Graphites and Cokes are extremely brittle materials, which can
generate exponential amounts of nanoparticles especially when exposed to increasing
temperatures.*® Notably, both trends presented here have been already reported and
similarly discussed in the literature™®?% when comparing the chemical composition of
Debris material and PM1p emissions generated by a friction couple similar to the one
used in this study (GCI BD + ECE R90 Cu-Free LS/LM FM). Also in that reference cases**??,
moving from coarser to finer granulometric profiles resulted in decreasing Iron/Oxygen
ratio and increasing concentration of Carbon. More detailed insights in the comparison
of the chemical composition of wear debris and corresponding PMio emission are also
reported in the next section of this chapter.

In addition to these main trends, other observational findings can be appreciated.
Among the secondary and trace elements, only Silicon appears to be preferentially
segregated in the highest dimensional fraction (S4): this can be likely explained by the
specific granulometry and physical properties of its source compounds inside the friction
mix. Conversely, all other elements in particulates from LS/LM-a samples are found in
slightly higher concentrations in the lower dimensional size distributions (S3, S2 and S1),
with a general decreasing trend moving from sub-micrometric towards nanometric
distributions. However, since this behavior is mild, it can be more likely related to the
overall slight decrease of their overall amount than a real trend. On the other hand,
more variegated and less straightforward behaviors are observed when assessing
particulates from LS/LM-b friction couple. Among the secondary elements of this sample,
Zn appear to preferentially (or anomalously) segregate in the sub-micrometric fractions
more than in the nanometric distribution.
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7.3. Debris vs. Micrometric Particulates

Similarly to the comparison reported in previous paragraphs, this section discuss
the compositional differences between PMio and wear debris samples produced by the
same particulates during the same emission tests.

7.3.1. Experimental

The particulates used for this study are generated by six different friction
couples composed by fully pearlitic grey cast iron braking discs (GCI BDs) and six different
Copper-free friction materials from LS/LM and IN families. The investigated friction
couples belong respectively to Category 1 and Category 2, as identified in Chapter 4. In
particular, they correspond to LS/LM1, LS/LM2, LS/LM4, IN1, IN2 and IN3 friction pairs.
The choice of the friction couples was meant to assess the influence of different
tribological behaviors, since IN friction materials are usually more abrasive in respect
with the LS/LM counterparts.

The particulate samples are collected at a dynamometric bench designed for emissions
collection during tests performed in controlled conditions.?** The emission test
procedure used to collect the particulates is the WLTP-Brake Cycle*®, following the
standard procedure reported in Chapter 2. For all the tests, the braking corner is
composed by: i) a four pistons fixed Aluminum caliper with pistons diameter of 44 mm;
i) a vented braking disc with a diameter of 342 mm and a thickness of 32 mm; and iii) a
couple of pads with a surface of 89.1 cm?. During the dyno-bench tests, a controlled
particle-free air flux of 245 m3 h! enters the brake enclosure in order to fulfill the
temperature targets as suggested by the most recent guidelines from the Particle
Measurement Programme (PMP) Informal Working Group!*” (a tailored calibration run
is carried out before the bedding phases). The air flux is filtered through a HEPA-H13
filter which ensures an average filtration efficiency higher than 99.95%. The collection
of the PM emissions is carried out by an isokinetic sampling-probe, equipped with sharp-
ended nozzles to ensure a high efficiency sampling. The airborne PMjo particles are
sampled through a 47 mm filter holder prior dimensional cut carried out by a PMig
cyclone on cellulose substrates. In addition, the produced coarser fractions (Debris) is
also collected, by simply positioning a metallic tray under the braking corner.

For both the samples, the investigated powders are collected and suitably manipulated
following the standard procedure as described in the corresponding section of Chapter
2. Both the elemental and the phase compositions are assessed, respectively by
SEM/EDXS and XRD analysis. Also in this case, standard procedures as adopted for all the
previous studies are applied without any significant variation. In addition to the standard
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analytical protocol, Laser Diffraction analysis is carried out to characterize the size
distribution (PSD) of the coarser samples.

7.3.2. Particle Size Distributions (PSD)

The differences between the characteristic PSD profiles of PM10 samples from
different categories of FCs are discussed in detail in Chapter 6. Nevertheless, Figure 7.11
reports a comparison of typical PSD profiles for PM1p samples generated by Category 1
and Category 2 FCs for reference. As can be observed, PM1g particulates generated by
IN friction materials exhibit an overall higher relative amount of coarser particles in
respect with the counterparts generated by LS/LM friction composites (when coupled
against GCl braking discs).
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Figure 7.11: Comparison of PSD profiles for PM1o samples generated by LS/LM and IN friction materials
when coupled against GCI BDs.

Figures 7.12 shows the comparison between the PSD profile as measured from laser
diffraction experiments carried out on Debris samples from LS/LM and IN friction
couples, respectively. Similarly to what observed in PMyo samples, also the PSD profiles
of Debris materials from the two different typologies of friction couples exhibit some
differences. In particular, Debris samples from Category 2 FCs are characterized by
overall significantly coarser granulometry in respect with the counterparts from
Category 1, notably retracing the trends observed for the PMjo samples.
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Figure 7.12: Comparison of PSD profiles for Debris samples generated by LS/LM and IN friction materials
when coupled against GCI BDs.

7.3.3. Elemental Composition

Moving towards the chemical characterization, Table 7.4 summarizes all the
elemental concentrations as measured for both PM1g and Debris samples generated
from each investigated friction couple belonging to Category 1 (GCI BDs + LS/LM FMs).
Figures 7.13, 7.14 and 7.15 report graphically the direct comparison between the
elemental concentrations of both main constituents and secondar elements for all the
investigated three couplings.

LS/LM1 LS/LM2 LS/LMA
PM10 SD Debris sD PM10 sSD Debris sD PM10 SD Debris sSD
Fe 54.6 1.7 553 1.0 Fe 533 0.9 53.7 8 Fe 58.4 1.1 55.2 1.0
0 27.5 1.2 269 0.7 0 27.2 0.7 27.4 1 O 228 20.3 1.0
C 10.1 0.8 9.9 05 C 9.0 89 08 C 11.2 12.2 1.2
sn 17 0.2 169 0.05 sn 2.26 2.09 Zn 16 5.3 0.4
Si 13 0.08 Si 142 1.4 Si 1.49 153 0.0
Mg 1.24 0.05 Mg 184 173 Mg 0.83 107
Al 1.15 0.07 Al 1.64 1.47 Sn 0.7 1.06
S 0.73 0.06 5 095 0.9 Al 0.75 091
Cr 0.63 0.05 Cr 091 0.86 S 0.7 0.86
Mn 043 0.02 Mn 041 0.40 Cr 042 0.01 053
n 0.26 0.03 0.16 0.05 Zn 0.28 v 0.37 Mn 0.46 0.03 0.43
Cu 0.22 0.04 022 0.04 Cu 013 0.02 0.13 Cu 0.15 0.04 0.20
Ca 0.17 0.04 025 001 Ca 0.38 0.01 0.38 Ca 0.4 0.2 031
Mo 0.22 0.08 0.22 Bi 0.16 0.02 0.15
i 0.09 0.01 0.09

Table 7.4: Comparative summary of the elemental concentrations as measured by EDXS analysis for PM1g
and Debris samples obtained from LS/LM1, LS/LM2 and LS/LM4 FCs. The concentrations are average of
five independent observations and are followed by the corresponding standard deviations (SD).
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Figure 7.13: Comparison of elemental concentrations as measured for PMig vs. Debris samples generated
by LS/LM1 friction couple. Only elements with concentration higher than 0.5 wt% are reported. Error bars
refer to the observed standard deviation (+SD).
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Figure 7.14: Comparison elemental concentrations as measured for PMsg vs. Debris samples generated by
LS/LM2 friction couple. Only elements with concentration higher than 0.5 wt% are reported. Error bars
refer to the observed standard deviation (+SD).
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Figure 7.15: Comparison of elemental concentrations as measured for PMig vs. Debris samples generated
by LS/LM4 friction couple. Only elements with concentration higher than 0.5 wt% are reported. Error bars
refer to the observed standard deviation (+SD).
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As far as the main constituents are concerned, no appreciable differences can be
observed in the LS/LM1 samples, while only minor variability in the relative abundance
of Fe, O, C and the other elements can be appreciated in samples from LS/LM2 and
LS/LM3 couplings. Similarly, only limited concentration differences are detected for the
secondary elements, with only one minor exception. In particular, Zn from LS/LM4
sample appears to preferentially accumulate in the coarser fraction.

Table 7.5 reports the comparison of all the elemental concentrations as measured for
both PMjp and Debris samples generated from each investigated friction couple
belonging to Category 2 (GCI BDs + IN FMs). Similarly to what already shown for samples
from the first typology of coupling, Figures 7.16, 7.17 and 7.18 report graphically the
direct comparison between the elemental concentrations of both main constituents and
secondary elements for all the three investigated couplings.

IN1 IN2 IN3

PM10 SD Debris SD PM10 SD Debris SD PM10 SD Debris SD
Fe 68.3 15 712 15 Fe 66.7 0.9 64.5 0.7 Fe 64.8 0.5 64.7 2.3
0 19.0 1.0 15.9 1.3 0] 223 0.5 20.7 05 0] 239 0.3 214 1.4
C 6.4 0.6 2.2 11 C 4.5 6.0 02 C 4.2 0.2 27 0
Si 2.12 0.07 2.3 0.9 Si 2.67 2.2 0 Si 28 0.1 26
Al 0.90 0.06 0.9 0.1 Al 112 0.8 0, Al 1.06 0.03 1.02 0.09
Mo 0.7 0.1 0.6 0.2 Zn 105 4.2 09 Zn 0.93 0.07 5.4 1
n 057 0.06 438 1.0 K 0.60 048 K 0.86 0.02 0.86 0.05
Mn 0.58 0.02 0.54 0.01 Mn 0.54 0.51 Mn 0.48 0.04 0.50
K 0.49 0.01 0.50 0.06 Cu 0.19 Q.16 Ti 0.33 0.03 0.26
S 044 0.04 0.41 0.08 Cr 0.18 0.16 S 0.20 0.02 0.24
sn 0.20 0.05 031 0.08 S 0.16 0.18 Cu 0.20 0.05 0.22
Cu 0.16 0.03 0.17 0.02 Others 0.00 - 0.06 0.02 Ccr 0.13 0.02 0.14
Cr 0.15 0.02 0.18 0.02

Table 7.5: Comparative summary of the elemental concentrations as measured by EDXS analysis for PM1g
and Debris samples obtained from IN1, IN2 and IN3 FCs. The concentrations are average of five
independent observations and are followed by the corresponding standard deviations (SD).
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Figure 7.16: Comparison of elemental concentrations as measured for PM1o vs. Debris samples generated
by IN1 friction couple. Only elements with concentration higher than 0.5 wt% are reported. Error bars
refer to the observed standard deviation (+SD).
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Figure 7.17: Comparison of elemental concentrations as measured for PMyg vs. Debris samples generated
by IN2 friction couple. Only elements with concentration higher than 0.5 wt% are reported. Error bars
refer to the observed standard deviation (£SD).
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Figure 7.18: Comparison of elemental concentrations as measured for PM1g vs. Debris samples generated
by IN3 friction couple. Only elements with concentration higher than 0.5 wt% are reported. Error bars
refer to the observed standard deviation (£SD).

Differently from what observed in samples from the previous couplings, PM1o and Debris
particulates generated by Category 2 FCs show higher tendency to differ. Slightly major
variability is also observed within the set of secondary an minor elements. Notably, as
observed in the case of LS/LM4 samples, all three pairs of samples from Category 2 FCs
show clear evidence of preferential segregation of Zn the coarser fractions. This
behavior might be likely linked to the specific physico-chemical nature of the Zn-bearing
compounds in the specific friction couples. For example, metallic Zn and brass platelets
or fibers of big dimensions can reasonably be more subject to follow to the ground by
direct abrasion from the tribological interface, in respect with ZnO and ZnS powders of
finer granulometry. Thus, depending on the specific friction composite formulation, Zn
(and other metallic species) could possibly concentrate more in the Debris fraction than
in the corresponding PM1 emission. This might have a direct impact on the correlation
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between chemical composition of a specific friction couple emission and the
corresponding toxicological behavior, since metals such Zn and Cu are well known to be
hazardous towards several environment and biological systems.?*?? For instance,
assessing aquatic toxicology with the chemical composition of PM1o samples with poorer
concentrations of Zn in respect to the material possibly falling to the ground may lead
to false negative results or underestimation errors. Conversely, assessing human cell
toxicology by correlation with the chemical composition of Debris material enriched with
metallic species, might lead to false positive results or overestimating errors.

As far as the main constituents are concerned, more pronounced differences in the Fe
vs. O (Fe/O ratio) and main constituents vs. secondary elements (M/S ratio) are evident
in particulates from Category 2 in respect with the counterpart from Category 1. This
can be observed more in detail in Table 7.6, which summarizes all these ratios for the six
investigated samples.

LS/LM1 LS/LM2 LS/LM4

PM10 Debris PM10 Debris PM10 Debris
Fe 54.6 55.3 53.3 53.7 58.4 55.2
0] 27.5 26.9 27.2 27.4 22.8 20.3
C 10.1 9.9 9.0 8.9 11.2 12.2
Others 7.8 7.9 10.5 10.1 7.6 12.3
Fe/O 2.0 2.1 2.0 2.0 2.6 2.7
M/S 11.8 11.7 8.5 8.9 12.2 7.1

IN1 IN2 IN3

PM10 Debris PM10 Debris PM10 Debris
Fe 68.3 71.2 66.7 64.5 64.8 64.7
(0] 19.0 15.9 22.3 20.7 23.9 21.4
C 6.4 2.2 4.5 6.0 4.2 2.7
Others 6.4 10.7 6.5 8.8 7.0 11.3
Fe/O 3.6 4.5 3.0 3.1 2.7 3.0
M/S 14.7 8.4 14.4 10.3 133 7.9

Table 7.6: Comparative summary of ratios of interest (Fe/O and M/S) for the investigated pairs of PM1g

and Debris particulates.

These differences are reasonable if considering both the tribological mechanism of the
investigated friction couples and the surface areas of the corresponding collected
particulates. In particular, if more direct abrasion is observed, leading to the generation
of Debris particulates characterized by significantly higher amount of coarser particles
(such in the case of Category 2 FCs), overall higher Fe/O are observed. In addition, also
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higher disproportion of the same Fe/O ratio is detected between a specific PM1o sample
and the corresponding Debris material. Conversely, when the overall emission
mechanism is more characterized by adhesive wear and tribo-oxidation, leading to a
more uniform distribution of finer particles in the Debris samples, lower differences are
observed within the group of the main constituents: therefore both Fe/O and M/S ratios
are similar in the PMo emission and in the corresponding Debris. Notably, the eventual
discrepancies in the ratio between the main constituents ([Fe] + [O] + [C]) vs. the other
elements (M/S ratio) can be used as index to discriminate between different tribological
characteristics also within the single category of friction couple. As can be seen in the
case of Category 1 FCs, two friction couples generate PMio and corresponding Debris
emissions with closely similar M/S ratios, while LS/LM4 Debris sample exhibits
significantly higher amount of material arising from the FM consumption when
compared to the corresponding PMio particulate. Therefore, LS/LM4 is appears to be
characterized by a more pronounced abrasion level in respect with the LS/LM1 and
LS/LM2 friction couples. When looking at samples from Category 2, they all show
significantly differences of M/S ratios when assessing the PM 1o emission in comparison
to the corresponding Debris material. As just discussed, this testify a pronounced direct
abrasion tendency in their wear mechanism.

7.4. Summary

The investigations reported in this chapter clearly show how the dimensional
fraction of brake emissions can have influence on their chemical composition. As widely
discussed in Chapter 4 the chemical composition of brakes emissions is determined in
first place by the materials composing the friction couple, as well as by their tribological
characteristics. However, the results here reported show how the composition can be
modulated by the dimensional fraction in which a specific emission is collected and
analyzed. This is particularly evident when comparing ultra-fine (nanometric) with PMyg
(micrometric) particulates. The reported elemental and phase analyses are in agreement
in identifying two main compositional trends: i) a decreasing Iron/Oxygen ratio, i.e. an
overall higher degree of Iron oxidation, when moving towards the finer fractions; and ii)
a significantly higher concentration of Carbon in the ultra-fine particulates. These
findings suggest that, in spite of presenting overall similar compositional profiles in
terms of constituent elements, particulates of different dimensional ranges exhibit
distinct elemental and phase compositions, mostly in terms of relative abundance of
constituents compounds. In addition, it also showed how the chemical characterization
of different dimensional fractions of specific emissions can bring deeper insights into the
evaluation of their tribological characteristics, at least on a comparative level. Taking all
the obtained results on a more general level, it is also to conclude that the chemical
information arising from coarser brake emissions fractions should not be used when
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specifically assessing the ecological and toxicological behavior of finer emissions
generated by the same source, and vice versa.
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8. Influence of the Driving Conditions

As mainly discussed in Chapter 3, the reproducible and reliable generation and
characterization of non-exhaust emissions generated by brakes is of fundamental
importance in order to provide correct information for source apportionment studies as
well as for their toxicological and environmental assessment. Nowadays, the best option
to obtain samples of PMio emissions composed only by material worn from the
tribological interface, i.e. the braking disc (BD) and the friction material (FM) rubbing
surfaces, is to sample them on suitable collection substrates at a dedicated brake
dynamometer bench, during a standard braking test cycle. In particular, the use of
enclosed dyno-bench is necessary for excluding other spurious contributions from the
environment, while defined test cycles are necessary to simulate standardized driving
conditions. Nevertheless, different braking cycles are usually characterized by different
overall temperature profiles or energy parameters, which in the end have significant
influence on the wear and the oxidation of the materials involved in the tribological event.
Thus, when collection is performed at the dynamometric bench, the chemical
composition of the PM1o emissions is expected to be influenced and modulated by the
overall temperature profile of a specific test cycle. At this regard, the study here reported
investigates the difference in terms of chemical composition of PM 1o samples generated
by two tribo-couples (standard cast iron BD coupled respectively with standard ECE R90
FM and prototypal FM based on inorganic binder) during the 3h-LACT and the WLTP-
Brake test cycles. More in detail, a wide physico-chemical characterization performed by
SEM/EDXS and XRD analysis is used to unveil how braking cycles influence both the
elemental and phase composition of the generated emissions. This chapter provides
useful insights regarding the correlation between driving conditions, relative
consumption of the tribological interface and chemistry of the emitted particulates.

8.1. Aim of the study

For all the reasons already reported and discussed, in the past years, strong
technological and scientific efforts have been carried out in order to study the emissions
generated by brakes. In particular, reliable protocols for particulates collection and
dimensional measurement have been developed, thus gaining a sound general
understanding of the physico-mechanical processes involved in the generation of brakes
emissions.*” Recently, the chemical characterization of the brake emissions is also
being more frequently and deeply investigated, representing a necessary bridging stone
between emission level studies, toxicological/environmental assessments and source
apportionment evaluations.®Y Independently of the aim of the specific researches, the
most commonly adopted experimental approach to study the brake emissions, is to
collect them at a suitably designed inertia dynamometric bench, during tests performed
in controlled conditions.*%* Brakes dyno-benches are mechanical devices simulating
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one car semi-axis corner: they represent a far less complicated experimental design than
the usage of a whole vehicle, while maintaining a suitable level of complexity and
representativeness of the target system. Specifically, dyno-benches are able to
reproduce energy indexes of real vehicles, such as speed, inertia, pressure, kinetic
energy, etc. They are commonly employed in the characterization of braking system
performances via the repetition of standardized sequences of braking events. In spite of
being potentially very complicated and time-consuming, these sequences, or test cycles,
can be easily implemented at the dyno-bench via software control. For this reason, test
cycles at the dynamometer platform usually lead to more stable and reproducible
outputs in respect with road tests. In addition, as far as emission studies are concerned,
dyno-benches are also necessary for looking exclusively at the particulates generated
from the braking device, excluding other spurious contributions from the environment.

In order to be diagnostic, dyno-bench emission tests have to be tailored as much
relatable and scalable to the real general driving conditions as possible. This is especially
true when emission profiles are the main target of the study. For this reason, in recent
times, several different test cycles specifically dedicated to the generation of
particulates have been developed. They usually mimic overall driving conditions in
ensembles of different situations, such as urban, sub-urban, rural and highway traffic
situations. However, different test cycles can easily lead to incomparable results (even
if tests are performed on the same friction couple, mounted on the same braking device),
since the energy indexes and the temperature profiles can strongly differ from cycle to
cycle. Local temperature at the tribological interface is in fact one of the main variable
affecting the mechanical wear and the tribo-oxidation of the surfaces of both the braking
disc and the friction material, thus having a great influence in the generation of braking
emissions both in terms of particulate dimensions and emission factors.™#? In addition,
different local temperatures experienced by the friction couple (BD+FM) might be
expected to generate particulates with different chemical composition: this is especially
reasonable when considering the distribution of iron oxidation compounds, as well as in
the case of sulfides oxidation or carbon-based material pyrolysis. At this regard, the
study here reported is meant to provide a specific insight into the differences in the
chemical composition of PMjo particulates generated by the same starting materials
composing the friction couple, but during two different braking cycle. Thus, the results
here reported are meant to underline the importance of selecting one reference test
cycle in order to assure comparability also in the chemical composition of the brake
emissions. This is a hard requirement especially when considering the final aim of
providing reliable chemical characterization as starting point for toxicological and
environmental assessments. In addition, these results are also meant to provide a first
glance into the correlation between the chemistry of brake emissions and the driving,
i.e. braking, conditions.
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8.2. Experimental

All the experimental details as well as the materials and methodologies used in
the this section are briefly summarized in the following paragraphs. More detailed
information can be also found in the references reported along the experimental
sections as well as in Chapter 2.

8.2.1. Materials

Two different friction couples (i.e. combinations of braking disc [BD] and friction
material [FM]) are used as test subjects for this study. The first one, labeled FC1, is
composed by a fully pearlitic grey cast-iron (GCI) braking disc (BD) and two pads of a Cu-
free ECE R90 Low Steel (LS) friction material (FM1). The second one, named FC2, is made
by the coupling of the same typology of BD with two pads having prototypal friction
material based on inorganic binders (FM2). Nominal compositions for all the
components are reported in Table 6.1. For each bench test, new braking disc and pads
are used.

BD FM1 FM2
Element [wt%] Element [wt%] Element [wt%]
C 3.8 C 31.3 Fe 32.6
Si 19 Fe 23.0 0] 17.2
Mn 0.5 0] 13.6 C 14.5
Cu 0.2 Zn 8.2 Si 11.0
Cr 0.1 Mg 55 Al 9.3
Fe balance Al 4.1 Sn 5.0
Others traces Sn 3.7 Mo 4.8
Cr 3.0 S 4.5
S 3.0 Bi 0.9
Si 2.2 Mn 0.1
Ca 1.0 Others traces
Bi 0.8
K 0.3
Mn 0.1
Others traces

Table 6.1: Nominal composition of the starting materials composing the two used friction couples.
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8.2.2. Braking Cycles

PMjo samples are collected at a dyno-bench suitably designed for emissions
collection during tests performed in controlled conditions. The specific design of the
dyno-bench is described in detail in the reported literature.***3! The two investigated
particulates are respectively sampled during 3h-LACT and WLTP-Brake test routines. The
two cycles are already introduced and described in Chapter 2. For both the tests the
braking corner is composed by: i) a four piston fixed Aluminum caliper with pistons
diameter of 44 mm; ji) a fully pearlitic vented cast-iron braking disc with diameter of 342
mm and 32 mm height (distance between internal and external braking surfaces); and
iii) a couple of pads with surface of 89.1 cm?. Thus, the combination of the pads and
braking disc geometry leads to an effective radius of 136.5 mm. The 3h-LACT is a
temperature driven test accounting for 217 braking events performed in a run during
approximatively 3 hours. It is historically one of the first cycles proposed in the dedicated
literature as reference cycle.** On the other hand, the WLTP-Brake is a time-controlled
cycle composed by 303 brake events divided into ten trips. The emission test duration is
about 7.5 hours, comprehensive of the cooling phases between trips. It is nowadays
most commonly used for sake of reference in the study of brake emissions, since it is
based on a wider database of traffic behaviors in the European region, thus being
considered more representative of a global ensemble of braking profiles of standard EU
driving conditions.!*® Visual comparison of the two cycles speed profiles is reported in
Figure 8.1 while Table 8.2 provides additional comparative specifications.
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Figure 8.1: Speed profiles of the two braking cycle compared in this study.
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3h-LACT WLTP-Brake

Duration approx. 3h approx. 7.5h
Average Initial Speed 53.6 km/h 41.5 km/h
Deceleration 0.2-29ms? 0.49-2.18 ms?
IBT 54-187°C 30-175°C
Number of Stops 217 303
Total Distance 145 km 192 km

Table 8.2: Comparative summary of parameters of interest for the 3h-LACT and WLTP-Brake cycles.

As can be observed in Table 8.2, WLTP-Brake routine is overall longer than the 3h-LACT
test, accounting for more stops and simulating longer run. On the other hand, 3h-LACT
has globally higher decelerations, dissipating consequently more kinetic energy. In
addition, due to the average lower energy indexes and the time imposed-control of the
cycle, WLTP-Brake cycle provides usually more efficient cooling of the tribological
interface, thus developing overall lower temperature profiles. One further minor and
case specific difference between the two tests reported in this study is represented by
the inertia: for the 3h-LACT test it is used an inertia of 66.80 kg m?, while for the WLTP-
Brake routine it is used a slightly higher inertia of 72.67 kg m?. The WLTP-Brake test
inertia is in fact calculated following the more recent guidelines from the Particle
Measurement Programme (PMP) Informal Working Group!*®, i.e. reducing the nominal
vehicle inertia by a 13% factor in order to account for the parasite losses and considering
a cargo of 1.5 passengers.

8.2.3. Samples Collection and Preparation

During the dyno-bench tests, a controlled particle-free air flux enters the brake
enclosure. The air flux was set at 850 m® h for the 3h-LACT and at 65 m? h! for the
WLTP-brake cycle. More in detail, the flux value for the WLTP-Brake test is chosen in
order to hit the temperature targets as suggested by the more recent guidelines from
the PMP Working Group!*®, prior a specifically tailored calibration run carried out before
the bedding phase. For both tests, the flux is filtered through a HEPA-H13 filter which
ensures an average filtration efficiency higher than 99.95%. The air flux serves a double
aim: it cools down the brake system during the testing cycle and carriers the particles
generated during the braking test to the particles measurement and collection devices.
The collection of the PM emissions is carried out by four different isokinetic sampling-
probes, equipped with knife-ended nozzles to ensure a high efficiency sampling. As far
as particulates analyzed in this study are concerned, a filter holder hosting a high
efficiency 47 mm diameter cellulose filter is connected with one of the isokinetic probes
to collect together all the particles with diameter lower than 10 um. A Dekati™ PMo
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cyclone is placed between the sampling probe and the filter holder in order to ensure
the removal of the particles with diameter larger than 10 um. The four investigated
particulates are stripped from the collection substrates by sonication in 5 mL of isopropyl!
alcohol at 35 kHz for 10 minutes. The suspended particles are then recollected by
centrifugation at 3000 rpm for 5 minutes and finally dried overnight in mild vacuum
conditions (20 mbar) before the chemical analysis (please refer to Chapter 2 for further
details).

8.2.4. SEM/EDXS Analysis

After drying, the PMio powders are directly deposited on Aluminum stubs
covered with carbon tape for electronic microscopy, without any further manipulation.
Energy Dispersive X-Ray Spectroscopy is used as probe to investigate the elemental
composition of all the collected samples. The analysis is carried out by the mean of the
Zeiss MA EVO10 scanning electron microscope, equipped with a 10 mm? active area
INCA X-act silicon-drift detector (Oxford Instrument). For each powder sample, five areas
of approximatively 400 x 300 um are analyzed with acquisition time of 540 sec and beam
intensity of 300 pA. The elemental concentrations obtained in each region of interest
are statistically averaged in order to obtain final compositional results. The experimental
emission spectra are acquired at the instrument ideal working distance of 8.5 mm (gun
to sample surface). The elemental composition is probed by back-scattered electrons
(BSE) in order to maximize the interaction volume of the incident beam with the sample.

8.2.5. XRD Analysis

Phase composition of the collected samples is investigated by the mean of X-Ray
Diffraction analysis, performed at the MCX beamline*” at Elettra-Trieste synchrotron
during ring operation at 2.4 GeV. XRD patterns are acquired at 15 keV and A = 0.0826(1)
nm, in Debye-Scherrer geometry, with beam spot kept at 1.0 x 0.3 mm. About 1 mg of
PM1o powders are gently inserted and compacted inside standard glass Mark-tube for
XRD diffraction experiments with external diameter of 0.2 mm and wall thickness of 0.01
mm (Hilgenberg), filling the capillaries for at least 15 mm in height. The capillaries are
centered inside a 4-circle Huber goniometer and spinned at 3000 rpm during the
measurements. The detection of the diffracted beam is carried out by a high-count rate
fast scintillator counter equipped with a pair of slits with a vertical aperture of 0.3 and
0.4 mm, respectively. XRD patterns are acquired in the 26 angular range of 3-45°, with
0.01° steps and acquisition speed of 1 sec/step. The phase identification is carried out
via the PDF4+ 2022 crystallographic database (ICDD)! 8, while the phase analysis is
performed by the mean of the PDXL software suite (Rigaku*), using as fit variables only
profile and cell parameters.
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8.3. Results

The obtained results in terms of elemental and phase composition for the
collected PMyo particulates, as well as their description and specific discussion, are
reported in the following paragraphs. Particular attention is paid in underlining the
compositional differences detected between the samples generated respectively during
the two different tests.

8.3.1. Elemental Composition

Table 8.3 summarizes the average elemental compositions of the two PMjg
samples from FC1 friction couple, generated respectively during 3h-LACT and WLTP-
Brake test cycles. Figure 8.2 shows the elemental distribution in the two different cases.
As it is possible to see, in both the particulates the elemental composition is largely
dominated by three main elements only, which are Iron, Oxygen and Carbon: they
account together for about the 90 wt% of the total emission mass. This observation is in
well in agreement with the results reported in Chapter 4 for similar friction couples
(Category 1: GClI BDs + LS/LM FMs). Iron is largely due to the consumption of the BD
braking surface, but also a minor contribution from Fe-based compounds from the FM,
such as Iron powders, Steel fibers, Iron Sulfides and Chromites, has to be taken into
account.

FC1 3h-LACT WLTP-Brake
Element [wt%] SD [wt%] SD
Fe 335 1.2 58.4 1.1
0 239 0.4 22.8 0.7
C 25.7 2.1 11.2 0.7
Zn 4.9 0.1 1.7 0.1
Sn 2.3 0.2 0.7 0.2
Mg 1.92 0.05 0.83 0.02
Si 1.6 0.2 1.49 0.06
Al 1.71 0.07 0.75 0.02
S 1.81 0.09 0.70 0.02
Cr 0.98 0.08 0.42 0.01
Ca 0.75 0.04 0.42 0.01
Cu 0.26 0.06 0.3 0.2
Mn 0.22 0.04 0.46 0.03
Bi 0.5 0.1 0.16 0.02

Table 8.3: Elemental composition of PMygpowders from FC1 measured by EDXS (elements with
concentration lower than 0.1 wt% are not listed for sake of brevity). Final composition results are
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averaged over five different measurement areas for each sample. SD labels the standard deviation over
the five different measurements.
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Figure 8.2: Histogram elemental distribution graphs for the PMjq particulates generated by FC1 during 3h-
LACT test (top) and WLTP-Brake (bottom).

Similarly, Oxygen can be expected to be due in large extent to the tribo-oxidation of the
metallic material at the tribological interface. However, minor but not negligible Oxygen
contribution has to be ascribed to several compounds composing the FM composite,
such as oxides, carbonates, alumino-silicates and organic resins. Finally, Carbon is largely
due to the FM, which usually contains significant amounts of graphite, coke and phenolic
resins, together with minor amounts of inorganic carbides and carbonates. In addition,
minor contribution from graphite lamellae arising from the GCI BD worn material has
also to be considered. All the other elements are detected in secondary or trace
amounts, accounting together for slightly more than the 10 wt%: they are mainly due to

the specific FM formulation. In spite of showing similar general compositional trends,
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the two samples exhibit also important differences. Indeed, looking at the sum of the
three main elements, it is clearly possible to observe that the PMi generated during the
WLTP-Brake cycle has significantly higher content of Iron and lower content of Carbon
in respect with its 3h-LACT counterpart. In addition, the Oxygen concentration is pretty
similar in both the two particulates, making the overall Iron to Oxygen ratio higher in the
case of the PMyg produced in the 3h-LACT test in respect with the particulate generated
during the WLTP-Brake cycle.

Table 8.4 and Figure 8.3 summarize respectively the elemental composition
concentrations as measured for FC2, in similar fashion than the previously reported
results for FC1. If compared with particulates generated by FC1, PMjo samples produced
by FC2 show significantly higher content of Iron and lower content of Carbon. This is due
to the characteristics and the specific formulation of FM2: as previously described, this
friction material adopts in fact an inorganic binder (silicates-based). Its Carbon content
is therefore due only to the graphite and the coke lubricants, while organic Carbon from
phenolic-based resins is completely avoided. In addition, the inorganic matrix of FM2
has intrinsically higher hardness in respect with the softer phenolic resin-based standard
FM1 composite. Thus the higher hardness and abrasive power of the friction material
generates in FC2 more direct abrasion of the disc braking surfaces, leading to an overall
higher amount of Iron.

FC2 3h-LACT WLTP-Brake
Element [wt%] SD [wt%] SD
Fe 54.08 1.29 68.28 1.54
0 23.71 1.03 18.95 1.02
C 6.53 0.84 6.32 0.55
Si 4.25 0.21 2.12 0.07
Al 3.02 0.13 0.90 0.06
Mo 2.40 0.24 0.74 0.13
1.77 0.09 0.44 0.04
1.51 0.03 0.49 0.01
Sn 0.80 0.07 0.20 0.05
Zn 0.72 0.08 0.57 0.06
Bi 0.45 0.11 0.12 0.03
Mn 0.42 0.04 0.56 0.02
Cu 0.20 0.07 0.16 0.03

Table 8.4: Elemental composition of PM1gpowders from FC2 measured by EDXS (elements with
concentration lower than 0.1 wt% are not listed for sake of brevity). Final composition results are
averaged over five different measurement areas for each sample. SD labels the standard deviation over
the five different measurements.
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Figure 8.3: Histogram elemental distribution graphs for the PM1q particulates generated by FC2 during 3h-
LACT test (top) and WLTP-Brake (bottom).

This main difference apart, the general elemental composition of TC2 PM1o samples
shows similar trends than the one observed in FC1 particulates. Also in this case, the
overall elemental composition is always dominated by the three main elements only:
Iron, Oxygen and Carbon: they sum up for about the 90 wt% of the emission mass. Also
in this case, the overall elemental distribution profile is well in agreement with those
observed in Chapter 4 for the corresponding typology of friction couples (Category 2:
GCI BDs + IN FMs). As previously described, Iron is mainly due to the wear of the disc
braking surfaces. Secondary contribution is also provided by the Iron-based compounds
contained inside FM2. However, this is expected to be far lower than in FC1, due to the
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higher relative consumption of BD in respect with the FC1 counterpart. Oxygen is indeed
a mixed marker for the wear of both the two rubbing surfaces: it can be mutually due to
the oxidation of the worn metallic material from both the tribological interface sides,
than from oxides and silicates from the friction material. Finally, as previously described,
Carbon arises mainly from the solid lubricants contained inside the friction material
(graphite and coke) and, secondary, for inorganic carbides and carbonates eventually
present inside the friction mix. Minor but not negligible contribution has also to be
ascribed to the graphite lamellae inside the cast-iron composing BD. All the other
elements are detected in minor or trace amounts and, also in this case, are mainly due
to the specific friction material formulation. As already observed in FC1, also FC2 PMg
powders show different distribution of the main elements when produced by different
test cycles. In particular, Iron/Oxygen ratio is higher in the PM1o sample produced during
WLTP-Brake, while the overall amount of Carbon and secondary elements is higher in
PMjo particulate collected the from 3h-LACT test.

8.3.2. Phase Composition

X-Ray Diffraction analysis is used in order to investigate the phase composition
of the collected PMio samples, and more in detail, to assess the crystalline fraction
composing the particulates. At this regard, metallic Iron and Iron oxidized forms (namely
the Magnetite-Fe;04 and the Hematite-Fe,0s) are well detected and easily identified in
all the four investigated samples. The diffraction peaks of both the identified Iron oxides
have always broader full width at half maximum (FWHM) in respect with the diffraction
peaks from other phases, testifying their low crystallinity degree in respect with the
metallic counterpart. Conversely, due to their very high crystallinity (i.e. sharper peaks),
graphites are usually detected in all the particulates, even when contained in low
amount. Since the collected and consequently analyzed particulates are of very modest
amounts (about 1 mg of powder per XRD capillary), phases composed by elements in
secondary or trace amount are in general hardly detectable, with the exception of the
MoS; solid lubricant: this phase is composed by heavy elements, thus strongly
interacting with the X-Rays, and shows in addition a very high level of crystallinity. Table
8.5 summarizes all the crystalline compounds detected through the phase identification
carried out on the four investigated PMig samples, listing them together with their
specific crystallographic database reference. The reported phases are consequently
used as crystallographic theoretical models to fit the experimental XRD patterns in order
to obtain the final phase composition of the crystalline fraction for the analyzed
particulates, which is reported in Table 8.6. Examples of Rietveld refinement performed
on the collected experimental data are reported in Figure 8.4, which shows the phase
analysis for the FC2 PMy, samples, collected respectively during the 3h-LACT and the
WLTP-Brake cycles, as reference. As can be qualitatively observed in the two graphs
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reported in Figure 8.4, the relative intensity ratio between the main Iron diffraction peak
(at about 23.5°) and the main diffraction peaks of its oxides is higher in the case of the
particulate produced during the WLTP-Brake test. As far as the Iron oxides are concerned,
in both samples the Magnetite (Fes0a) is the more common polymorph, while the
Hematite (Fe,0s) is always detected in lower amount. In addition, secondary or trace
phases, such as the Graphite or the Molybdenite, are easily observable only in the
particulate generated during the 3h-LACT, while their signals remain weaker in the
WLTP-Brake counterpart sample. The same considerations can be easily inferred in
guantitative fashion by the observation of the phase analysis results as reported in Table
8.6. Notably, all the information arising from the analysis of the elemental composition
on the four investigated samples are in excellent agreement with findings from the XRD
analysis, and more in general, with all the observations previously reported in Chapter 4
and Chapter 5.

Phase Compound Crystallographic Reference (ICDD)
Fes04 Magnetite 04-015-9120
Fe:20s Hematite 04-015-7029
a-Fe Ferrite 04-014-0360
C Graphite 00-041-1487
MoS: Molybdenite 01-077-1716

Table 8.5: Summary of the crystallographic reference used for phase identification and phase analysis
(Database ICDD PDF4+ 2022).

Phase | 3h-LACT / wt% WLTP-Brake / wt%

FC1
Iron (a-Fe) 21.9(9) 26.6(7)
Magnetite (Fe30.) 55.4(2) 48.9(9)
Hematite (Fe203) 14.5(2) 18.1(2)
Graphite (C) 8.1(2) 6.5(4)
Rwp 5.80% 4.37%

FC2
Iron (a-Fe) 24.6(7) 40.1(9)
Magnetite (Fe30a) 55.0(2) 45.7(9)
Hematite (Fe203) 12.8(2) 9.2(7)
Graphite (C) 5.4(9) 4.7(9)
Molybdenite (MoS:) 2.2(2) 0.4(1)
Rwp 7.93% 6.10%

Table 8.6: Summary results of the phase analysis. Rup, is @ goodness and reliability of fit parameter.
Estimated standard deviations (esd) are reported between brackets and refer to the last significant digit.
All the concentration results are reported in weight percentage [wt%].
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Figure 8.4: Rietveld refinement carried out on the experimental XRD patterns collected the FC2 particulate
generated respectively during the 3h-LACT (top graph) and WLTP-Brake cycle (bottom graph). Measured
points are reported in black, while the crystallographic model is in red. Their difference between
calculated model and experimental pattern is showed in pink. Vertical colored bars represent the
crystallographic references for the selected phases, i.e. metallic Iron in blue, Magnetite in green, Hematite
in red, Graphite in yellow and Molybdenite in pink.

8.4. Discussion

All the obtained results are summarized and discussed in the following
paragraph. More in detail, differences and trends in PMio chemical composition as
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obtained from the performed experimental work are more widely explored with the final
aim of proposing possible correlations with their origin cycle.

As previously described, both PMjo samples generated by FC1 and FC2 show higher
Iron/Oxygen ratio when produced during the 3h-LACT than from the WLTP-Brake test.
This is a qualitative evidence of an higher level of Iron oxidation when PM1g samples are
produced in the 3h-LACT cycle. This trend is indeed confirmed looking also at the relative
weight ratio between the metallic Iron and its oxides, as obtained from the XRD phase
analysis (Table 8.6). At the same time, both FC1 and FC2 emission powders exhibit
overall lower amount of Carbon and secondary/trace elements when the particulate is
produced during the WLTP-Brake than the 3h-LACT cycle. All results are graphically
summarized in Figure 8.5.

80.00
B FC1 3h-LACT

B FC1 WLTP-Brake

70.00

60.00

50.00

40.00

30.00

20.00

Concentration / wt%

10.00

0.00

Fe 0 C Others

80.00
FC2 3h-LACT

70.00 —— O FC2 WLTP-Brake
60.00

50.00
40.00
30.00

20.00

Concentration / wt%

10.00

000 1 [

Fe 0 C Others

Element / symbol

Figure 8.5: Summary of main contribution to the elemental composition in PM1o samples from FC1 (top
graph) and FC2 (bottom graph). Error bars represent the corresponding variability over the five
independent measurement of concentration, expressed as standard deviation.
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Since as previously described Iron and Carbon are primary markers respectively for the
consumption of the BD and the FM surfaces, these findings clearly state an overall higher
partial contribution of the braking disc to the total PMip mass produced during the
WLTP-Brake cycle than during the LACT-3h cycle. Both these two main findings, i.e. the
higher oxidation of the worn cast-iron and the higher consumption of the FM material
during the LACT-3h cycle, fit well with the higher energy indexes, and thus the local
temperatures, expected at the tribological interface during this test in respect with the
WLTP-Brake counterpart. Thus, the overall more demanding energy indexes developed
during the ensemble of the braking events of the 3h-LACT test represent the driving
conditions producing PMyo particulates which are more oxidized and have higher
content of material generated by the friction material consumption. The generation of
particulate at the tribological interface during the 3h-LACT cycle is expected to have a
more pronounced contribution from the oxidative mechanism: higher local
temperatures and friction forces have direct impact in the generation of Iron oxides as
well as in the faster deterioration of the friction material composite. At this regard, it is
frequently reported in the literature that increasing the contact pressure and the local
temperature at the tribological interface causes significant higher production of
particulate during braking, especially from the FM side of the friction couple [3,8,10,24].
Conversely, the WLTP-Brake cycle is expected to generate particulate with a relative
higher contribution from the direct mechanical abrasion of the tribo-couple surfaces:
this is well consistent with both the observed lower level of Iron oxidation and the overall
lower consumption of the friction material. A graphical summary of all these effects is
reported in the Kiviat plot Figure 8.6.

8.5. Summary

The study reported in this chapter offers new insights into the correlation
between the chemical composition of the PMjo emissions produced by brakes and their
generation conditions. More in detail, it is clearly showed how two different braking test
cycles, namely the 3h-LACT and the WLTP-Brake routines, have influence in determining
the elemental and the phase composition of the emitted particulates. When the braking
cycle is more energy demanding, as for the 3h-LACT test, the emitted particulate is
characterized by an overall higher level of oxidation, especially considering the Iron
arising from the BD surface and, secondary, from the FM composite. In addition, worn
material from FM contributes more to the total amount of the emission. Conversely,
when the cycle is less energy demanding, as in the case of the WLTP-Brake test, the
emission is characterized by a significantly lower level of Iron oxidation and by a lower
amount of material arising from FM. Thus, 3h-LACT test is identified to generate
proportionally more particulate via oxidative mechanism in comparison to the WLTP-
Brake test, where, conversely, proportionally more material is produced by direct
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mechanical abrasion. A summary of the effects of the different braking cycles are
reported in Figure 8.6. Notably, similar trends are observed in different tribo-couples,
involving the presence of different concepts of friction materials.

C
3h-LACT 70
Higher amount of 3h-LACT
material from FM c0 Higher Fe Oxidation
50
\ ; ,
Others 0]
—— FC1 3h-LACT
WLTP-Brake
— —FC2 3h-LACT Lower Fe Oxidation &
FC1 WLPT-Brake Fe More material from BD

— —FC2 WLPT-Brake

Figure 8.6: Effects of the cycles on the chemical composition of the generated PM1o particulates. Grey
dashed lines are concentrations iso-value surfaces expressed in weight percentage [wt%].

Taking all the obtained results on a more general level, it is possible to observe how
different braking conditions, such as speed, deceleration and temperature, can have a
strong influence in determining the final chemistry of the particulates emitted by brakes.
This is particularly interesting in toxicological and environmental perspectives. Thus, the
driving conditions and habits might be used in order to modulate the chemical emission
profile of the emissions generated during braking. For instance, the findings here
reported suggest that more or less energy demanding braking conditions can be applied
in order to intentionally shift the Iron/Iron oxides ratio as well as the ratio between
material produced by BD and FM. These results will become particularly powerful as
soon as more detailed studies will be available in the literature dedicated to the eco-
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toxicological assessment of the brake emissions. Finally, it is also demonstrated how the
chemical characterization of the particulates produced by brakes is an effective tool to
widen the general understanding of the mechanisms laying behind their generation.

This chapter is widely based on a technical paper published for the SAE Brake Colloquium
& Expo in 2021.120
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Annex 1: List of Abbreviations

ANOVA = Analysis of Variance
BC = Black Carbon

BD = Braking Disc

BSE = Back-Scattered Electrons

CC = Carbo-ceramic (typology of braking
disc)

CerMet = Composite material made by the
interplay between ceramic and metallic
compounds

CPC = Condensation Particle Counter

CTD = Coated (typology of braking discs)
DB = Dynamometric Bench (testing bench)
DGI = Dekati™ Gravimetric Impactor

EA = Elemental Analysis

ECE R-90 = Economic Commission for
Europe - Regulation 90

EDXS = Energy Dispersive  X-Ray
Spectroscopy

EEA = European Environmental Agency
EF = Emission Factor

ELPI+ = Electrical Low Pressure Impactor
EPA = Environmental Protection Agency
EU = European Union

FC = Friction Couple

FM = Friction Material

GCl = Grey Cast Iron

GDP = Gross Domestic Product

HEPA = High Efficiency Particulate Air

HVAF = High-Velocity Air Fuel
HVOF = High-Velocity Oxygen Fuel
IA = Image Analysis

ICDD = International Centre for Diffraction
Data

ICP = Inductively Coupled Plasma

IN = Inorganic Bound (typology of friction
material)

IP = Isokinetic Probe

LC = Laser Cladding

LCF = Linear Combination Fit
LD = Laser Diffraction

LM = Low Metallic (typology of friction
material)

LMD = Laser Melting Deposition
LS = Low Steel (typology of friction material)
MS = Mass Spectroscopy

NAO = Non-Asbestos Organic (typology of
friction material)

NCD = Non Communicable Disease

NEE = Non-Exhaust Emissions

OE = Original Equipment

OES = Optical Emission Spectroscopy
OPC = Optical Particle Counter

PM = Particulate Matter

PC = Polycarbonate (collection substrate)

PDF4+ = Powder Diffraction Files
(crystallographic data base)
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PMio = PM composed by ensembles of
particles having aerodynamic diameter < 10

um

PM2s = PM composed by ensembles of
particles having aerodynamic diameter <
2.5 um

PMP = Particle Measurement Programme
(EU Informal Working Group)

PoD = Pin-on-Disc (testing bench)
PSD = Particle Size Distribution

RC = Regenerated Cellulose (collection
substrate)

R&D = Research & Development
SDD = Silicon Drift Detector

SE = Secondary Electrons

SEM = Scanning Electron Microscopy

SM = Semi-Metallic (typology of friction
material)

Tl = Tribological Interface

UFP = Ultra-Fine Particles

US = United States

VOC = Volatile Organic Compound
WHO = World Health Organization

WLTP-Brake = Worldwide-harmonized Ligh-
duty vehicle Test Procedure for Brakes

WPPF = Whole Powder Profile Fitting
XAFS = X-Ray Absorption Fine Structure

XANES = X-Ray Absorption Near Edge
Structure

XAS = X-Ray Absorption Spectroscopy
XRD = X-Ray Diffraction

p-ED-XRF = Micro-Energy Dispersive X-Ray
Fluorescence

K-RS = Micro-Raman Spectroscopy

3h-LACT = Abbreviated Los Angeles City
Traffic (braking cycle)
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Annex 2: List of Crystallographic References

Phase Compound Crystallographic Reference (ICDD)
Fes0a Magnetite 04-015-9120
Fe20s Hematite 04-015-7029
o-Fe Ferrite 04-014-0360
y-Fe Austenite 04-009-2090
C Graphite 00-041-1487
MoS; Molybdenite 01-077-1716
ZrO; Zirconia 04-015-4188
Cu Metallic Copper 04-009-2090
K2TieO13 Potassium Titanate 04-011-1358
a-Zn Metallic Zinc 01-078-9364
SiC-6h Silicon Carbide (Hexagonal) 01-075-8314
Sn Metallic Tin 04-004-7747
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Annex 3: Data Sets for Reproducibility Studies

Annex 3.1. Intra Bench Reproducibility

Fe /wt% PM10-1 PM10-2 PM10-4 PM10-5 PM10-7 PM10-8 PM10-10 PM10-11 PM10-12 PM10-14

Areal 58.0 57.7 56.5 54.4 54.4 56.4 57.5 55.6 55.7 52.5
Area2 53.5 55.1 57.3 55.2 55.3 54.7 54.1 54.6 53.2 53.2
Area3 57.3 53.5 56.9 53.1 53.6 54.2 593 533 54.0 52.8
Aread 52.8 55.2 56.0 53.0 54.4 54.8 53.8 52.0 543 54.0
Area5 53.0 53.9 52.8 57.6 521 54.4 519 54.8 53.9 52.3
Average 54.9 55.1 55.9 54.6 53.9 54.9 55.3 54.1 54.2 53.0
SD 2.5 1.6 1.8 1.9 1.2 0.9 3.0 1.4 0.9 0.7

Iron concentrations (wt%,).

O/wt% PM10-1 PM10-2 PM10-4 PM10-5 PM10-7 PM10-8 PM10-10 PM10-11 PM10-12 PM10-14

Areal 249 254 255 28.0 26.9 26.6 25.6 27.4 26.2 28.1
Area2 27.0 27.3 259 27.5 27.0 283 27.6 27.2 28.2 27.4
Area3 25.0 283 26.0 29.2 27.8 284 239 28.1 27.8 27.5
Aread 28.1 26.9 26.6 28.8 274 28.2 28.2 29.6 273 26.9
Area5 289 285 28.8 259 28.7 28.2 29.8 27.1 28.0 279
Average 26.8 27.3 26.6 27.9 27.6 28.0 27.0 27.9 27.5 27.5
sD 1.8 1.2 1.3 1.3 0.7 0.7 23 1.0 0.8 0.5

Oxygen concentrations (Wt%).

C/wt% PM10-1 PM10-2 PM10-4 PM10-5 PM10-7 PM10-8 PM10-10 PM10-11 PM10-12 PM10-14

Areal 8.2 8.8 10.2 10.4 10.8 10.1 9.3 9.1 10.7 9.7
Area2 10.7 9.4 9.1 9.9 10.0 9.8 10.8 10.6 11.3 9.4
Area3 8.7 9.9 9.3 10.4 110 10.0 9.2 11.0 11.0 10.0
Aread 10.0 9.6 9.5 111 10.5 9.6 10.4 11.0 10.9 9.3
Area5 9.3 9.3 10.5 9.1 11.7 10.2 10.7 10.9 10.8 9.9
Average 9.4 9.4 9.7 10.2 10.8 9.9 10.1 10.5 11.0 9.6
SD 1.0 0.4 0.6 0.7 0.6 0.2 0.8 0.8 0.2 0.3

Carbon concentrations (Wt%).

Averages PM10-1 PM10-2 PM10-4 PM10-5 PM10-7 PM10-8 PM10-10 PM10-11 PM10-12 PM10-14 Average Std.Dev.

Sn 20 18 17 15 17 15 16 16 15 21 1.7 0.2
Si 1.49 139 127 127 1.20 123 1.28 125 1.30 135 1.30 0.08
Mg 1.30 1.29 1.29 119 123 117 1.24 121 1.18 127 1.24 0.05
Al 131 121 117 1.06 117 1.05 1.09 113 114 1.16 1.15 0.07
S 0.89 0.79 0.70 0.67 0.73 071 0.72 073 0.68 0.72 0.73 0.06
Cr 0.76 0.66 0.64 0.58 0.65 0.60 0.61 0.64 0.58 0.63 0.63 0.05

Average concentrations of secondary elements (wt%).
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Annex 3.2. Inter Benches Reproducibility

B1
58.0
53.5
57.3
52.8
53.0
57.7
55.1
53.5
55.2
53.9
56.5
57.3
56.9
56.0
52.8
54.4
55.2
53.1
53.0
57.6
54.4
55.3
53.6
54.4
52.1
56.4
54.7
54.2
54.8
54.4
57.5
54.1
59.3
53.8
51.9
55.6
54.6
533
52.0
54.8
55.7
53.2
54.0
54.3
53.9
52.5
532
52.8
54.0
52.3

Iron
B2
55.8
54.1
53.5
53.2
56.1

B3
55.9
54.1
53.8
53.7
53.0
53.9

B1
249
27.0
25.0
28.1
28.9
25.4
273
283
26.9
28.5
255
259
26.0
26.6
28.8
28.0
27.5
29.2
28.8
259
26.9
27.0
27.8
27.4
28.7
26.6
283
28.4
28.2
28.2
25.6
27.6
239
28.2
29.8
27.4
27.2
28.1
29.6
27.1
26.2
28.2
27.8
273
28.0
28.1
27.4
27.5
26.9
279

Oxygen
B2
26.3
27.4
28.3
27.9
25.8

B3
24.7
259
25.8
25.8
26.8
26.1

B1
8.2
10.7
8.7
10.0
9.3
8.8
9.4
9.9
9.6
9.3
10.2
9.1
9.3
9.5
10.5
10.4
9.9
10.4
111
9.1
10.8
10.0
11.0
10.5
11.7
10.1
9.8
10.0
9.6
10.2
9.3
10.8
9.2
10.4
10.7
9.1
10.6
11.0
11.0
10.9
10.7
113
11.0
10.9
10.8
9.7
9.4
10.0
9.3
9.9

Concentrations of main elements (wt%).

Carbon
B2
10.7
11.2
11.0
11.6
10.8

B3
11.0
11.4
11.8
11.9
11.9
115
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Most sincere thanks to...

...all the people who mocked me, who disbelieved in me, who never supported me, who never
helped me. You might not know, but you really gave me some of the most precious gifts: the
fuel to pursuit my objectives, the will to demonstrate you were wrong, the rage to survive
hardships, the clear image of who | never want to become. | am an extremely lazy person,
without all of these motivations, | simply could not make it twice. Pick your cards and try to call
my bluff...

...all the colleagues and friends who supported me. You know who
you are, because | stated it clearly. We shared and continue to share
lots of fantastic moments, thoughts and experiences together. |
have learnt (I would say, stolen) something from anyone of you and
| keep it as my most precious treasure. Everyone of you saved me
from prison at least once. | am so grateful for the freedom.

...to Alice, who paints most vivid colors and plays
most cheerful melodies in a life full of grey and
silence. If it happens | make something good in this
life, that is all because of you.

...you never gonna make it...
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