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Abstract

Brake materials representgortarsiource of air pollution, especially in urban
areas, where they can contribute to approx. 21 % ofrtHatedhffiarticulate matter
emissionFor tlsireason, the design of new brake materials with low emissions is a topical
issue. In addition to lemissions, the design of new friction materials has to ensure
excellent performance with stable coefficients of friction anatédduevéarthe several
requirements that these materials need thdutfdelopmeindtesting are complex
and intercorrelated. Good performance and low emission strongly depend on the
mechanisms acting atdisepadinterfaces. In this theaibrake dynamometer testing
protocois developed to better understand the relationships of the braking parameters with
the brake performance and emidsibavigr correlating them with the surface
characteristics. The surface characteristics were investiggtestenithénalysis, in
terms of extension of the contact area, degpegactioof the wear particlasd
relevantomposition. The wisrfocused on the bedding process and the influence of the
braking parameters on the frictional, wear and emission Refandorg.the bedding
process, rdn, transition stage and steady states were idsrtdiezbrnthe frictional,
wear and emission behaviors. The frictional getsstailizethy theextension of the
secondary plateaus, whereas the wear ssidreb@havioasestabilizedsther degree
of compactioncreasesThe influence of pressure and velocity under mild sliding conditions
were studied for a 4oet and NAO material, the two most common types of friction
materials. THewmetmateriafeatured a more staétel higher friction coefficient and
lower wear and emissions than the NAO material. The wear behavior is strongly affected |
pressure for the NAO material, and for -thet lovaterial, velocity is very influential.
Emissions follow cube relationship with velocity for both materials. The significant
differences in the observed behaviors are explained in terms of the different features of t
surfaces. The NAO material featured a smooth and uniform surface, with higher coverag
thanthe lowmet material, on which steel fibers play important adhesive and abrasive actions
From tests under mild sliding conditions of several friction materials slidiigoagainst cast
discs, a linear relationship is found between the specifiamgdngamission factor.

This relationship identifies a wear rate bel@* 208N complying with the Euro 7
limitation of 3 mg/km/vehicle after 2034. Among the friction materials sliding against cast ir
discs, the NAO material and only onerfrattaal displayed an emission factor below the

limit of 3 mg/km/vehicle. In addition, the emission faotet ofdtevial sliding against a
cermetoated disc was lower than this limit. These observations confirm that the NAO
materials and coatedcsliare effective systems to mitigate emissions, whereas further
efforts are required to improve the emission behavitetohéderials. Interestingly, the

lowmet materials with a reduced presence of secondary plateaus featured higher wear an
emissiosr Regarding the brake performance, under severe sliding conditions, the NAO
material displayed worse frictional and wear behaviors than the referenatetiah

For higipressure ranges, the effect of prasstareause a monotonic decrease in th

friction coefficiefhe effect of temperature on the friction casftisEshtimcreas in

the friction coefficigriten the trilmxidative processes are contained up to 300 °C. For
combinations of high velocity and temperaturepttidatib@rocesses are high enough



toform a thick glaze layer on the surfaces. The glaze layers were correlatedjto a lubrica
effect, ofade effectt disc temperatures above 4Q0@S@ecially when their extension
covered the steel fibers. ddrenetoateddisc displayed the same bmdavior at high
velocityemperatur@alues, although at low velocities and high temperatures, friction
instability was observed and related tdlarmesr patcheriginating to a significant
extentfrom meerial transfédromthe disc. Theiction instability the coated dis@as
ascribed to the different-riboi d at i ve behavi or in the for
source of iron in the disc material.
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Chapter |

Introduction

Several effortsave been made to develop strategies to reduce particul@®)matter
emissions in urban environments and the consequent hazards for the environment an
human health. A major souredlof urban areas is particle emissions due to the wear of
brake materials of passenger vehicles. Ribedhily 7 regulation introduced limits also
regarding brake particle emissions. On this basis, the design of new brake materials wi
lower emissions and without hazaatogsentsn the formulations has become a topical

issue.

In addition to these environmental requirements, brake materials should fulfill thei
basic function. They should have excellent performance: stable coefficients of friction and I
wear over a wide rangbraking conditions. However, brake perfomubtiee ralative
particle emissions depend on the material compositions and braking conditions. Differe
combinations of braking conditions are typically simulated on brake dynamometers accordi
to testing procedures or brake cycles. From this pegspectasting methodologies will
enable effective material development.

In this thesis, the frictional, wear and emission behaviors of commercial and
innovative brake materials are studied through the development of specific brake cycles. T
adopted apmach consistsn correlating the behaviors of interest with surface
characterization to better understand the tribological processes acting on the surfaces at t
tested conditions. The characterization of the worn surfaces and partiaddtneatter w
by scanningelectronmicroscopySEM) techniques and composition analgsisrdpy
dispersive ¥ayspectroscopy (EDXS) techniques.

Chapters-IV provide the required background to understand the general aspects
of the field and the experimental fherttioésisChapter tescribes the basic function of a
brake system, the classification and design of brake materials, and the environmental aspe
related to brake emissions. Whereas Chapter Ill gives a tribological background on we:
processes acting on the brake mataerfalses. Finally, Chapter IV describes the influence
of the braking parameters on the frictional, wear, and emission behaviors.

The experimental part of the thedigleshe development of new testing
methodologies, or the modification of starslarsinghe sukscale dynamometer at the
University of Trento. Thisssale dynamometer is equipped withear Variable
Differential Transforth&D sensor to have an evaluation of the wear and was designed
for emission measurement with an @ptitele Sizer (OPS) and an impactor for the
collection of tlemitted®M Section 5.1 descsibige sutscale dynamometer: the scaling,
the methodology to obtain the wear evaluation from the LVDT measurement and the desi
of the system for emission uneagents. Section 5.2 prewdermation about the tested
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friction materials and discs, whereas Section 5.3 describes the applied braking cycles in tl
experimental part: the bedding proce@A€& df 270theReduced Cycla modified
version SAE 2522 and an internal Brembo Procedure to map the brake performance.

First, in Section 6.1, the bedding process of the refemegtcendoerias
consideredocusing on the stability of emissions. Undeitsiamdaegpn for th@bility
of emissions is important from a testing perspective as it eaptessritainessof
the following sections in testing methodology. The study identifigdssfeadhesta
frictional, wear, aghissiotehaviors with repeatedidedtical braking conditions. The
stabilization of the friction coeffi@pends othe stabilizaticand spreadingf the
secondary plateaus, whereas the wear and emissidiorstigpiénd on the attainment
of a stable composition in the PM and a high degree of compaction of the secondary
plateaus.

Section 6.2 deals with the development of a braking cyéelucaiteCycle
meanto map the frictional, wear, and emidsimipbe of brake materials as a function of
pressure and velocity. The study is presented as a comparisorefereneeriomet
and a NAO material. The two friction materials displayed significantly diffeeent behaviors
concerns theariability @nsensitivity to the braking parameters, paetduilgin velocity.
These behaviors were ascribed to the different natures of the friction layers in the tw
materials. In particular, the significant increase in wear and emissions andfthe decrease
the friction coefficient at high velocity were correla@hificaatecrease in the
extension of the secondary plateaus on the surfaceméthedtawial.

Several materidiave beetested according to Reducedycle Section 6.3
provideshespecific wear ratad theemission factdiar the tested materidiswing an
interesting relationsMpst materiatemply withe limit of 7 mg/km/vehicle wighlimit
imposed within 208/ Euro 7TheNAOandthe coated disc coupspect the limit of 3
mg/km/vehiclevhich will be issued 2085 thusconfirminguch friction materials to
represengjood strategies to redBédemitted from brake systerwsveverpnly one
testedowmet materiaémains belote limit of 3 mg/keficle, suggesting that further
developments for this type of material are required.

Section 6.4 describtbe proposeModified AMasterto include wear and
emission evaluatauringhe testing procedure originally used fqrdsfakaancemly.
This standard procedurenigortant faomparing the results with the datasétalscale
dynamometers atwd assesshe robustness of the methoddlagy. evaluations were
specific to different sections of the braking cycle, and the emissassedreer
stable conditioniBhe results are presented, as done for Section 6.2, as a comparison
between the reference-ft and NAO materials. The braking cycle evidenced the
significant differences in the frictional and wear behaviors betvdesaveridd siiding
conditions.

The last experimental part, Sectigne&énts the study of a cycle developed by
the TestingDepartment of the Brembo brake company to map the frictional behavior as a
function of pressure, velocity and temperature at severe braking conditions. Herewith, th
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cycle will be referred to ap¥iictionMap BrakeCycle The study compares a cermet

coated disc and a conventional cast iron disc. The brake performance is discussed in terms
friction sensitivity to pressure, velocity and temperature. SEMs shegredtibat the

fade effeatith temperature is correlattdhe primary platedaesing covered by a thick

layer of iron oxide for both the brake couples. In adiiffer@nthieehavior of the coating

and the lower source of Fe were identified as causes for the friction instability for low
intermediate velocities and high temnegrat






Chapter Il

Brake materials for lightweight vehicles - General
Concepts

The role of a braking system is to reduce the vehicle's speed converting its kinetic energy i
mainly thermal energlgedriver starts a braking action by pushing the brake pedal. The
actuation of the brakes is hydraulic for light transportatiomsappliganger pump
regulates the pressure of the oil in the hydraulic system distributing the pressure into the frc
and rear axles. Then, the pressure variation into the caliper system engages, through tt
hydraulic pistons, the brake pads in eudthattte discé\s the brake discs are rigidly
mounted to the wheel, the frictional force atdise padrfacteceleras the rotor and,
consequentithe vehicle.

2.1 Brake materials

Thetransformation of kinetic energy into thermal energy occurs as a consequence of th
frictional interaction at the interfacebcdikbematerials: the bidike and the brake pads

A brake disc should fulfill several requirensshiniddl integrity withstand high
stressesindhigh heat dissipation capabilire paramount requirements. Other important
characteristics amear resistanagenerally above®1@n, corrosion resistance, low cost
noiseand weiglit] Nowadayshé most used material for conventional brakeydigcs is

cast ironHowever, ithe last yeart)e conceraboutbrakeparticulate matter emissions
increasethe interesdiss with improved wear resistawEh asermet coating on their
surfacef?]

As stated for the brake discs, also friction materials need to meet different
requirements. The friction deeffitas to be relatively high and stable over a wide range of
braking condit®iisood wear resistance is a paramount charafiealkéi@ads in order
to extend the lifespan and reduce particulate matter Amisglonsnt requirement for
the dbrmietionsislow or zerbazardousonstituents for the environment and human health.
Other important requirements are mechanical resistance, high thermal and chemical stabili
andlowlevebf vibration and noise.

The component of a brake pad that engages the contact with thefdistiois called
materialand it mainly determines the braking behaviors of the braefrjgtion T
material adheres to a rig@elpart,calledbackplateconnected by thmdedyerand
eventually a machined mechanical interlocking



Organic resémand rubbeiis the underlay@movidelamping properties to ingprov
comforduring brakin@he friction matesidbr most lightweight vehiclecarplex
composite matesiahade of severalgredientembedded in an organic matgically
phenolic resifithe ingrediengse usually classifectordingp their role in the frictional
behaviointobindersieinforcements, fillers, solid lubrizadadrasives

Reinforcements arsuallynetafibes or particle® mechanically strengthen the
materials. Once steel fibers underge ptastideformatin,they represetite secalled
primary plateaugibers for their relatively high thermal conductivity reduce local
temperatusat the interface of the friction materials.

In brake materials, solid lubrinantdly refer laminar solids: graphite, transition
metal dichalcogenides, e.gzMefamic materials, such as bBB#isodium silicates.
Laminar solitiswvea planer or hexagdagkered structurBheatoms within theyersare
strongly bondeHowevethe individual layere bonded hyeak Vaier Wall forces
providingn easyshear abilitthat reduceand stabilizethe frictionforcebetween the
interfaces of the two bofBgDifferent solid lubricam@y degrade or oxide above a
certain teperatire losing their function. Thus, in brakeliffatent solid lubricants are
usedo accomplish friction stability in a wide temperatiie range

On the other harahrasives angsed tdncrease the frictiooeffi@nt Typical
abrasiveused in friction materials are oxidesalsf sueh a#\l, Mg, SandZr. In the
particularlgggressive formulatjareramic matesiaich asSiC, WC and NbC could be
found.Sincesolid lubricants and abrasives signifaftedtybrakperformance, special
attention should be given togtireir amounts in the design of friettenals

Filersare considered matertelsologically inemd areused to keep low raw
material costBaritecalcium carbonatdays, silicates, titanates and expandegrenika
examples ofdis used in friction matefigls

Brake pads for lightweight vehicles can be classified accordiegatactmant
into three main classesnAsbestos Organic (NAOGWwmesllic (lownet) and seri
metallicNAOpads areharacterized by the absence of steel and Hgreonsrmetal
content lower than 20 wiley generate low noise during the brakinguzdtioon
emissionsThaee brake padsemainlysold in th&)S and Asianarket TheEuropean
maket on the other hand, prdéewnetmaterialsThey have an overall steel fiber content
lower than 20 wt.% and are characterized by a good pedal feeingpeydbehavior
during the braking action. Finallyystatiic padsvean overathetal conténfaround
50 wt.%

Regardles®f the type of friction materials, the frictionalanvde@mission
performance is larggdyerminebythe characteristics of the friction layers that develop on
the disc and pad surfaces.



2.2 Environmental Aspects Related to the Brake Particle Emissions

Recent yearsave seen increasimgtentiomn air quality and strategies to mitigate the

PM in the environm@&MWl originates from three main sources: industry, domestic activities
and road traffic. Traklated emissions are of two types, exhaust, e.g. tailpipe emissions,
and nomxhaust The lattergenerate fromtire and brake wear processes and their
resuspension.

Exhaust and naxhaust emissions are approximatelyaeqoeding togheview
study{5] andbrake emissionanaccountor21 % of the total traffilated sourcds is
estimated that approximatéB040 of thbrakewear becoraé’M andthe rest depasit
onthe road anthe wheehndbrake compone&7]8] Thebrakeemission fact®
typicallyntherang of4-10 mgkmpervehicl¢9]6]

PM ernssions can be classified primary and secondary emissions. Primary
emissions are directly introduced into the atmosphere from combustion or wear processe
while secondary emissions are generated in the atmosphere from the chemical reactions
componds, such as NOx,sNB{ and volatile organic compounds (VOCs).

According to thaize,PMis typically classifietdoPM10, PM2.5 and PM#@.ihto
coarse, fine and ultrafine parfidieswo classifications are slightly different. PM10, PM2.5
and PMO0.1 comprise the particles with an aerodynamic diameter lower regpactively of 10
2.5pumand 0.1 pmWhereas coarse, fine and ultrafine particles identify the size ranges
respectively 02.5 um, 0.1 um and bel®.1 pm.

A typicamasdistribution of PM in urban areas is charabyes@aestamodes or
peaks.The main modes are the coarse and accumulation manesselmode
compriserehtively big particlesiginatip from mechanical wear prosgsshileboth
primary emissions from mechanical processes and the condensation and coalescence
compounds into fine parfpeesirio the accumulation mode

The particle size asparticularly important faa®rdetermines tloapability to
penetrathe human bodyhe coarse particles are mostly captured in the nose. and throat
PM2.5 capenetrateleeply into the lung, imigdhe alveolar walhdcausing oxidative
stressgld0]11] The msthazardous partickes the ultrafine partictisplaying higher
penetration and residence @tieimportant factors that determine the toxicity of inhaled
particleare th&chemical composition, surface reastoatyglomeration stdfie?]13]

The hedit impact depends on the specific environmentashpgbendsher
stachiometrgnd thepotentiateactionduringhe brakingrocessesAsbestos is a well
known ingredient that was removed rfegats/e health impé&dme etalsalso are
toxi¢ such adi, B, As, Hg, V, Ca, Pb, Cr and Cu. Most metallic elements are emitted as
oxides or dates Some metals, hoerare emitted in the metallic threto their limited
reactivity arténdency to oxidi&] Metallicoppefmvas progressively reduced from the
brake pad formulationg dve last years because it was lfaundul to different aquatic
specieg15]16]17] Ironis the main element of the cast iron disc and it ddferfenin
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oxidesA large amount odgnetite (5€y) is generated during the-bitidative wear of
the cast iron disc. The hazard of magnetite has o besesked yet, although it was
gererally considered hartefalman healfh8]

Finally, gaseous species, agsfOCmay resulh ultrafine particenissionfrom
thecomplex processes that intlsé/encomplete decomposition of the oogapaunds
of the brake pa[d®]

2.3 Lab-scale testing of Brake Material

The testing of brake materials can be done both on the field, where real vehicles
are employed, and, in a more controlled environment, the laboratory. Tests on the fiel
require, first of all, real vehicles, special instrumentations, and highlyespeumized
thus they are very expensive. In general tests orateedefld to assess the overall
performance of brake systems anas/dhicl

Brake dynamometers are typically employed to assess the efficiency of a brake
system. The disc is connected to a rotor driven by an electric motor and real components
the calipgmads y st ems of a vehiclebs corner. Dy 1
rotating speed, system pressure or vehicle deceleration, and initial braking disc temperatu
to simulate brake actions. A type of dynamometer is a reduced scale, like thesone used in
work, meaning that they have samples of reduced size. Mechanical similitude usually enab
the simulation of comparable conditions with a refereifi2@]2&hicle

Regarding the evaluation of ensisséwmeral researchéocused on the design
of systems for emission measurements on dynan2f23f2d] testing already
existing braking cydigkand developing new of28§ such asos Angeles City Traffic
(LAQ)[24]andSAE J 27026] Studies focused on emission measurements directly from a
vehicle on the figRY] recently the Euro7 fejon [5] extended tivait also to non
exhaust emiss®RRegarding thwake particle emissidme limit of PM10 is 7 mg/kg per
vehicle PM10til 2034 to be more thanveal, to 3 mg/kg per vehicle from[2885he
testing procedure is the Worldwide Harmonidauty Mbhicles Test Procedure (WLTP)
[29]

TribometeandPin on Dis(PoD)setups are largely used for the research of
materialsespecially in the early phase of material design.eldgim stiding contact at
constant sliding velocity and loade fEss usually last in the range of handare
suitabldor understanditige wear mechanism and asggsibological behard. Many
PoDstudies focused alsdl@measurement the emisqi8dls



Chapter IlI

Wear processes in Brake Materials

3.1 Wear mechanisms General Concepts

The wear processes acting at the mating surfaces of lmaftedjsadsare several and
complexiue to thbeterogeneity of the matesiadisthe nature of #mevironmentahd
workingcondibns Although this complexity, the pveeesss can be comprehensively
explained in terms of four wear mechaubmise wearabrasivevear tribeoxidative
and wear by fatigueDepending on the brake materialldaynaand thebraking
conditionghe actual active wear procesdwske materialethe combinatiortioé first
threementioned mechanisms.

For a good comprehension of the wear pratisssg®ortant to consider the
contact situation between two surfieesctuacontact occurs only at the suéfaces
asperities, thus the real area of contact is only a fraction of the ridmefneal area. of
contact depends both on surface parameters and material properties, which determine tt
nature of the contaRegardinghe material properties, the tangential force that the two
surfaces exert is proportional to the capability to resist processes such as plastic deformati
or fractur1] In this view, the wear behavior becqrassmaunaspecto control the
frictional behavior.

Plasticity and brittleness indekesinto account only the material properties
Theyare defined deratio of~ and— respectively, wh&és the elastic modulus,

is the yield strength andis the fracture toughness of the méatetialcase of brittle
materials, such as ceramics, the presence of microcraekan lireportant aspect
according tthe fracture mechasiitheory Thusan elastic contact is easy fogramics

(high valuef—) and plastic contactatherasy for metals (high value pfwhereas

poymers do not provide eaaligtic or plastontact as they generally have low yield
strength and Ideughnes$32] The plasticity indethby Greenwood and Williani38h
takes into acawt alsdhesurface parametar€q3.1

W - — (Eq. 3.1)

whereéd' proportional tbemodulus afasticitpf the two materijdlsis the hardness of
the softest materjal,and’Y are thestandard deviation of the asperity height distribution
and the asperity radius respectively.l&@er than 0.60 the contact is elastidpfeer
than the plastic contact prevaiie. effect of low surface roughness ig thleifantact
towards elastic conditions. In practice, mietaisenpdastic contefor the high , while
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ceramics and polymers experience mixed Aoctading to the nature of the contact, the
relationships for the estimation of the real contadharean differentrfalationin the
case of plastic con{g@tic.) and elastic contact (el.c.):

o 8% — (Eq. 3.2)

5 88 — (Eq. 3.3)

z

Since friction materials contain anlargeeof different constituents, the contact scenario
is particularly compléxe asperities experiencestielaplastic or mixed conditions,
depending on the nature of the gspketombination obntactliding conditions and

the interaction with btieke materials deteentive chargin the wear mechanisms. As
mentioned for brake materialsvélae process ascribable to an adhesive interaction,
abrasive interaction, and todxiblationthus Heirdeeper insights will be represented in
the fdbwing sections.

3.2 Adhesive interaction

The tangential forces between two bodies in contact ntayrteeidaieical, chemical, or
physical interactions absperitiescChemical or adhesive forces raristhé formatiaf

weak van der Waals borffistface in the ambient environmentdengo natural
contaminatisnof compoundsvith lovgurface energysuch aswater and organic
compoundgjue to the reduction in the free surface energy of the syisigthereduc
adhesion of the surfacHse evaluation of the adhegorcesis generally expressed
througlthe concept tfe work of adhesion per unit Atedtrepresents the energy that

must be theoretically supplied to separate two bsuafatedn contactWiz can be
expressed in terms of thangamfvikeotbeyarmer gy
in contachiz, as in E§.4

&) roor o wr (Eq. 3.4)

Surfae eneries  far metal ceramics and polymers are respectivélyd10.10.5
J/n% for ceramics and 0.083[34] According to Rabinoy@§] the work of adhesiam
be expresseditiv the caept ofcompatilily, between the two surfadee work of
adhesion is proportional todh@patibiliparameteas inthe third termHig.34. Cis 1in
contacwiththe same metalhe compatibyilbetween two different metals isiinégthe
mutual solubili§ the two metasshigher than 1% asdapable of forming intermetallic
compounds#n this caseéhe compatibility parametdras a valuef appox. of 0.5. Two
metals are consideigtbmpatible if their solubility is loviér dithis caseis approx.
0.1.For ceramiasrangesrom0.350.6 respectively for incompatible (oxides of different
metals) and compatible ceramics (oxides of éhmetathFor polymers ranges
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between 0895.Finally, when materials of differentsrateirplaced in contacis
approx. 0.1.

In many tribological processes, material transfer as a thgengimllys
observed in both the mating surfaces, the overaltheffentssér is the increase of the
compatibility as the materials achieve closer canposition

The adhesiyé&ictioal,force O can bedescribetly the relationship:
08 t0 (Eg. 3.5)

Where i$ shear stressrequired to separate asperities in contactisutice real area
of contaciThe friction coefficient, defindbeaatio between thetiital force and the
applied nominal fogresentetbr plastic contdE.3.9 and elastic (By2):

{ 80 —0 8 (Eq. 3.6)

r e

(Eq. 3.7)

z

Accordig to this relationshthed is proportional to the load @nds higher for soft
materials, low.Once the applied load exceeds the value at which all ihecsotfaite
yield plastic conditions, the area of contact achiexémiim value, hence a further
increase in the applied load determines aediectiea friction coefficidduringthe
operating conditions, the actual waluecannot be estimated, andnissuren
controlled conditiassot triviahccording to Rabino86] for solids intheabsence of
phase variati®nthe work of adhesiorotamuch influenced by temperature, while near the
melting point can drop by two osdd#rmagnitud©n the other hardeexperimental
measuremesiy Yamamoto and Nakg@7idhesive forces were found to increase with
temperature with an Arrhenius relagotothe higheactivatiomate of van deMaals
forces.

Inthecase of elastic contact, surface topoglaysey huger rolthan irthe
case of plastic cont@g mentionedincefridcion materials are heterogeneous materials,
applying #seconcepts, evemitha rule of mixture, is not trivial. However, the relevant
takeaway from the adhesive interactiom influence of the work of adhesion of the
different materials and its proportionality to the compatibility and mechanical properties :
they determinesthrea of contact.

Moreovegccording tRabinowid88]the elastic and adhesive properties of the
materialdrive the size of the wear particlemse particle becomes an actual fragment
when the elastic energy stored in the particle exceeds a value proportional to the work «
adhesion between the particle and the surface. The critical diameter of thé(lqose particle
isproportional to the matgroperties according t@Bqg.
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Qe — (Eq. 3.8)

This equation is in agreement with several experimental observations. Metals display tt
most wear fraction in the coarse particles in thel@b@@nutrometer©n the other

hand, eramics and hard metals ladwgver critical diameter as they have high strength
parameters and comparatively low surface dinerglidigf metalatarelatively high

contact temperatusélifar from the melting point of the matenabtes the detachment

oflarge fragmentdn the other hanle particle generation shifts towards finer distribution

for tribological couples characterized by low work oftadBesion

3.3 Abrasive interaction

Another type of interaction that can occiwavbediearein contact and mutslading

is abrasive interactids the adhesive interaction, also this inteyattavacterized by
large surface plastic deformatiohard body exerts arplg or grooving action on the
surface of a softer hody

Depending on the degreenationof the abrasive partioba the interface
between the two materimb® maitypes of abrasive interactawadefinedtwaebodyor
threebodyinteractionsin the soalledtwebodyinteraction, the abrasive particles are
strongly bondedtheabrading bodyhe two materials are likely to experience an abrasive
interaction whehe difference in their hardness is aib80t @0 For this reason, the
abrasive particles are typically ceramic particles, whose hardness is in the range of 100
3000 kg/MmThe lardnesof metals is very dependent on the content ofeddimgnts
and the heat treatments.-Hleated steels have relatively high values, below 2,000 kg/m
and Auminunalloys are typically below 40C.Kgabinowid89]explainethe twébody
interaction with anplified approach hard particle, of a conical slisgtermines a
frictional force asesult of the resistagemeratinthe grooveContrary to adhesion, this
interaction denot imply alatbrshipwith theompabilitybetweerthe mating surfaces
Thenominal force and the frictional, lateradréoboth proportional to the yield atress
the softest materéadd the extension of the plastically deformed area dfycdwetact
groove actipnespectivetiie base area of the ¢ane and the lateral areal of the,cone
0 . With thse consideratissthe friction coefficient can be rewritten &&9n Eq.

te—¢—=%»p -% p AO (Eq.3)

The influence of the shape of the partibegaresed in terms of angularity, through the
angular attad®defined as tiratio between the heightfd radius) (of the ideal cone
The higher the angularity of the particle, thés Highabrasive contribut®egarding
particle sizéncreasing the sizeagfarticle usually increstéee wear of tlewunterface
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disc[40] Ths suggestthat big particles have a higher carayiaiy as the ctactis

more likely tmccuron a particle thamgage a higher volunfieactioron the surface. A

higher local loaepresesta higher probability to achieedocaplastic conditions and
generate the groamrethe counterface didoreovein brake padslatively baprasive
particlesaboveapprox100em, can act like primary plateaus promoting the formation of
secondary plateddd] In twebody abrasion, the wear of the surface is proportional to the
size of the abrasive particle and loasllassl affected by the sliding vejé0itfhe

friction coefficient usually ins@atiethe applied load, as an effect of the angular attack of
the particles. When a certain depth, depending on the particle sizes, is achieved the fricti
coefficient is less sensitivantocrease in theatb asa disproportional increase¢he

lateral area of cont@@] In brake materialsuallythe effect aheload is different as
hardparticlesre pressed into the matrix, thus a lower portion of the particdgacontribute
the abrasion at increasing I@&ddn general, the additbabrasives in brake pads ha

the effect of increasing the friction coefficient and the weajldf the disc

An important physical propettinfheencethe abrasive interactiofrasture
toughnesssitdrives the damage mechanisms of ma&teriaistanceagicles, such as
quartz andhagnesia particles, with a low fracture toughness displayed a decrease in the
frictional fora higheapplied loadwning to therogressiviacture orlimtingof the
asperitiept3]

The second type is theeebodyinteractignwherehie hards confined at the
interface with the possibilityatfon, typically rollimgthredbody abrasion conditions
lower friction coefficient and wear rate are expected because the contact between th
abrasive particle and the surface is sliding rather than rolling.

In threebodyabrasion, the scenario is complexdegree of motion of the
particles depexdnthebondi ng to the materi alabds sur f
the topography of the surfaoesddion, different sliding conditions can have a significant
influence on the type of abrasive interaction. For ingtppliedtload caary the mean
distance between the two surfaces, decreasing the possieifitgraff i particles,
hence promoting thesbodyinteractiof#4] The sliding speed incretisgenergy of the
particleandtheir mobiligromoting thkirdbodyon the secodzbdy abrasioim addion
thirdbody abrasiaanoccur whetihebodiehavecompataleharsessand the particles
are noable to remain fixed in either of thmdiasin brake materials depending on the
application, abrasive interactions towards the counterfacentistiess the irofrom
the canterfacalisc form the secondary plateaus. Moaboasiyearticles eped into
the secondary plateaus peaiype of twimody abrasi@ttingatthe microscalés]

13



3.4 Third body concept

In the previous section, a tody was related to an abrasive interactiontheence
negative effect on the wear of the softesdidldy.other hartde concept diethird

bodyby Godef46]has positive effects on friction and wear betiahiersurfasen

contact This third bodsepresents an interface between theoti®e composed of

particles detached fromsifiéngsurfacesAccording to this condédg} thethird body
embodieseveral functions that can explain peculiar wear and frictional behaviors of mating
surfaces. The third body has the capability of carrying@nidedoathmodag the

velocity through the motion and compaction of the particles. As a barrietwmetween the
bodies, it generally decreases the wear of the system. Moreover, this concept considers tl
particles flow dynamic results in tiredepairticles from the tribosy#tecording to Eq.

3.1Q the mass of the third bipdy decrease or increase whether the flow of the emitted
particles) , is respectively higher or lower than the flow of the particles wearing from the
two bodies, .

— 00 (Eq 310

0 and0 depend on the wear rate, thus the sliding conditions, and how the particles
interact with the nature and topography of the Sadaugapability of the surface to

trap the particles and the capability of the particles to agglomerate artdebond with
substrateneangighdwell time on the surfaesulting in a befpeotective actiontioé

third bodginda reduction e particle leaving the tribosystem as emissions.

The particles forming the thirdusodjly have a mixed composition beheee
two bo@sin contact as a consequence of a process of mechanical rooditact The
conditions of local pressametemperature combineiththe working environmaitit
give rise to physichemical processes which riedulther variation in the composition.
Trilm-oxidation is one of these aftfteimain processccurringtthe interfag it will be
discussed in the next section.

3.5 Tribo-oxidative wear

Mostmetalsare thermodynamically unstatileemir reduaog their surface energy by
reacting with oxygen to form soxitle oxides develop in lapessiding protective
actiorfrom the environmemdwhenslidingundedoadtheymayreduce the weaf the

two bodies in contaatting asa third bodyDuring sliding, the wear particles are
progressively oxidized and compacted into layers, gendiridljocaléserEhe layers
have high defect densilye to mechaal milling, arate reactive owing to the high
specific surface areghen, two competitive processes are the breakddthe and
consolidation of the friction l&9ece a very compacted layer is farisesften referred

14



t o a 48]0y the atherdhand, if the layers arerpatell compacted, the particles
become loose contributing to iMearflow of the loose particles may also increase the wear
by thenechanism thfreebody abrasion.

Jiang, Stott, and Stg¥Kdescribed the conditiothefietachment of particles
with the relationship:

. 0 (Ea.3.3)

Where, is the tensile stress required to dataalmber of particles,, of a diameter

$ . r is the surface energy of the parfltieparticles dfiggerdiameterequire
comparativelgwerstress taletachfrom the agglomerate. Inversely, big particles have a
lower probability to be incorporédtieragglomeratdoweverthe relationghshows
thedependency on the particle numbekghich implies a source of materiamasd
importantlyhesurface energy the particles, , which could vary according tdebece

of compaction of the friction layer dachibeliding conditions

As brake discs are usually made of cast iron, it is interesting to understand the
tril-oxidative behavior of staedlifferent sliding conditiStstt identifietthreetriln-
oxidativeegimedor steelshat depenchainlyon sliding velocity and tempergfe
Below 1 m/the friction layer is composed of nrobmphcted partictasstly ahetallic
natureAbove 1 m/s and below 25@h&3riction layers are compasaihly of loosely
compacted particles. However, the intermediate sintering and oxidation céoditions allow
the for masdbi e b r Thdse abegicenditions of the-caledmild wear
named after theildoxidation conditions rather than the wdarfeate.above 10 m/s and
250 °C, the sintering and oxidization rates are high and the friction layers are compose
exclusively of O6mecharism éhespatlatiomfctie wxidesswherd h e w
the critical thickness is iderdigi@dprox. 10 um for st¢d8] These are severe oxidation
conditions, however, the wear is generally lower due to the protective action of the thick oxi
layersin particularpave 570 °C ttégh fridonal heat might melt lo¢héyoxideThis
can be envisaged with the conciasitémperatures: during sliding, the temperature of
the asperities is significantly higher than the pesare50] Above this temperature,
the oxidtion ratsignificantipcreases becaube formatiamfthe FeO phase, rather than
FeOs phase, is favored ankighly defective, thtugpresentspoor barrier to diffusion
reactants.

For brake pads, in gen@@hoxide layers form on the surfaces,-th#esb
secondary plateaus. Howekier weagenerallyncrease with the temperature as the
organic bindeeaches the degradation tempeeatdrthe secondary plateaus might not
find a proper substi{&tg
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3.6 Bedding process

Thetribological response of brake materials is intimatelythelatedr&zteristics of the
friction layer that develupthesurfaces during braKBR]53]54]55][56] Asthe friction
layer is not present on the virgin suttfecistial performaiggignificantly differé&om
brakingperformance the service conditiorihe initial stage sliding when the friction
layer and the surfaashievehe service conditions is chéelding or runnimg57]58]
Conformal geometry is attained by the removal of large asperitgdermiimard
wear of the constituents of the friction materials and the disc counterface.

The friction layer formation is slightly diffeiei@n materials veétid without
steel fibergn the first case, in lowet and semietallic frictiothe interaction between
fibers and hard abrasives with the disc counterface \peadudebris by a mixed
adhesion and abrasion mecha@$ncourse, wear debris originates from the entire
heterogeneous surface of the friction matbealsear iron debfidlows the tribo
oxidative process, previously described for metal surfaces: the reavilgltefasmed
and oxidized into $in@zarticke of Feoxide, mialy hematiteFe0Oz. As the process of
mechanical mixing proceeds, the dgiagrisssively crushedomeédand compacted.
Fbers or hard particke® favorable locations for the compaction of debds acting
mechanicaupporand obstaetothe particle flow. For this, fibers or hard hardaparticles
generally referrerasprimary plategushereas the compactedxae layers acalled
secondaryaieaug59]

NAO materials are typical friction materials without largefibpestmies. In
this casghe picture is differghe surface of NAO materials, due édbsence lafrge
hard particdeor fiberds more uniform than in-heet material§ his results innaore
evenly distributedntacand not jusestricté to specific regiomgpical values of average
roughnesRa for NAO materials are reportadpap r o x . 2 € mmetthdRhier eas f
generally hieéegéler , around 7 &m

The size of particles influences the compaction of the secondary plateaus.
Secondy plateaus form by the compactionwiiguetric particl®ther ingredients of
the pad influence the secondary plateaingiérste inclusionSoft ingredients may help
the consolidation of the layers doeimgchanical mixipgcessPad ingredients with a
low fracture thoroughnesshas barite, zircon, alumimetal sulfides and silicaes,
likely to weantofiner particles fronmmoutaticlike processesn addition, the heavy
plastic deformation of steel and other ingredients with relatively high fracture toughnes
allows the formation of rsnatures with increased hardness and reduced fracture
toughnesfl4] As mentioned in the previous sections, the combinations of these processes
enable thgparamount capability braking applicatioh the secondary plateaus to
accommodateetBhear deformations and velocities.
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Adeep understanding of the secondary plateaus is fuadarosntdlthe
emitted brake particles originate in the friction layers. Several studies evidenced that brake
PMis compatibleith theomposition of the secondary pl§5&§n4)

As mentionedurihgthe bedding proceslse performance of brake materials
and the airborrmarticulate emissions are different from the typical conditions that are
encountered during steady statgervice conditiofigl]62]59] Thus, rbm a testing
perspective, the bedding process is a paramount factor as transiesitarodditimns
considexd representativef service conditi® Brake dynamometesting procedures
usuallyhave specific initial sectiolo stabilize the brake performance through the
development of proper friction layers on the mating Budadlesis for a proper
evaluationf the brake performance in the subsequent gktiiertsitng procedure
Thesesectios typically adopildrbrake conditions attained through brake stops in the same
[26]or differeri63]63]brakngconditions

Finally,hte stabilization of brake emissiansmportaréspect due to the demand
for regulation and the relative infancy of timedfisddeht investigation, Matejkg@t]al.
studiedhe evolutiaof the emission of airborne particiegrdpeated testsafmodified
SAE J 2707 dynamometer ¢yaoke.of the main owpmftthis study is the assessment of
higheemissionwith unused pads when compared to subsequent tests carried out with used
pads. Thereforecertairdegree of weprocesisrequiredo guarantee the attainment of
stable and reliableconditions. Thstabilization of emissions was correlated to the
stabilization of collected particulate matter and worrHassacetsglb5]confirmed this
behavior by obseningemission stabilization after three runs of the WLAPthgsle.
observatioreein general agreement thighrevious tests of Sanders gt]al.
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Chapter IV

Braking system parameters

4.1 Light and heavy braking conditions

The braking conditionserl wide range depending on the driving scenarios and individual
driving styles. Light bralsrigpical of urban conditions with decelerations ap@rox. of 1

m/$g, andntermediateelocitybelow 580 km/ltonforming to speed likigsivy braking

is claracterized by highgensity, su@sin emergency scenariwgh decelerationttha

can exceed0 m/3 and high velocipove 12040 km/hin extreme conditions, the
dissipated power can exceed 80 kW with high temperd&®f56]séke contact

pressure at the interface and the sliding velocity depend on the design of the vehicle and t
braking systemorFexample, in aegment C passenger car, a brake waitiom
deceleration 8fm/8, has a contact pressurappiox. 1 MPawhereas the sliding velocity

is approx. 4 m/s at 40 khhif.important to point out that light andbfe@vgonditions

derive fromriving scenarios and should not be confused with the mild and severe tribologica
conditions at the interfastéchwere explained in the previous sections.

Themairfactos affecting therakingperformance arentact pressure, sliding velocity
and disc temperaturedynamometer testing, lideng velocity and contact pressure are
controllable, hentteey aréndependentariablesDisc temperature cancbesidered
partially derivativeariable becaugedepends on the braking pdwereverthe initial
brakinglisc temperatutan be seOf course, the thermal history depends on the braking
parameters dhe previous brake stops, hethigis lim&d controlln urban driving
conditionghe disc temperatuypicallyemain below 140 °@29] However, in racing
applications, downhill, or depending on the driving diytetepleatures easily exdee
500 °C astestingsuch conditionsrexjuied by specific sessions of skedivnprocedure
SAE J 252B3]

Finally, an important faftiobrake materigb®orly assesséu literatureo fayis
theload histoif6]67] It becomes significespecially when the braking conditions cause
a significant variation in the overall stateswffabesuch as the development of wide
layers oflazer, inverseligrge damagdethe friction layer
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4.2 Influence on the frictional, wear and emission behaviors

The material's performance is determined by the mechanicakmrogtiftiess and
strengthand the surface conditibasthe characteristics of the friction taytes disc

andpad surfaceés mentioned, the friction layer on the pad materials depends both on its
ingredients, the wear of thetedacelis¢ and the braking conditions.

Regarding the braking conditions, as mentioned, they consist of different
combinations of thakingparameterscontact pressure, sliding velocity and disc
temperatur®nthe assessment ofitinfluencerobrke performanc@/ahlstrom et al.
[68]studied contact pressure and sliding velocity maps of aémelviréztiioand emission
behaviors of a lovet friction material sliding against a cast iron counter facevahe study
on PoD, where the mateggdonsevas evaluated at stesidfe conditioriBhe friction
coefficient, wear rate and emission rate dkatdasesasing pressure and velduity.
decrease of friction coeffifileatdecrease of friction with the applied pressure and velocity
is a common result acresgeral studig61]69] It can beexplained in terms of a
disproportiomalloweincrease of contact area compared to the increase of applied load
[70]71] andbecausehe thicknessf the friction lay@rcreased beirgnsier to shear
[68]72]

On dynamometer testihg influence of braking parametetise driction
coefficienwas provided by models by OstelfT@lamdRicciardi et §74]in association
withexperimental mgR4] In the stydby Ricciardi et athe friction coefficierpldied
nonlinear behaviors with pressure, velocity and temperature. The friction coefficient fir:
increased at relatively low values of the input variables, whereas it stabilized, at higher valu
of pressure and disc temperature, and decreased at highfevalatig&he Authors
explained the increase in the friction coefficient with the increase of extension of the
secondary plateaus due to the increased pressure and temperature duritigsbraking.
study, the friction coefficient showed tis¢deig$igvityo temperature than pressure and
velocityA similar increasing trend of the friction coefficient with temperature is generally
observed also in PoD tg8/6] This behavior, ia partascribable to the softening of the
matrix and the consequegher degree of gmmetratioof the mating surfacéhe
softening isonfirmed e decrease of the storage modulus around 2@¢namin
mechanical ansity(DMA)[76] This explains tisight increase wearrate with the
temperature up t®0200°C In fact, His temperature rangepresents aritical
temperaturtor weaf14] above which theear rate increabg at least one order of
magnitudg51]71] CristeBulthéet al.[51] associatedhe variation of wear behavior
involvinghe degradation of the phenolic Tésrdegradation of the phenolic resin usually
ranges between HW °C causirigss of density and cohesion of the antudting a
higher third bpdsourceThe surface of the friction materials in these corditions w
characterizeoly deep lowlands wétmergingand large lodmbarindibers and ascace
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presence of secondary plateSimilar surface characteristics were also observed by
Verma et ah hightemperature te$f]

Regarding the emissionsiitecal transition temperdaremissions was first
identified by NoskondOlofssorfi78] Above200 °C the ultrafine fraction dominates the
particle number and can contribute up to 60 % of tHeagtbtum@lemani et[af]
evidenced that the particle number abbi@0170 of disc temperature interisifet]
ordes of magnitude regardietbe other braking conditions tedatgressure and sliding
velocityln dynamometer testing the transition temperature was identified between the sam
temperature range and of the same order of magnitude d{2Z@lgyeTiV 0 j t 2 g e k
Lomet al[80] in the Los Angeles City Traffic (LAEainigk zum Hageiral [24]and
Mathissen et §27]and modified SAR707 cycle by Perricone f13IPerricone et al.
[22]ard Niemann et §82]observed that the occurrence of pe#keemissions due to
the ultrafine fractierstrictly related to the surface condidoasailable organic material,
and the load history.

Onthe influence tfe braking parametensemissisnintypicaurbandriving
conditiondjlagincet al.[83]described the effectoftact pressure and sliding spfeed
regular deceleratiorake stopfNiemanret al.proposed a modeithpressur@elocity
temperatunmapsirom drag brake st§@g] The recent studi@s dynamometer tests by
Liu et a[84]and Men et B5]identified that tHessipated energy and initial vehicle speed
are the most important factors determining brake emissions.
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Chapter V

Experimental setup, Materials and Testing
procedures

The first part of tiihapter, sectidhl dealswith the characteristics of thescalb
dynamometer and the measurement systems for wear and emissideetialbation.

provides information on the materials used in the experimental part of the work. Finally, tl
braking cycles adopted in the experimental part ofvthéeverplained in se&idn

5.1 Sub-scale dynamometer

5.1.1  Scaling

The sulscaledynamometer used in this (Fgk 5.1 theLINK® model 120®Reduced

scale machisasually work following scaling relatid@8hifss subscaledynamometer

is based on a mechanical similitude to guarantee the same sliding velocity, contact pressul
and specific energwteference vehicle. The equations irbllatkescribe the similitude

with a Begment passenger car. For further information eteta$2liefhe samples

have a reatgular geometry, size 12 mm x 30 mm, and were cut from a commercial pad.
The counterface diss adiameter of 120 mm and a thickness offéayiere shown in

Fig. 5. 2.

23



Fig. 5.1LINK® model 1200 at the University of Trento.

Fig.5.2samples used at the-schledyramometecoupons of friction materials and disc.
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Table 5.dimportant settings for the subscale dynamometer and actual vakgradat pd3senger car.

Rotating speed Pressure Inertia Effective Friction area Inertia
gsp radius [mm] [cmA] [kg nf]
; 0 O
Vehicle = _ ! : 136.5 178 110
0
. o}
Sub Y N — Y ; . .
scale Ty © Eva 50€ —) | 7.2o6—) | 0668 —)
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5.1.2 Linear Variable Differential Transformer measurements for
wear evaluation

In generaln tribological testhtaining weeglatednformation requires sewaffatts A
methodology that shortensetipgired tests and provides reliable results has huge potential
from a testing perspective. With this in mind, the signal of displacement from the embedd
LVDT was studied to obtain wear evaluation of specific sections, withgpthénterruptin
tests ofa given brake cycBeveral weaelated information allows for the study of the
relationships between wear and friction, and wear and emissions. These tribologica
relationships are not yet well understood for brake friction materials, and they represent
paramount aspect in the design of friction materials.

The validation process can be structoted imain steps:

1. Reliability of the measurement system;

2. Comparison of thickness variation measured by LVDT and reference micrometer
gaugameasurements.

First, the reliability of the LVDT system was studied in three steps:

1. repeated static measurement (no sliding) to assess the repeatability in ideal
conditions;

2. comparison of the compressive behavior from the embedded LVDT system and

laboratory compressive tests.
These approaches are described in the publish¢alktlilg repeatability of the
thickness variation values associated with the LVDT piston displacement measurement w
evaluated by amuring the piston displacement in 30 tests without sliding (speed=0), at a
simulated brake pressure of 30 bar. The mean value in time is considered the significal
feature for displacement measurement. The standard deviation of the 30 measurements w
found to be lower than 0.5 pm.

Typical signals of the piston displacement are shoven3 iforFitifferent
simulated brake pressure at the velocity ranging fra3@ BO/ko Regarding the
compressive behavior, a good agreement was found compavimgligpapenents
obtained at different pressures in static conditions (no sliding) aviddrig:onfirms
the reliability of the measurements of the piston displacements. To check for the validity
this approach, separate tests of 100 brakevexentmducted at 30 bar and with an initial
vehicle velocity of 80 km/h. The wear thickness variation was obtained as the differenc
between the mean of the signal of the LVDT displacement shaird) 108th brake
stops and it was also measurbdawiticrometer gauge. The value obtained with this
procedure was found to be approximafy680f the measured value. The wear
estimated by LVDT is lower than the wear meath&edcbymeter gauge due to the
uncertainties coming from both the measurement systems and the sampteegeometry.
sources of uncertainty may arisérémpegbarticles on the surfaces and the expansion of
the materialShese uncertainties are hard aatif individualRarticles or clusters
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shouldchotbebiggethana fewum Thus 10 brake stops were considered a sound number
to have enough wéaore than J0mfor themildestonditions in Sectior) €02ule out
the contribution to the wedreadytstenRegarding the thermal expansion of the materials,
thecontrol of the brake stops at 100 °C of disc temperature should allow for similar materi
conditiondefore braking, hence the effettermal expansion on the material is not
avoidable but constant. Dilatometer tests of the materials and a thermal model of the syste
should be designedqumntifithe uncertainty arising from the thermal exgBotkion.
uncertaintientribute @nunderestimation of the wear of the syhbtesithey agree with
the lower measurement by LVDT than the micrometber gangelhé agreement
between the two measurements can be considered reldtivehigibeld.

In Section.B3, the LVDT is used to obtain wear results of the system wear. Due
to the difference in the density and the slidbejveeeahe pad and disc materihis
thickness variation of the pad was found to be at least 20 times higher than the depth of tl
wea track on the disc. In this regard, as the wear of the system depends on the contributic
of the pad and disc wear, the measures by LVDT are affected by the relative wear resistan
of the padiscsystem
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Fig.5.3 Piston displacements obtained 30,180, and 80 bar at vehicle velocity ranging from 80 to40
km/h.
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Fig.5.4 Comparison of the piston displacements at different contact pressures and the displacement
obtained with laboratory compression tests at room temperature. The compression tests were carried

using an Instron universal testing machine (Instrona58@8atd speed of approximately 30
mm/min.
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5.1.3 Design of the system for emission measurements

Several instruments for emission measurement are lzasélddte different working
principles, particle size range of interest, arddlat®n. In this research, the emitted
airborne particles were measured in terms of number (PN) with a TSI® Optical Particle Siz
(OPS). The OPS measured the particle number concentrations up to 309anghrticles/cm

in the size rangei@ 0 ¢ ned intd 16 ¢harthels. The sampling rate of OPS was 1 L/min
with a frequency of 1 Hz. The evolution of particles emitted was then obtained afte
synchronizing the acquisition of the dynamometer data with those of the OPS using
Matlab® scrigh this worlemissions are usually expressednasan concentration,

where the average was dweel5 s of the OPS signAlsits inlet the OPS is connected

to a diluter of factor 10, it dilutes the particle number concentration guaranteeing
measurements withi limit of the OPS. An impactor is used for the PM evaluation. It is a
Dekati E PM10 | mpactor, airborne particle
collected in three-2di5f feenfldrata ds t2aldees :s abmpll
of thermpactor is 10 L/min. The particles collect on aluminum filters are weighed before an
after the tests using an analytical balance with repeatability up to. 0.5 mg. The collecte
particles can be characterized by elemental composition and morpysigidae anal
scheme of the experimentalpsédr the emission measurement system is shd in Fig.

A HEPA filter is placed downstream fhénfen. c hamber 6 s vol ume i s
airflow velocity was set up to appdréx0.1m/s with a flaneter at the center of the outlet

entry section, leading to the airflow of appro¥mh8Theexchange rateas18

times/min, similar[88] The nozzI|l edés diameters at t he
guarantee isokinetanditiong86]considering the pumping flow of the OPS and impactor,
according to Egl plotted in Fi§.6 for the pumping flow of the OPR@nthe nozzle at

the sampling point for the OPS and impactor have diameters respectively of 4.3 and 13 ir
(Eq. 5.2)

Q Q ©°ly;Q ©°A; <es (Eq5.)

dops —Xes (Eq5.2)

Vair
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Fig.5.5 Scheme of the experimental setup. F: fan; H: HEPA filter; C: Chamber; D: disc; P: pad; DL:
diluter, SLs: sampling lines; OPSOFSIland the impactor.

21 - - : -
19 —airflow_OPS=1 L/min| |

17} —airflow 110=10 L /min | |

SN W R UTO~100©

airflow velocity (m/s)

Fig.5.6 Nozzle diameter as a function of air velocity to match isokinetic cthredgiomgiwgHlow
of the OPS and 110. The shaded box refers to-thresersbtions.
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5.2 Materials

Table 5.8jivesthe tested materials with the respective brakingheyddgng cycles

will be explained in detail in Sectidrivbs3the reflence lownet friction matefiad all

the braking cyclesShttios 5.2.1 and 5.2he elemental compositieifi be provided
respectivelfipr thd.Mand NAOThey were tested withRleeduced Cycl8ection 6.2 is
dedicated to their comparison, in terms of frictional, wear and emission behaviors. Othe
modifications lo¥1(LM2, LM3, LM4, LMb, LM6) and other NAO materials (RLAGA®

3) were tested with tReduced Cycleut their compositi@uld not be provided for
confidential reasohsthese tests, the counterface disc is made of pearlitic grey cast iron
with 235 HV10 of hardrnéas test repetitions for each material wet®edtion.6.2 will
providehte results regarding the reddiiphetweerspecific wear ratand emission
factordor the tested materibdsw the specific wear rate and the emissions factors were
obtainedortheReduced Cyckéll be explained in Section B8cion 6.icludsalso

the reslis related ta brake couple consistinGudéss lovmet friction materiaWiC)

sliding against a cerowted disevhose material information is provided in Section 5.2.3.
Thislatter brake couple was tested wiplvHfiectiorMapBrakeCyclgsee Section 5.3.4)

to assesthe brake performance under severe sliding conditions.

Table 2: Summary of materials and braking cycles

Friction material Disc Braking Cycle
Bedding SAE J 2707;
Referenc€ufree . Reduced Cycle;
LM lowmet Castron Modified 2522;
pvFHrictioMapBrakeCycle
LM2:6 Modificatis of LM Castiron Reduced Cycle;
) Reduced Cycle;
NAO NAO Castiron Modified 2522:
LMC Culess lownet Cermet Reduced Cycle;

coakd pvHrictiorMapBrakeCycle
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5.2.1 Reference Cu-free low-met friction material

As mentionetM is the reference material for all the. fisidiespositiomeasuredy
energy dispersiveay spectroscopy (EDX§jvisnn Tabl&.3 asthemean value fflt
framemeasurements in five different regtbespaid. Fi§.7shows the microstuetof

the material, with the indicatitimeamairconstituentey EDXS maging:steel fibrs,
silicatesgraphite, vermiculite, tin and ifatesukinc powder, aluminum and magnesium
oxides.

Table5.3 Elemental composition by EDXS of fineeGriction (C content not included in the
analysis).

Element Wwt.%
o 223+1.2
Mg 9.6+0.7
Al 8.2+0.5
Si 3.8+05
S 8.7+0.3
Ca 40+04
Cr 2.5+0.3
Fe 18.6 £ 2.1
Zn 12.8+0.8
Sn 9.5+0.8
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Zinc
Iron sulfide

Aluminium oxide

Chromite Graphite
Steel fiber
Tin sulfide
Magnesium oxide

Fig.5.7 SEM micrographs of the microstructure of thelWtdihe reference-oetfriction
material
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5.2.2 NAO friction material

The elemental composition anditimestructure of tested NAO materials are provided
respectively Tables.4 and Figh.8.

Table5.4: Elemental composition of the NAO friction material, as obtained from EDXS (in weight%). The
carbon content was not includedanalysis.

Element wt.%
0] 36.5
Fe 0.9
Zn -
Mg 2.6
Sn 5.2
S 3.9
Al 2.7
Ca 5.0
Si 54
Zr 19.3
Ti 10.0
F 3.3
Na 1.7

Fig. 5.8SEM micrographs of the microstructure of the starting NAO friction material.
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5.2.3 Cu-less low-met friction material and cermet-coated disc

The elemental composition by EDXS and the microstructure of the friction materials are giv
respectively in TablgFig.5.9, whereas Tate6provides information aboupdieder

of WCFeCrAlY coating and carbide particl&aizeirther information on the coating,
please refer to Federici ¢87].

Table 5.5Elemental composition of thesSuownet friction material, as obtained from EDXS (in
weight %). The carbon content was not included in the analysis.

Element wt.%
(@) 14.4
Fe 15.9
Cu 9.7
n 5.4
Mg 9.2
Sn 6.6
S 4.9
Al 7.4
Ca 3.7
Si 3.0
Cr 1.9
F 4.0
K 0.5
P 0.6
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Table %: Nominal chemical composition of starting pow@dEeGFAV coating and carbide particle
size frorfB7]

Metallic
. Powder )
Powder particle - matrix
; Phase ) particle .
Carbide size (um) size (um) nominal
H composition
12 web Fe
Wa FeCrAlY 83 wio WC 15 1545 S\Ai(wlgr;
wt% Y

5.3 Braking Cycle

5.3.1 Bedding of SAE J 2707

Asitwill be seen in section 6.1, the firsf@studgdn the bedding of the referenee low

met friction materfar tfs study the bedding of SAE J 2702 was usedhedting

consists dfOOrepeatedrake stopis the same braking conditianbe®r observe the

evolution of the emissidhe brake stops were increased to 500 applidatidvake

stops are identical and in deceleration mode. The brake stops range from 50 km/h (apprc
4.5 m/s) to 5 km/h with a decelecAods mA Thebrale stops have an initial disc
temperature of 100 B@iring the brake stops the contact prasgdute maximum disc
temperature during braking stabilized respectively around 0.6 MPaTéedvERriC.
characteristics simulated in this brakingecgdiginal of as8gment passenger car.

5.3.2 Reduced Cycle

Aconsistent part of #mgpernenal workocusean the development of a braking cycle to

study the influence of contact pressure and velocity on the friction, wear and emissio
behavior of brake materials. We developed a simple brake cycle, consisting of initial beddir
followed by randomized braiedbcks at specgic(pressure and velocity) conditions,

for thizalledp-v bloks andreference blks A reference blogkas inserted between two
subsequermntv blockdo restore similar conditions on the mating surfabescata,

have a reliable evaluation of the tribological and emission behaviors in each block. The bra
cycle consists of a full factorial design with 2 variables and 4 levels, where the role c
reference blocks is similar to center points in the design of ¢&ppflimadtstion,
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before eachwblockat high velocity (120 and 160 km/h), a cleaning phase was done to
decrease the following increase of emission due only to the rotation at the high speed of t
rotor[24] The cleaning consists of acceleration of the rotor to a vehicle speed of 160 km/f
keeping it for approx. 20 s.

The piblock have initial vehicle speeds of 40, 80, 120 andhl6@itkavelocity

variation of 35 km/h, and the simulated brake igr28s6f& 80, 110 bar. All the brake

stops started at 100°Gheinitial disc temperatii@. the bedding arederence blogks

he velocity range is3®0km/h and a simulated brake pressure of 30 bar. To have a
reference to contact pressure, 30 bar corresponds to approx. 1 MPa of contact pressure, a
40 km/h to 4 m/s.The main characteristics of the cycle are repoied witf dbis

cycle,hte simulated vehicle was typical eféugrient passenger car.

Table 5.7main characteristithe section of the Reduced Cycle

Brake Initial vehicle # brake # of blocks
pressure (bar)  speed (km/h) | stops/block
Bedding 30 80 250 1
pwblock 20110 40160 10 16
Reference bloch 30 80 6 16

The braking parameters were chosen to hioada@mparisoin terms of frictional
responsenith thepv sensitivitgection ofhe SAE J 222 procedureRegarding the
comparison with i TReyclefor emissioavaluationst should be noted thatWLTP
cyclehas o averagdower presswgedisc temperaturaad velocitieglthough these
differenceghe braking parameters of boiVithécycleand te Reduced Cyotan be
considered mild braking conditions.

Section 6.2 will show the rasldifed to tHReduced Cyclihe redts are presented a
comparison of the referencenetwmaterial (LM) and the NAO matetitthey were
publisheth [89] In additigrSection 6.3 will providespieeific wear rate and the emission
factor related to thbole cycl®r several modifications of the LM, the NAO anAd the LM
friction materialderewith, trepplieadnehodolog to obtaitresefactors will be explained.
The specific wear ratks were computed modifyinghe Archartaw[90]for brake
stopsoriginally used for stationary sliding conditions:

7

[ — (Eq. 5.3)

B B B

WhereVis the wm volume, which daesubdivided into the thickness varifftipand
area, fd, of the padsh& second term is usually used to obt&irfiathstationary PoD
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conditionswhereashe third and fourth terms aneriteen for dynamometer testing
considering respectively sim of the product of tleinal forcéw, and contact
pressurgp, for the sliding distangeof each brake stiopthe braking cyclEhe Forth
term is expressed in terms of masdNbs&\d densitys The dens@swere 7.5 and 13
g/cmirespectively for cash and coated disc.

Theemission factousually depend on the braking logzdese emissions
depend on the braking parameterstlzerdcharacteristics of the brake systdhreand
system for emission measureméneyasre definga terms ofehicle drivirdjstance
The reference is made t&th&Rcycle in which the driving distenfiredThe stopping
distance in th&LTPcyclewas computed frohe motion equat®and it is approx. of
14.4&m. Thengpending ahevehicle characteris{gzecit rolling raditendeffective
radis) the sliding distance changa fehicle to vehidle.compute thremission factor
for theReduced Cycleaintinnga broad cgparison with th&/LTP cyclehe driving
distance wabtained by rescglihedriving distance of teTReycle dvitr for the ratio
between thdiding distareén theReduced Cyclap, andWLTP cyclesyitp according
to Eg.5.4 The two sliding distances were respelfiaeig5.38 kmand the driving
distance for th&/LTP cycles approx192 kmThen, the emission fact&fs, were
obtained with Ech5.

Q =Q e (Eq5.4)
00 —1 —m8igido (Eq55)

WheréPMois the mass @bted by the filtevbthe impactor at the end of theesesied
bythe ratio of the airflow in the channel3/880, mnd the pumping flow of the impactor,
10/min. Thfactoiis approx. 85 timEfmally, fact8in Eqb.5,converts the vehicle corner
into the whole vehiaensidéng the variation between the front and rearTaxle
emission factoobtined in this waye based on the biyesis expressed by Eqg. 5.4.
Howeveams it will be discussed in Sectidind®r®, practical point of viee founthese
evaluatia@wvery useful as fterein the expected range-bd 2ng/vehicle/5}
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5.3.3  Modified SAE J 2522

SAE J 2522alled also #¥<-Masteris a wellknown standard procedure to characterize
brakeperformanci this section, we proposmdified version of this testing protedure
providean extensive evaluation of the brake couples with additional information on the
emission and wear behavior, not only on the brake performance, bafrictjcasmthe

original procedufiéhe relevance kdeping the reference with this standard procedure is
due to the potential comparison to historical datasetscaEndjubmometers, as well

as the robustness of the methodology.

As mentioned, the thickness variations at different groups of seetions
braking cycle were obtained from the LVDT measurements as described in section 5.1.2. T
emissions were measured with the OPS following the procedure of Section 5.1.3. The vehi
characteristics simulated in this braking cycle are typmeghoéiat Passenger car.

Themodificatiorm®nsisdof:

- alonger bedding procedure to obtain stable conditions for the evaluatior? of emissions.
steps (instead of 2) of bedding for a #dbadke stops to achieve stable conditions
for the emissions.

- Using the LVDT measurements for wear evaluation of specific sections. The groups ¢
sections were chosen as described irbHigure

- The addition ofference blogkafter each pressspeed sensitivity bloekus, the
testecsimulated brake pressweee 4 instead of 8, respectb@B0, 40 and 80 .bar
The cumulative particle number was considered as representative output for the emissic
evaluation. They wevaluated when stable conditions were attgiatelr, thee longer
bedding (see the first point). Then, the cumulative particle number are the sum of
additional steps of bedding and thlegike at 40, 80 and 120 km/h and the respective
referencelticks The velocities of 160 and 200 km/h were not accounted for to maintain
broad comparability with the WLTP cycle, in which the maximum velocity is approx. 1-
km/h. The particle number is obtained With Eq.

0. $ & Lad#O $ & ilaeo # O (Eq.56)

Where DF is the dilution fatt®® Qiris the airflow, and C(t) is the-sienes of total
concentration as measured from thea@dw Point a is the begging of the steady
state and b is the end of the referencaftao&iblock 8120 km/h

- The addition of a more selvadesection. Sectiéimde 2vas substitutedtha more
severe braking condition for performance evaluation at high Seifipisraure
section consssdf 5 brake stops, the first brake stopnhiaitial disc temperature of
60°C, while the last brake stop has an initial disc temperaturelioé 4Bty
ranges from 225 to 80 km/h with a brake decel&&ianAfAfter these 5 brake
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stops, a severe brake stop starts at 520 °C from a velodityOokab with a
deceleration b® m/3

The sections of this brake cycle are summarizéd th Fig parts of the cycle used to
get the emission evaluation and wear of the specific sections are respectively highlighted
green and red. The brake stop number is also reported.

Modified AK-Master

. # brake Total brake
Section stopslstep # step stops
Mu green 30 1 30 o
[ Bedding _ | 3 | 7 | 24 _ Emissions
Bedding2 32 3 9% |
———RefBlock____.___5______1_|___5 ___.__
PV40 ) 1 4
RefBlock* 5 1 5
PV80 4 1 4
RefBlock* 5 1 5
PV120 4 1 4 =\\ear |
RefBlock™ 2 1 b
PV160 4 1 4
RefBlock* 8 1 6
PV200 4 1 4 _J
C—_RefBlock___.___Z C-1 -
Cold application 1 1 1
Motorway 1 1 1 1
Motorway 2 1 1 1 —\Wear ||
RefBlock 18 1 18
L Fade 1 15 1 15
~_RefBlock___|___ 8 [C1 1
PV80 2 4 1 4
Increasing Temp 9 1 9 ~—Wear lll
PV80 Hot 4 1 4
re—-RefBlock.___.l___18 ____1_____J8___
Fade 2 (Fade BL) 1 5 1 5
Fade 2 (FadeBL) 2| 1 1 1 Wear [V
--RefBlock.___.___30_____1 <]

Fig.5.10 Modified AKlasterIn green are the subsections for the emission exatilatied,are
the subsections for the wear evaluation.
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5.3.4 pvTrictionMapBrakeCycle

The brake cycle used for the evaluation of frictionalubedawid and severe sliding
conditions was Brembdnternal testing procedukestudy on thimaking cycleas
alreadypublished91] Herewitlthis braking cyaléll be referred aspwoFriction Map

Cycle Three initialelocities are test®&®, 140, and 200 kn#bpectivelyThe velocity

range is fixed, it is 75 km/h. The brake pressure rapgedfMdRa. The brake cycle is

divided into two main parts. The_@ivétemperaturewith initial disc temperat(ifes

between 50 850°C, andhe secondighTemperaturevithT betweer250to 650 °C.

The separate testing temperature below and above 250 °C represents an important desi
choice of the experim&he separation into these two groups was a desidrasboi

on the degradatiemperature of the phenolic resin, whehietaB00 °C, as described

in Section 4.2. Furthermtre, sliding surfaces at high temperatures usually develop
significantly different characteristics compared to mild sliding conditieB80b&bw 200

[14] Another important aspect of the design of this brake qyefeierntial orderthe

brake stopsn la given brake block, first, velocity and preséiuesl,aemd the initial
temperatures are changed in increasingntindefollowing brake block, the velocity is still

fixed but the pressure is increased, and the initial temperatures are changed in decreasir
order. Thereferential orderthe brakstopsmight influence the frictional response, and

this hypothesis should be investigated in furtheFlséwdigsle characteristics simulated

in this braking cycle are typical-ségrient passenger car.

Table5.8 braking parameters in ltbesTemperaturand HighiTemperatursections of thevF
friction MafBrakeCycle.

Brake pressurg Initial vehicle spee Initial disc
(bar) (km/h) temperature (°C
2,4,6,8, 10, 17 50,100,150,200
Low temperaturg 14 70, 140, 200 250
. 2,4,6,8, 10, 17 250, 300, 350, 44
High temperatur 14 70, 140, 200 450, 500, 550

Toassess the variation and correlation of the friction coefficient with the braking
parametersve obtained respectitiedyrelative standard devidi8)( and Spear ma
coefficierty). Significamhangsin thee coefficients might underlie vaiiatioe wear
mechanisnactingat the surfaceSheSp e ar ma n 6 & suggesed fwhea ithe n t
relationship between the two variables is not linear, it is g&@&rfan tke.friction
coefficient and brake pressure, as an example:
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A P — —— (Ea57)

A

WhereNis the number of elements in the consideredCgaanpli are the respective

standard deviation of the friction coefficient and the brakBpietsenth. rank of the

M variable corresponding to -theelement ranked in decreasing order of the sample.
CorrespondingByis the-th rank of pressypp or another varialjgis obtained for all

the combinat®mf v and T, thus the numbarpoill be vT times. For a specific
combination of v and T the values of friction coefficient are ranked in decreasing order ar
associated to tiRg;, in tle same wayhe pressuns rankedRuiin decreasing order. Of

course, the ramér pressures, or the other input variabddixed as the experimental
pointaaredefined by the design of the experiment,pliftrevalue betweeh and +1

closethe values tel (-1),the two variablage morgositivelgnegative)yorrelated.

The relative standard deviation is obtained as the ratio of the simaéasd devi
the mean of the considered values. The considenatiothe samplerere grouped to
obtaim,p were applied also toR&H)x, where X is an input variable, wBIBEQ.

Yo —

(Ea.58)

The distribution of R&Dandr values depends both on the intimate relationships of the
friction coefficient with the considered parameter and the design of tlas &igteryment
influences these types of mat@&®dls
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Chapter VI

Results and discussion

The experimental part of the tbessisted of the development of new testing
methodologies or the modification of standard testing pocstedyrdse frictional, wear
and emission behaviors of brake materials and better understand the relationships amor
these behavioiss mentionéd Chapter Theresults of thexperimental paredivided
intofivesectionsThe aim of the study for egparimentphrt is summarized in Table 6.1.

Table 6.1Summary of the sections of the experimental part with applied brakingneyetalsested
and aim of the study.

. . Brake .
Section Study Materials Cycle Aim
- Definition of steady states fc
Bedding proces Bedding frlctloqal, Yvear and emissio
6.1 of a lownet LM of SAE J behaviors; i .

) friction materia 2707 - Identification i&lationships
between states and surface
characteristics.

- Development ofreethodology
Influence of to study the influence of
contact pressu pressure and velocity on
and velocity on frictional, wear and emissio
the brake behaviors of brake material
k_)ehavm( and | LM Reduced| Stu_dy_varlablllty_ of f.rlctlonal
6.2 fine particulate| 1 Cvele emission behaviors;
matter y - Highligingthe differences
emissions of a between lemet and NAO
lowmet and friction materials
NAO friction - Correlation between obsery
material behaviors and surface
characteristics.
-LM2
. . -LM3 . L.
Relationship - Obtaimgemission factor
| -LM4 . .
between specif] - Relaihgthe emission factors
-LM5 . : .
wear rate and Reduced| with the material wear;
6.3 o -LM6 .
emission factor) NAO Cycle - Correlation between obsery
of brake “NAG2 behaviors and surface
materials -NAG3 characteristics.
-FMC
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Development o

Addtion oémission and wea
evaluations to the friction

a Modified AK characterization in the SAE
Master Braking Modified 2522
Cycle for -LM Testing more severe fade
6.4 7 SAE J 25 -
frictional, wear| - NAO 22 conditions
and emission Highligingthe differences
evaluations of between lomet and NAO
brake matelsa friction materials
Develop a methodology to
Brake study thenfluence of pressu
performance af velocity and temperature or]
mild and severs frictional behavior of brake
L pvF i ola
sliding “EM friction materials;
6.5 conditions of Highlight the differences
- -FMC Map ;
conventional Cycle between casbn and coated

cast iron and
cermetoated
discs

discs

Correlation between obsery
behaviors and surface
characteristics.
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6.1 Bedding process of a low-met friction material

As mentioneéd Section 3.8ijbological tests usually comprise an initial part, called bedding,

in which the sliding surfaces acquire the service conditions, i.e., they develop a good degr
of geometricabrformity and the characteristic friction layer. At the end of the bedding
section, the tribological characsaidtieve a good degree of stability. Due to the relatively
recent studies on the emissions for brake materials, it is importarie tbovwdstiga
emission achieves stabilitygristineonditions.

This study focuses on the evolutioa foictial wear and emission behaviors
of the reference LM friction materiatthe bedding proce3$ie bedding procedure is
SAE J 2707 anésdescribed in Sect®8.1. SEM and EDd#racterizat®of the
worn surfaces, airborne particulate matter-amtanoe particulate matiere doneo
correlate the observed behaviors to the respdatieecharacterisfigsction 6.1.2)he
study identified steady states for the frictional, wear, and, in particular, emission behavior
The frictional stabilization correlated to the stabflitsi@xtension of the secondary
plateaus, whereas the wear and emission stabilization correlated to the atiid¥ement of
composition in the PM ardgh degree of compaction of the secondary plateaus. These
aspectareimportant from a testinggestiveas theynsure the representativeness of
the following sectionthatesting methodolog@e considerations concerning the required
number of brake stops to attain emission stabilization were taken irdetgmomant to
bedding for tiRecuced Cycl&ection 5.3.2) and thadified AKlaste(Section 5.3.3)

6.1.1 Evolution of the friction coefficient, wear rate and emissions

During the brake stops the contact pressure and the maximum disc temperature durin
braking stabilized respectively around 0.6 MPa arf{@2]2055erving the evolution of
the friction coefficient with the brake stop number,1ig, Fig €arindividuate two
distinct stagels e firstirom the beginning up to approx. 15Qtstdjpstion coefficient
increases from an initial vaflQe20.25 to approx. 0.#the second stagehictbegins
after about 150 stpfise average friction coefficient does not change apptéeably
following brake stops.

Fig.6.1.3 shows the evolution of the system depthwithvie brake stas
obtained by the LMBb&asuremerfhe wear increases in an almost linear ,nadtiman
average wear ratEapprox. d3.37 mm per stdphe slope of tare, which represents
the wear ratés lower at the beginning of the test, i.e., in thelfiGtsi@fls, and at the
end of the test, after approx43@8G&topshe specific wear coeffickeniyas calculated
as a function of the number of brake stops, n, Gsini thietain a better picture of the
wear evolution

A y

1 61)
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where:

1 ax(n) is the depth of wear afteake sto It iobtained as a differebetveerthe
displacement afteonake stop and the displacement after the first brake stop;

1 p(n)is themearcontact pressure duriigake stqp

1  ssidis thecumulativeliding distance up to theake stop.

The evolution &k with n is plotted in g4, wherehree stagesan be
distinguishe#lierewithhe first stags calledunin Ka firstslowlyincreases with then
increases almost linearly appoox150 brake stophe second stadedicated withe
transition stageisplaykaincreamgbut with aontinuousheduced rateshichtend to a
steadystatevalue after approx. 350 brake gdtoplythe third staggenoted athe
steag stateis characterized dye-valuen the range 2fL0 nm#Nand iis maintained
up to the end of the t&atues in this range are typithé mild weewonditions féniction
materialgl4]

0> ,\WWWM

0.35 run-in steady-state

Friction coefficient

3

0.25

0.2
0 100 200 300 100 500
brake stop number

Fig.6.12: Evolution diefriction coefficient wlittbrake stops.
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Fig. 61.3: Evolution of thepth of wear of the friction malisdalystem with the brake stops.

transition stage steady-state

100 200 300 400 500
brake stop number

Fig.614: Evolution of the specific weakKgatd,the padisc system with the brake stops.

Fig.615 shows the evolutwith timef the total particle concentration during
selected brake stopdgterreaching a maximiumapprox6-8 secondshe emissios
decreaseThe maximum value of the total concentration of emissionthintireb 466
brake stopghentheydecreasappox. up to the 300rake stop, after which they stabilize
for the rest of the 1831 better observe this behak®meaanconcentrationqeer brake

stop were calculated and are displayed6ifi6~as a function of the number of brake
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stops.Comparing the frictiofidh. 6.2), wear(614) behaviomand emission 1®)
behaviorsve can say théitstthe friction coefficient reaches a steady state after 150 brake
stops Whereathe specific werate reaches a steady state after 350 brake stops, and
therefora Ot ransition staged i s plntheseeolution b et we
of the specific wearrdiesrte e st age s onamed afisung tomt esd ag
can be regnized. During the-irustage, the average concentration of airborne particles
increases with the brake stops, up to a maximum value. Between approx. 150 and appra
350brakestops, i.e., in the transition stage, the concentration of airbodecpatetes
and reaches an equilibrium value of approx. 300 patittesAtrady state stage.

Finallythe particle size distribusignovided Fig. 61.7. As the concentration changes
as a function of the brake stop particle size distribution isasx@ifeasgon of the total
number concentration (%N/brake) for different brake stops. It is seen that most of th
particles have a diaméiethe fineize rangepf approx. 08l min agreement witte
puwlisheddata[14] Two small peaisrtain tthe size range2le mFromFig. 617, the
fraction of fine particles with an average sizenrfidehses withebrake stopumber
On the contrary, coarse partisl#s,asizerange ofl-2 ¢ mare observed tlecrease
slowly but continuouwsiththe brake stop number

1000
900
800
700
600
500

100

300

Total Concentration (#/cm®)

200 -

100

0

B 10 15 20
Time (s)

Fig. 615: Evolution withetime of the total concentration of airborne particles for selected brake stops
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Fig.6.16: Mean concentration of airborne particles per brake stop as a function of the number of stops.
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Fig. 61.7: Particle sizdistribution, expressed as number percentage per stop, at different brake stops

49



6.1.2 Characterization

6.1.2.1 Wbrn surfaces

The SENEDXS angis of the worn surfaces aimed at charactbezdegree of
compaction and the extension of the secondary plateaus.

Fig. 618 displayshe SEMbbservationsf theworn surfaces of the friction
materiahfter the warap stage (a), during theimuip), transition (c), and steady state (d)
stagesIn Fig.6.1.10,SEM observations at higher magnification of the worn surface of the
friction materiate provideat thesame stageBig 6110 shows obsetizas bylectron
backscattering (BS) mante theleft, which provide information on the elemental
compositiotheavier elements are brighterd bysecondary electr(®E)mode for a
bettertopography inspectiés. mentioned in section 2.1, iheanyplateaus are the
plastically deformed steel fibers, they are the structures white in the observations. Wheree
thesecondary plateaapear grey as they are mainly composed of wear fragments, mainly
iron oxide being, progressively compacteasTdoafirmed BipXSoinanalysi@able
6.1.1and Fig.6.11)

Regarding the extension of the secondary,ptatesing from observations a
to ¢ of Fig. B8, thé extension is observed to incréaskeetter undenstathe evolution
of their extsion with the brake stops, the coverage factor was obtained as explained in the
procedurf93] The coverage factor is an indicator of the scofsteetnit was calculated
as the percentage of secondary plateaus with respect to thehetavarage factier
plotted ifrig.6.19.Itincreases markedly in passing from thepsterge to the transition
stagewhereas, from this stagemgins rather constant.

Regarding the degree of compaction, the high magnification observations (Fig.
6.10)In the case of Fim(Fig. 8.10a), the secondary plateaus do not seem te be well
formed, presenting only small compacted regions. Inste&@nsitidghestagéhe
formation of secondary plateaus is evident, featuring much more compacted regions (Fi
6110b). This aspect iseavmore marked in the friction layers at the steady state (Fig.
6.110c).
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Fig.618: Lowmagnification backscattered SEM observations of the worn surfaces of the friction

material after (a) wann(b) rusin stage, (c) transition stage, aatisfady stat€he yellow
arrows indicate the sliding direction.
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Fig.619: Coverage factor at the different stages of bedding.

51



Fig.6110 SEM micrographs of the worn surface of the frictiotuniragettial (a) Fimstage, (b) in

the transition stage, and (c) at steadyCstatee left: backscattered electrons images, showing the
primary (1) and secondary (2) plateaus. On dreesegbndary electrobservationgn which the

red arrows highlight some more compacted regions of the secondary plateaus. The yellow arrow
indicate the sliding direction.

Further information on the characteristics of the secondary plateaus and their compactne
was obtained through a point EDXS analysis of their compo6ilidrarnthbigs.1.11
show the obtained elemental composition after-the tharmsim sage, the transition
stage andhe steady statdhe EDXS analysis (Tahl@)6confirms thtte plateaus
contain the same elemeassthe virgin materials (Tablel), but in different
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concentration$he detected higbncentration of iron indgthie contribution from the
counterface disc weéaradditionhe iron content increaseh thdrake stopumberOn

the other hanil is interesting thlaé oxygen content does not chandbenhittake stop
numberfeaturing a value of ap6%.0n this aspeaweshoulchotice thawhen the

content of the pad ingredients having oxygen, auchireés magnesium oxide, and
chromiteincrease or decrease in the secondary plateaus, also the oxygen content shoulc
respectively increase or decr@dses, as the iron content incréasegnstant naturfe o
oxygen witihe brake stop numimerst be attributed to the pick up of some oxygen from the
surrounding environment, that interacts with iron feoriiteg Fhis is théypical

process dirbo-oxidative wear of ferrous ajuisThe actual fraction of iron and iron
oxides in the secondary platwassnot determinbdwever, these considerations allow
ustosafely conclude that the fraction of iron@adeSan the plateaus incobagh the

brake stops, i.e., in passomg thestages between tharmup stagand theteady state

stage.

Finally,ahave a complepéctureof worn surfaces, including the mechanisms
acting at the counterface of the friction nage6iall2 showsthe worrecastiron disc
surface after the rdin stage (a) and in the steady state stalie (worn surfaedter
the rusn stagelisplayscratches oriented in the sliding ditgpteat oibrasive wear
Part of the scratches can also be ascribemhadclitiveg process of the disc. Howaver, i
the steady state state disc surface does not presehtabrasive scratgliestead,
extensive surface plastic defors@t@®opresent on the disc surface

Table61.1 Elemental composition osé¢wendary plateaus after the-ugrnusn, and transition
stage at steady state. The carbon content was not considered.

E(I\ztrgzglt Warmup Runin stage | Transition stage steady state
Fe 48.2£ 1.0 53.2£ 2.2 59.2£ 0.9 61.9+1.3
0] 25.9£ 2.6 27.3: 0.6 25.5£ 0.6 276:£1.0
Zn 4.7+ 1.2 44+ 1.2 3.4+ 0.1 2.2+ 0.9
Mg 3.8+1.1 3.4+ 0.8 2.5+ 04 1.6x04
Si 2.6x£0.5 2.0+ 0.1 2.0£0.1 1.3+ 0.3
Sn 3.6£1.6 2.7+ 0.6 2.1+ 0.1 1.7+ 0.6
Al 6.1+ 2.8 2.5+ 0.5 2.1+ 0.2 1.7+ 0.7
S 2.7+ 0.9 24+ 04 1.8+ 0.2 1.2+ 04
Ca 1.3+ 0.8 1.4+ 0.3 0.5+ 0.1 0.4+ 0.2
Cr 0.9+ 0.0 0.7+ 0.1 0.6x0.1 0.6x0.1
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Fig.6111: Elemental composition of the secondary plateaus aftengheimayand transition
stagg(transst) at steady state (stestjlyrhe carbon content is not considered.
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(b)
Fig.6112: SEM micrographs of the-woatisurface of the cast iron disc in theifedtage arid
the (b) steady state stage.

6.1.2.2  Airborne particles

As mentioned, during the tests PM was collected with th&igrhadt®dshows the
SEM okevation®f airborne particulate emissions in the siz&f t&ige5 pmfor the
identified stageke rurAn stage (a), the transient stage (b), aedstgatly state (c).
Some particles héflakeshaped particle$ a sizeip toapprox5 pm, nearly equiaxed
other particles aneegulain shape anduch smallersize.
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The composition of the airborne pdrtitiessize rangei28 mvas obtained
by fuframeEDXS elemental compogfiables.12 and Fig6.1.14).By comparifitable
612 and Fig114 witirables1.1 and Fig6.111, the particle compositappearsery
similar to theomposition of the secondary plateaus fdrieés reduis in agreeme
with[94] confirminghat theemitted particles originate mfaorhthe disruption of the
secondary platealrsadditionprmarked differences were defestedhe sanamalysis
ofthe airborne particles in the size2d&hye mtherefore these results are not reported

2.5¢ mwerecollected during the (ajmutb) transient stage, and ste@jstate

Table6.12: Elemental composition of the airborne particles sizé Yangec@liected during the
runin stage, in the transient stage, and at steady state. The carbon content was not considered.

Element (W) Runin stage Transient stage At steady state
Fe 55.6+0.8 62.7+2.2 62.8+2.0
o 235+23 25.9+£2.5 24.4+£2.2
Zn 3.7£0.8 26+0.0 25+0.1
Mg 41+0.1 23+0.1 23+0.0
Si 1.5+0.1 1.4+0.0 16+0.1
Sn 35+0.6 20+0.1 21+0.2
Al 3.0+03 1.9+0.1 1.9+0.0
S 2.3+03 1.9+0.2 1.0+0.7
Ca 23+01 0.7+0.2 1.7+0.9
Cr 0.7+0.2 0.5+0.0 0.5+0.0
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Fig.6.1.4: Elemental composition of the airborne particles collected dtmisgethe iruthe
transient stage (tratisand at steady st@teadyst). The carbon content was not considered.
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6.1.2.3 Nonairborne particles

Nonairborne particlaee also produced during the tests. Thepheeted on ukhinum

foik placed on the floor of the dynamometer reh&imbe .15 shows thee typical
particlesfa flakdike morphologfasizerangegn et ween 20 and 10 Om.
in the picture indicate the areaszeshakjth the EDXS. The elemental compmsition
EDXSds shown in Tablel8, itis very similar to the compositionsefciivedary plateaus

(see Tablél11), confirminthat these particles are laaggmentsf friction layer removed
during braking.

Fig61.15: SEM image of rainborne particles collected during the whole test.

Table 6L.3: EDXS elemental composition of Haérlpame particles shown in Eiti46The carbon
content was not considered.

Elementyt.%) Area 1 Area 2
Fe 59.30 59.38
0o 26.53 25.06
Zn 2.66 2.23
Mg 2.18 2.33
Si 1.38 1.30
Sn 2.08 2.28
Al 3.07 4.90
S 1.61 1.50
Cr 0.61 0.58

Mn 0.58 0.43
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6.1.3 Main wear mechanisms

In this sectiometevolutionluring the bedding procdshe frictional, waad emission
behaviorsand relative steady state regwilede interpretadthefriction layeattais
surfacestabilizatian terms of extension, degree of compadtmmmposition

The fricti@h behavior is the firstathieve stable conditions. chedficienincreases

during the first 150 brakesgteig. 6L2), therunin stagefroma value of 0.2 #osteady

state valuef0.45 Thisvalueis typical for the type of matq@8lsThe increase in the

fridion coefficiemt ascribableo the formation of the friction [aykihe two main

structures dfefriction layer are the primary and secondary plateaus. As already mentioned,
the primary plateaus are heavily plastically deformed steel fibers, against which wes
fragments, from the pad, aspeciallyfromthe disc, comgtaforming the secondary
plateaus.iBce large plastic deformatomsnvolvedchetironfragments are smalkize
andverydefectivat the surfad®] thus favorindpe oxidation of the parti@8% The

analysiof the secondary plateaus on the coveragdFigct6t9) and compositional
analysigFig.61.11) suggest théte stabilizationtbé friction layer in terms of iron content

and extensiatetermines thestablishment of a steady state for fricttenabiEhe

extension of the secondtategus is stifg related to the area of coniehereas the
compasion contribuigéo the tangential shear that the surface caBodxdactarare

paramount in the determination of the tangential fimeefaadhe friction coefht

[95]96]

Regarding the wear behavior during dregl@dcess, the weanditions are
typical of mild wear, Wit the range of 411@¥Nand a relatively low temperature as
the maximum disc temperature was approx.120 °C. In these conditions wear is a result of t
dynamic formation and disruption of the secondaryHdateaes. dhe beginning of
slidingduring the rdn ofapproxthe 50 brake stops (Figj4%.the wear rate is low and
slowly increases. Thisabm is probably due to the high ambwetr fragments
remaimgentrapped at the surface to form the secondary plateaus.

Oncethe particle anftagments leave theofobical systemtime mentioned
dynamic procedke particlemissionincreaseaccordingly with the increase of the wear
rate.Of course, thveear and emissioehaviorare strongly interrelaedring the rim,
they depend on the increase of the contact area of contadiodumationtfi¢he friction
layerAtthe end of the rimstagealthoughvear continues to incretieeemissisrstart
decreasingFig.616), andwe are athe transition stage. ®bsng Fig. 510 high
magnification SEM observations, we can explaémdni®nadn terms of variation in the
degree of compactirthe secondary platedise degree of compadjmrearsather
low in the rtin stagéncreasinip the transitiamd steadstate stages.

The observed friction layetypécal characteristics of the frictiontteatdosm
during the trifoxidative wear of ferrous gligySuch friction layers were first dedwyibed
Stottf48]and the main concepts were explained in SedtipnoBiged dry sliditigg
agglomerated iron oxides tepcogressivebinter together firm very compacted and
smooth layerslenoted aé g | aTheyisodease the wear resise and favor the
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formation of larfiekelikefragmentdn broad agreement with thigharebservati®of

nonairborne particles thaewellected at the end of thartdsy. 4.15 the fact that the

wear rate is higher in the steady state than inthaduhat the emission decrease in the
steady state supports that a higher percentage of the fragments leave the tribological syste
without being detected, thus, agirtbamn@articles.

Compaction is ratheristerig process, thus itnwore intense when particles of
the same composition are in c@tastich as in the case of iron oxides-oxidéative
wear The #abilization in the degree of compaction of the secondary plateaus is well
correlated to the compositional stabilization of the iron oxide content in the secondar
plateaus (Fig. 6. The glazes are the resultsepéated contact stresses in the
agglmerated particlasdcumulative wear of the castaonterface witieincreasén
the number of bratepsduring the tesavoring the formation of the glairedly,hte
formation of these structures is responsible for the staltiieastian eite and the drop
in the particle emissions during the transient stage anesifirtechanism that favors
the detachment of large fiakdragments.
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6.2 Influence of contact pressure and velocity on the brake
behavior and fine particulate matter emissions of a low-met
and NAO friction material

As mentioned in Section 4.2, the frictional, wear and emission behaviors are strictly related
the friction layer that dmelat the digadinterfacesThe characteristics of the friction

layer are determined by the combinatiorfsictfdhmaterial formulations and the braking
parameters.

In thisstudy the influence of pressure and velndhe frichal, wear and
emission behaviors of the referenegeetoand NAO materialsnvestigate@ection
6.2.3) Theadoptedbraking cycle widreReduced Cydlsee Section 5.3 R)thebraking
cycle, to reduce thistoryeffecs and resterthe surface conditiam$erence blocks were
interposeafter eaclpvblock Cumulative distribution functions were used to provide
information on the variability of the friction coefficiessiandiaritig the steady state of
the bedding and tieéerence bloc{Section6.22).In Section 6.2.3, the frictional, wear and
emission behaviors are described as a function of pressure and velocity. The NAO mater
displayed a higher friction coefficeetr wear and emission than timedbmateridlhe
characterization of thenwsurfaceaftertests atspecific pv conditiaagpresented in
Section 2.4 The characterizati@sdonetorelatesurface characteristics to the observed
behaviorgrinallyas discussed Section 6.2.5hedifferences theobservethehaviors
between the lamet and NAO friction matearalbased on the different natofehe
friction layer§he NAO nmaial is characterized by a uniform and more extended friction
layer.The applied methodology identified specific wear mdohtmestm® types of
materials.

6.2.1 Bedding

Fig.6.2.1displaysemissiasn as mearoncentrations durihg 250rake stop of the

bedding procedure fioe lownet and the NAO material under. hdyemissions

increase during the initial part of the procedimeyueidch steady stat€he steady

state condins are reached approx. after 100 and 200 brake stops respectively for the low
met and the NAO materigt® NAQnaterial featurésveremissions lower peak of
emissions arttie steadgtateis achievedaterthan the lomet materiaFigure6.2.2

shavs the cumulative distribditinations dhe emissigrassociatedviththe emission
peak(1575 brake stopand theteady state conditions -@Z8IDstops). Thgive along

the yaxis the probability of having equal or lower emissions at théngoxvedypeind

the steady statine emissions are lower both in terms of mean value and scatter (the slope
of the curve).
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6.2.2 Reference Blocks

As mentioned in Secidh2thereference blockerecarried out after eaeh lplocko
pristine the surface conditiBigh.2.3and Fig.2.3displaythe cumulative distribution
functionsfthe average friction coefficient and the average etnibsifinst brake stops
and the last two stops cothallreference blocksr comparisoin,the distributiorse
included the values associatedtwaitly conditions of the bedding

By omparing the first and the last brake stops of the referefurebbtbcttgmwmet

and the NAO matereisl lownet materialthe fiction coefficient tends to steaty
conditionsSome differences are clear between the two e materfesa

friction coefficient that is lower than in the steady state and increases with the brake stc
number during the reference blockthe other hafmtthe lowmet materighe friction
coefficientan beboth higher and lower during the referaesicasbloompared to the
steadystate conditionRegarding thgeneralvariabilitythe scattesssociateaviththe

reference blocks is higher than that for the steady state of bedding.

Regarding the variabilith@femissions, the scatter during trencefbtocks
is higher than the scatter recorded during the steady state Mbbemidirige scatter
changes during the reference Iigessing from the beginning to the end of fhieeblock
scatter decreadeg a factor of 5 to 3 for therletmaterial and by a factor of 3 to 2 for the
NAO materidlhisis anindicabnthat the mating surfaces are progressively adapting to
new braking paraers.Comparing the scatter of the two materials, it is clear that the NAO
material displayed a lowsgbility in the reference blocks.
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Friction coefficient Friction coeflicient

Fig6.2.3cumulative distribution function of friction coefficient distribution at the steady state and for the
reference stops in during the 1st and 2nd and the 5th and 6th brake stops.
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and for the reference stops (RB) during the 1st and 2nd and the 5th and 6th brake stops.
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6.2.3  pv-blocks

6.2.3.1 Contact temperature

The ontact temperature is a factor that is usually considered in tribological processes. Th
disc temperature increaketng brakingp Figs.2.5 the maximum disc temperatures are
displayedis maps for the two friction matefiatsthe tested braking parameters, the
temperatusancrease witihe contact pressure and, especially, initial slidingr'kielocity.
NAOmaterial displayed higher disc temperatures because of the slifittiomigher
coefficient andspeciallyhe lower thermal conductivity asetfaeontent immuchower

thanin the lownet material.
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Fig.6.25: Map of maximum disc temperature.

6.2.3.2  Friction coefficient

Thevalus of thefriction coefficiare depicted in Bi@.6for the 1@epeatethrake stops

at110 baof systerpressure and three different velocities: 40, 80 and Dbfefenth.
behaviorsre observefbr bothmaterials at different velocifiesfriction coefficient

increase and decrease with the brake stop number respectively at low (40 km/h) and hic
(18 km/h Whereast80 km/tthe behavior is intermediheefriction coefficisntather

almost constant for thentet/materiandit shows a slight increase for thenii@Dial.

To map the frictional behavioguage friction coefficiemthe last three
stopswere chosen aspresentative values for eacltgnditioas their display lower
variability arate plotted in F&2.7 The friction coefficiertigher at the low velocity (40
km/h) and pressure (20 bamgather stablat the other tested velocities and pressures.
Interestinglihe NAO materfi@htureson average,highefriction coefficient
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Fig6.2.6Evolution of the average friction coefficient ofntie¢ ailodvNAO friction materials over the
10 brake stops of thelgdocks at 40, 80 and 160 km/h of initial speed and 110 bar pressure.
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Fig.6.2.7Friction coefficient as a functioitiaifvehicle speed at different simulated brake pressure for
the two wear systems.

6.2.3.3 Wear rate

The wear rate can be describébelolepth of weaxpress#as system wear (pad +
wear), as explained in Section Bk 2volution of ttiepth of wear désplayed in Fig.

6.2.8 Thenthedepth of wear/brake stop is obtaydéddinghedepth of wear by 10, the
number of brake stop peslpek. These uak are reported in Big@-9The wear rate is

low and not much affected by pressure andatétneitselocity (40 kiftile for high
velocity (120 and 160 kitiia)wear rate is much more influendedhbgressure and
velocityThevalues of madosse®f the disc and friction materials related to the entire
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braking cycle are shown in BahleThecumulative weaMbAO material was lothian
the lownmet material.
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Fig.6.28: Evolution of the displacement with respect to the first brake stop for the blocks measured in
the lowmet and NAO friction materials, tested at 40, 80, 120 and 160 km/h of initial velocity and 110 bat
pressure.
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Fig.6.29: Wear rate as depftwear as a function of initial vehicle speed at different simulated brake
pressures measured in thenetand NAO friction materials.

Table6.2.1mass loss of the disc and the pad after the test.

Mass loss (g) Lowmet NAO
Disc 0.59+0.00 0.11+0.00
Pad 0.42+0.02 0.22+0.02
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6.2.3.4 Emissios

Fig.6.2.1Ghowshe total particle concentration thebrake staprespectivety 50 bar

at80 km/h and 160 km/h for thenktvand NAO materiAks described in Section 6.3.1,

the total particle concentraiimmeaselp toa peakatapprox7 s, themheydecrease to

the background levelpprox20 sFrom these signals, the mean vedvesbtaineand

plotted ifrig.6.2.11for consecutive brake stops at 40 and 160 km/h of initial velocity and
110 bar of simulated brake pressure.

The emissiershowedlifferent stability in repeated brake stops according to the velocity.
The behavior weather stable in the 10 consecutive brake everasictritermediate
velocies (40and80 km/h)On the other hand haghvelocies (120 and160 km/h), the

emisiors decreased with the brake sfbipis decrease is more marked for tmetiow
materialFrom the first brag®pto the last brake stops of-biglkat high velocitye
emissiasican decreadsy 2535 % Because dhishighvariability at high velocity in the

first brake stopthe average of the last three valuehess) asepresentatite map

the emissiganThe same choice was apjglted friction coefficient in Segt8.2
Theemissionare plotted in F&212The initial velocity hasarkedifigher influence

than the pressure on the emisdibegmissions at high velocitiedhaee orders of
magnitude higher than those at the lowest velocities.
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Fig.6.2.10Total concentration for the 10 brake stops at 80 km/h and 160 km/h and 50 bar for couplings
involving the lemet and NAO materials.
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Fig.6.2.1: Mean particle concentration for consecutive brake stops with an applied pressure of 110 ba
starting from an initial speed of 40 km/h (a) and 160 km/h (b) for couplings iavelvizigdthe low
NAO friction materials.
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Fig.6.2.2:Mean particle concentrationY{#fake stog)s a function of initial vehicle speed for
differersimulated brake pressures, as indicated in the plot legends.
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6.2.4 Characterizatioof theworn surfaces

The aalysis of the worn surfemiesedto understand how the different conditions
pressure and velocitpdiedthe characteristics of the friction layers with respect to the
conditions attained afteddindFig6.2.13regarding the frictional behaeferencés

madeto Fig.6.2.6 the friction coefficient increases latwhelocity and decreases at the
highvelocity-or this reasaihe analysis was restricted tovteopditions of 40 km/h 160
km/hat 110 barNew specimengere used for these tests, which consisteldedfdthg
procedure arntle specifipv conditiorPlusfor the highelocity anditionan additional

testof onestop only waone

The worn surface of the NAO after bedding anchéterlaterials are depicted
inFig.6.2.13asBSEmicrographés mentioned in Section 6.302irhary and secondary
plateausan be distinguishedtle friction layer of thenh@tvmateriathesurface of the
NAO material is characterized by a uniform addfristicea layesince no hard
constituentare present to & primary platsaéds mentioned in 6.3.2hé&, doverage
factorcan be used as endlicator of the extension odree of contadtring slidingn
agreement with the more spread friction layer, the coverage factors after bedding conditio
resultedn approx. 406 and55% of the total surfacepestivelyor the lovmet andhe
NAOmaterialsRegarding the composition of the worn sEBx&analysis in Big.14
reveals théte lowmet materibhda higher iron content of the secondary @pravs.
65wt.%, highethan the NA of approxwB8%o

Fig.6.2.15howsBSEmicrographs of the worn surédtessthe plock at low
and high velde#(10 brake stops at 110 bar and 40 and 16€spextivelyfig6.2.16
depicts high magnification BSE obsergttfi@nworn surfaces of the two materials after
the first and the tenth stopgatvelocity.

Regarding the friction layer of tinadbmaterials, after thevelacity teshe
wornsurfacef the lownet materiais characterized by well compacted and uniform friction
layer the secondary plateaisplay a good degree of compaCtioithe other hand,
observing Fi§.2.16at high velocity after the first brake stop, the secondarioplateau
extended but less compacted, but after 10 brake stops the secondary plateaus are scarc
meaning that the severe braking conditions damaged the fritteondageage facto
(Fig.6.2.1% confirms the higher extension of secondary plateatgmi® %, found
after theslbrake stop than the extension afterttheaké stops at the same braking
conditiong\lthougthe coverage factor at thesidp at different velocitiesreases with
the velocifyit is important to noticey tisplayreduced compaction of the secondary
plateaus.

TheNAO material exhibitediféerent pictukgith respect to the -loet material
Regarding the extension ofritionlayer,the NAO materidi not exhibit significant
variatiometween low and high vede¢iig.6.2.1). Whereas, the frictiarer appared
significantimore compacted after the test at high velocity.

Regardinghe compositiain analysis (Fi$.2.13 they confirmed that tH¢AO
materials displayed a friction layer of a lower content of iron oxide than the secondar
plateausf the lownet materifdr each test condition
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Bedding

Fig.6.2.B: Backscattered electrons micrographs ofthetow and NAO mattheri al s 6
bedding procedure.
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40 km/h — 10 stop — 500 um

Fig. 6.2.5: Backscattered electrons micrographs of-the tow and NAO materi al s
respectively 10 brake stops at 40 km/h and 160 km/h and 110 bar
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Fig.6.2.5: Backscattered electrons micrographs at high magnificatiormeft thedldbAO worn
surfaces aftér(left) and 10 (right) brake stops at 160 km/h 110 bar.
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6.2.5 Mainwear mechanisms

Thissectiordescribe the development of a testing methodology to assess the frictional,
wear and emission behswiorakenaterialsThe braking cycle was desigrédidwothe
identification levant wear mechanisrhissections dedicated to, first, recalling briefly

the design of the brake csnolt secondinderstanding the relationships between the
braking condition and wear mechahfsstudy is focusadhighlighting the differences
between a lemetanda NAO friction matenmlichare thewo most common types of
friction materials.

The brake cycle, calReduced Cycleonsisted of three parts: bedding, pv
blocks and reference blocks.p#ocsk were used to map the frictional, wear and
emission behaviors as a function of pressure and velocity. The methodolgy proposed t
solutions to reduce the transitional effects induced by the various brakiing tharameters
pwblocks First, thev blocks were randomi&stond, reference bdoéaturing mild
braking conditiongreconducted after eahlk pblockto pristindo thesame surface
conditionsbefore the followingbfmck To discuss the stability of the frictiemassion
behaviors at reference and after different braking ,cmmdiitiatige distribution functions
were used-ig.6.2.3amd 6.2.4show that during the reference blocks, the friction coefficient
and theemissionseduce their variability tendinglties typical of the steady state. For a
correct and reproducible evaluation of the different brake parameters, the initial conditions
each pr block should be ideally identical. In this regard, the cumulative distribution function
are a useful tool qualify the general conditions during the braking cycle. The variability of
the emissions at the end of the reference blocks is relatively low, whereas, as concerns tl
friction coefficient, the number of brake stops in the reference cycle was adequate.

Regarding tHectional behavior in thélpeks, a slight increase at low velocity
and a decrease at higher velocity were observed during the repeated brékegtops (Fig.
Thisbehaviowas morearkedor the lovmet than the NAO mateiiahe end of each p
v block (Fig.2.7, for both materjalse friction coefficient decreased with pressure and
velocityThe decrease of the frictioefficient with veloeahd pressuris a general
phenomemg already observe{Rit61]

The friction coefficieness sensitive to different pressure and faidbigy
NAO than for the ot materidlhe more unifm extension and compaction of the friction
layerof the NAO matermbvided highatability (§ 6.215 and 6.217) This is in
agreement with the dependence of adhesion on the cf2t§g?larea

For the lowet materialiding at high velocity, the friction coefficient increased in
the first brake stops, then markedly decrease@.@Fighs is afriction instabiléyd
seemns to bewell correlated to the damage of the secondary plateaus, obge/@€ in Fig
and to the variation of the contact area of the secondary pl&alf Re&garding
this Kim et al. observadsimilar phemenon ia material containing steel filtees
friction coefficiat@creased with increasing vel@8]tyuggesngthatit wastriggered by
the decrease in the contact area of the secondary plateaus. Ifootinecéssnet
materiaklthouglhe coverage factor is slightly higher at highereawtppaction of
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the secondary plateaus is significantlylfofaeta gooddegreeof canpaction of the
secondary plateaus should promdtetibal force, since the cohesive forces among the
particleforminghe secondary plateaus are strigigjér]

Other obseatons in agement wittiamage of the secondary plathsi$o
particular braking conditiompravided by the stiwyrma et dl77]and Cristdulthé et
al.[51][23]. he firsuthord77]observed an increase énviiear rate associatie to
reduced capability of forming stable secondary plateaus for disc temperatures in the range
170200 °CStarting frothesetemperatuselocally on the surfatehe friction material
the temperature cactivatehe degrdatiorprocessesf the bind¢t4] Thisreducedhe
capability of the substrate smrdebris on the surface, hence hindering the formation of
stable and risgansecondary platealibe study W§ristoBulthé et dbl]noticedieeper
lowlands and scarcer secondary plaieate surface of friction material with the
progressive degradation of the organic binder. Altfrmihettengonditionandthe
subscale dynamometer are differetitink that the contributibigbfpeak temperatures,
with the high mechanicassts,hinderedhe capability of formation of compacted
secondary plateaus for therletmaterial.

The wear rate of the friction maisrialserently related tor#tie of formation
and disruption of the friction [Hyehigher wear rate of treedf the lownet material is
ascribable to tipeesence of fibers and a generally larger amount of divesites
fibers in the lemet materials act in a twofold manner. First, treiyorgadhesion
towards the disontributing its weaSecond, steel fibers represent preferentitdrsites,
theformingf secondarplateauswhere the particles pile up and get compacted. In this
case, indeed, the fibers indirectly through the secondaryhpleteansyportant
protective actifP]99] Therelatively lower extension of the frictipapgpyex. 55% and
40% for the NAO and-toet respectivebre also in agreement with the higheof the
lowmet materials, as a higlwefacdractiomot covered by secondary plateaus is in direct
contact with the dist additiorfew and thick contact a@a@smore liable to disruption
[72] The observations Kiyn et al[98]are in agreement with this behdaige local
contact pressuaee more likely to caunstabilitin the secondary plateatisow velocity,
the wear rat@f the lownet and NAO materials are comgpdabigh elocity, the wear
rate increases slightly for the NAO and more importantlymert thatewal. The friction
layer at high velocity appears thicker and more compact for the NRi@.6tatdxial
Indeed, the higher wear mata positive effect on the NAO material as the friction layer
achieverapidly stable conditipratecting the bulk material. In fact, for the NAO material,
the wear rate displayed just a slight increase, approximately linear, witfFide velocity
6.2.9, compared to the wear rate of thedbmaterial, which significantly increases with
the velocity with an approximately quadratic re(&igfshipp

Regarding the sensitivity of the wear rate to pressure atitewedacitgtef
the lowmet materigthcreases with pressure at high velocity, whereas at low velocity, the
pressure displays a lower influence. On the other hand, for the NAO material, the effect
velocity on wear rate is lower compared tentle¢ hoateriaindpressure Isaa higher
influence than thelocity. As the severity of the wear rate increases with the velocity, both
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materials displayed a composition of the friction layer richer of pad corgsgta@nts (Fig.
For the tested braking conditions, the calculsiedB 1014 /N, typical values in the
range of mild wear condifibtis

For both materials, the mean concentration of emitted airborne particles can be described
a cubic relationstop the velocity, in agreement with trends reported in the literature
[67yvniemanFrom high to low velocity, the emission changesimatghpnaxorders

of magnitude. The pressume aslight and nemonotonous effect the particle
emissiondven et al. suggested that the intensity of braking action has two opposite impacts
on the emissions. Althokigin braking intensity can increase the instantaneous particle
concentration, this does not implgr legnissions as the high intensity also shortens the
brake duratiof®5] Thus, the influence of pressure is a combination of instantaneous
concentration rise and braking duration. The velocity increasesingftdtinatiora for

the higher braking energy, and the wear rate. These are the two main factors determining t
dominating influence of velocity on particle emissions.

In particular, for the-foet material, the emissions decreased with repeateghdrake sto
Park et a]60Jfound higher emissions in friction materials containing steel fibers compared
fibeffree materials, like NAO materials. The Authors highlighted the role of the surface
morphology in the emission behaviors: surfaces characterized by deep lowlands, display:
higher emissions than widespread and smooth surfaces, typical ofaNA®@ mater
widespread and veglinpacted friction layer represents an obstacle to the particles' mobility,
reducing the number of particles leaving the surface. On the other-teatdnéterialv

displayed higher emissions when the secondary platgdile aaeservoir of particles,

are not able to accommodate the high stresses induced by [6h velocity

The thirdbody conceptasintroduced in Section 3.4, and such phewgamena
explain the higher variability of emissions observed in the referencé.Bldckssg-ig.
compacted secondary plateaus mean a higher probability of loose particles, which are eas
emitted from the trlystem involving the-hogt materialhereas in the case of the NAO
materialthe widespread friction lageluced the releasetloé particle. The huge
differences in the surface characteristics also suggest different friction behaviors acting duri
the reference blocks. The low valugdiofi fcoefficient in Big.3are related to the
reference block that followedvhlighity brake blocks. Comparing.EZigéand Fig.
6.2.11the NAO mateshbwed eedution irthe compaction of the thickness of the friction
layer passing frangh to low velocity, whereas thedbwmaterial reacts to new conditions
increasing the compaction of the secondary dsawing Fig. &,2he restoring of
the friction coefficient, or recovery beteavibg assessed. The two matdisplaya
different naturegarding the recovery behaiming the reference blocks th@dow
material shows values both higher and lower than the values of bedding (blu line), where.
the NAO materlows frictn values generally lower compared to the bedding tonditions.
addition,he distance between the blue and black isaftergee severepwblocks
compared to the {met matedigFig. 6.3): suggesting that the NAO material réiséores
friction cdficient in a larger number of brakeestopared to the {met material.
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Finally, Fig6.2.19is proposed fa concise visualization of the observed
relationships between the system wear and friction coefficient, and the system wear an
emissions. Aeen in Fig.2.9 the NAO material displays a wear rate that is always lower
than, say, & iorake event, whereas tharletvmaterial displays a wear rate, as the depth
of wear, larger thae 4ibrake stop at sufficiently high pressure and speedh,Ake&kno
friction coefficient is generally proportional to the extension of the secondary plateaus ar
their Feontent, since both these effects influence the adhesive interactions between the pa
and the disc and relevant contribution to[8e8B6hWith incresing wear rate, the
extension of the friction layer decreases because of the increased rate of its disruption. As
consequence, the friction coefficient decreases, and this phenomenon is particularly evide
in lommet mater&lin the most severe caditof pressure and velocity, the disruption
rate of the friction layer is very intense, and therefore the \megr.aatettee friction
coefficient is loim addition, the emission of airborne particles is very intense in these
conditionssince le emission is generally proportional to the systeffhegear.
mechanisms explain why, observilg2Fl@.wear rate and friction coefficient and wear
rate and emissions show a good degree of correlation-feettheatewalhe fact that
for theNAO materjahese corrediors areweakis ascribable to the less variation of the
surface characteristics under different braking conditions. In addition,, fdreemissions
delamination observed in6&15and6.2.16may suggest a mechanism that favors the
detachment of coarse fragments at high vélecibehaviavas describad Section
6.1.2.3 norairborngarticles falttéthe ground, hence are not detected by the OPS.

To sum up, under mild sliding cosdisoNAO material performed better th
the lownet material both in terms ofrfriatémr and emissions: friction coeffieient
more stable and lower emissions and wear rate. &owewetlee irSection 6.4.1 is
important to considerlireke materials and the desired performbovemeismaterials
arepreferable in termdrimtional and weasponseander severe braking conditions.
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6.3 Relationship between specific wear rate and emission factoreof brak
materials

With the braking cycle developed in Se8tibtneReduced Cyclhe reference lomet
material, the NAO, wheseiltsvere presented as@nparison in Section &2other
eightmaterials were test8thespecific wear rat&, and emission factdes; were
obtained with Eq. 5.3 arias. explained in Section 5.3.2. sTinyevidencesn
interesting relationship between the specific vaedrtheemission fadReference is
made to the EuraegulatianThematerials respect the limit of 7 mg/km/vehicikewithin
limit imposed within 2034 by Ettowiver, only one-toet material respected the limit
of 3 mg/km/vehicle, suggestingutttaer efforts are required to improve the emission
behavior of lawet material8vhereashe NAOandthe coated disespect the limit of 3
mg/km/vehict®nfirming to be good strategies to redutablV6.3.1 shethe rass
(dM)and volume (dMss of the pad and disc materials, tAbHEl@ling distance ahe

sum of sproducts faested materials vitbReduced CyclEhe volume loss of the pad
was computdy multiplying the area of thedpgaythe thickness variation and the volume
loss of the discs dividing the mass loss by the disc density.

Table 6.3: MasgdM) and volume (tBgp of the pad and disc materials, PM10, sliding distance and
thesum o$Fproductfor tested materials wittRisguced Cycle

dMbap d\bap dMiisc dVbisc PM10 SLIDING B owgi

(mg) | (mnf) (mg) | (mn) (mg) (km) (1G°Nm)

LM 45040 | 27 580+10 | 7&2 6.6+1.2 16.@¢0.2 118.80.7

Lm2 51047 284 520+60 | 698 4.4+2.0 18.@¢0.6 134.34.2

LM3 | 445+55| 355+150| 860+30 | 1144 7.5%1.2 17.20.3 120.@2.2

LM4 | 650+£70| 54231 | 530450 | 83t6 8.2+0.2 12.8 85.30.1
LM5 | 830450 | 3939 | 590+100| 8713 | 9.45+0.28 12.4 82.21.0
LM6 | 840+280 39157 | 730+0.15 846 | 8.85x1.77 12.5% 82.214
NAO | 240+60| 12212 100+5 14 2.0 15.20.3 111.90.7
NAG

> 42343 | 20311 59+8 8+1 8.4+0.4 16.50.6 115.44.7
NAG

3 339457 | 197 3210 4+1 3.90.35 16.30.9 116.67.8
LMC 350 245 18 1 1.8+0.2 15.30.2 111.€1.0
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6.3.1

The specific wear rate for the disc and the pad were obtained for the pad and the disc usi

Specific wear rate

Eq.5.3.and are reportedTiable 6.3.2 afdg. 6.3.1 showing a relatively good correlation
(see Table 6.3.4)

Table 6.2 Specific wear rate of the disc and the pad for the tested materials

LM LM2 LM3 L4 LM5 LM6
Kapap
(164%/N) 2730.01| 2120.04| 358t1.6 | 6.36¢0.35| 4.8%0.42 | 4.830.D
Kapisc
(10478/N) 0.6/+0.01 | 0.3+0.08 | 9.2:0.05 | 1.02t0.08| 1.090.15 | 106t0.23
NAO NAG2 NAG3 LMC
Kapap
(1047P/N) 109:0.09 | 176+0.14| 1.64+0.09 2.2
Kapisc
(10477/N) 0.10.00 | 0.076.01| 0.0%0.02 0.08
~14
1920 . _
@® Low-met
1.4 A NAO
m HVOF
1.2
= 1 ; ® K2
=
E/().S
®
20.6 r
i< b
0.4
0.2
A
0 AI
0 2 1 6 8
Kapais(m?/N) x10~14

Fig.6.3.1Specific wear rate of the disc and the pad for the tested materials.
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6.3.2 Emission factors

The emission factors for the tested materials are reported in Fiaplé.8-3.8how

the KpiscEM KradEM and KasysentEM  relationshipReference is made to Euro 7
limitations (horizontal line) indicating the suggestedkvduezticad lines) of the pad to

respect the imposed limits. The low met materials already respect the limit of 3 mg/km/ve
imposed by Euramitation. The lomet material range between & enmglkm/vehthus

only the limitation before 2034 is respect.

For lownet materialhe emission fact@isow a good correlateth the
specific wear rate ofpad and the disthe graphs suggest #aks; KepadandKasysem
respectively &8, 3 and 40 n¥/N are value to consider to respect the IBnit of
mg/km/veh

Regarihg the relationship between the BfepagdradandKasysem Table 6.3.4 shows

the Pearsondés correlati on <netddmiei+cNA@nt s f
lowmet + NAO + EBA(HVOF disc).
Table 6.3: Emission factds the tested materials
LM LM2 LM3 LM4 LM5 LM6
EF 20210 | 1.5+1.2 | 30803 | 515045 | 5251.® | 4.81.5
(mg/km/veh.)
NAO NAG2 NAG3 LMC
EF
(mg/kmiveh.) 089 1.2+017 | 0.82+0.55 0.8

Table 6.3: P e a r s reelatidrs coefficient betwagkrag KepadEM , EM d6iscEM, and dysenr
EM

KabiscKapad , KapadEM KapiscEM KaSysem'EM
LM 0.9 0.77 0.85 0.80
LM+ NAO 0.86 0.85 0.88 0.87
LM+ NAO + HVOF 0.86 0.85 0.91 0.88
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6.3.3 Characterization of the worn surfaces

SEMobservations are depicted in Figl6i8.interesting to observe thaM#d M5,

LM6which are modifications dfffighe referenceret material) displayed significantly

higher wear of the pad and, especially, of the disc. Accordingly, their sfieiatioa factor

high values. From Fig2&lghese materials displayed a scarce presence of secondary
plateauddene, the steel fibers, or primary plateaus, represent most of the.cAstact area

can be observed from Figb &rél onsiderinthatthese materials have appinexsame

content of steel fibers, we can infer that the fibers attapladtiigiefoations

compared to the friction material with a higher percentage of secondary plateaus. Thus, the
higher emissions observed for these materials can be, at least in parthebigibable to
adhesion and abrasigaraction of the filtersard the disOn the other haffak, the

materials featuring lower emissions, the secondary plateaus were more effective in reducing
the wear, hence the emissions, acting as a tiigekeb®dgtion 3.4) third body of iron

oxide, mechanically mixed with padienggeprevents direct contact with the substrate

and has lower chemical and mechanical interactions.
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Fig.6.3: SEM observations of the worn susfabestested friction materials
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6.4 Development of a Modified AK-Master Braking Cycle for
frictional, wear and emission evaluations of brake materials

The modificat®applied to theAE J 252tsting procedur@so known #g<Master

were explained in Section 5A8s3.the original procedure is suited for friction
characterization only, the modifications were done to include wear and emission evaluatio
to have a more extensive characterization of brake Tiasestldy is a comparison

between theeference lemet material and the NAO material. Sectiefist@4dport
respectively the results on the friction coefficient, wear andreaggsement with the

study in Section 6.2, the NAO material showed a higher friction coefficient, lower emissio
andwear than the lomet material under mild conditions. However, as the braking conditions
shift to severe conditions, th® Misplayed higher wear higher and a more marked
decrease in the friction coefficient.

6.4.1 Friction coefficient

As epresentative sections for the friction characterizetinsiderédespeeepressure
sensitivitfFig.6.4.1)and theections for the higmperature characterization (Fig. 6.4.2).

From thespeegpressure sensitiviigctions (Fig. 6.4.)e NAO material displayed a
decrease of the friction coefficient with pressure and velocity, imveneasthéited

a decrease with pressure and velocity up to 120 km/h, from 120 to 200 km/h the frictio
increasedlhe NAO aterial has a higher friction coefficient tleamntieé material from

40 to 120 kmMmoweverfrom 120 km/h to 200 km/h the friction coefficient islbngher for

met materialhese results aregienerabhgreement with the frictional behavior dbserve

from the Reduced Cycle (Fig.:@i2 NAO displayed higher friction cosfficiatitthe

tested condit®iin Fig. 6.4.19r the velocity of 160 km/Higfer frictiorlevelof the low

met materials compared tdN#@ can be interpreted idenisg the unstable behavior
observedt high velocitlfig. 6.2)6and discussed in Section .618& lowmet material
displayedhigler valuesof friction coefficiehiring the first brake stopsng thdigh

velocity blockimcluding the blockd&@ km/Hlhis behavior was correlated with a marked
increase in the extension of the secondary plateaus, although, with a poor degree ¢
compaction (Fig. 6.2L6%.

Athigh temperaturf§g. 6.4.2})he friction behasia@f the two materials are
comparablier the sections IncreaSiragd £00. ItheFade 1 section, the NAO material
displayed a slight decrease in the friction coefficient, wheneas thatéoial featured a
more stable friction coefficient theid$ brake stops. Innttest severe conditions of the
Modified Fade 2 section, both materials displayed a significant decrease in the frictio
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coefficient. TMAO material exhibited a higher decrdasgidtiorcoefficient than the

lowmet matelfia

Friction coefficient
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Fig.6.4.1Friction coefficient of thblpeks section.

Fig.6.4.2Friction coefficient of the sections: Fade 1, Incre&8hgnd Modified Fade 2
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6.4.2 Wear rate

Fig. 6.4.3 shows the specific wear rate with Eq. 5.3 usimgatiBiments. it
interesting to notice that the NAO material has lower welamtman thaterigst for

the Section of tipblocks These braking conditions are comparable to those of the
Reduced Cyc(&ection 5.3.2), and are typiaaildfiding conditions, as explained in
Section 4.1 and Section 6.2.5. Thus, in agreement, with the results in Fig. 6.2.9, the NA
material displays a lower wear rate thanvttet foaterial. TKefor tlese conditions is

approx. 2.5 40n¥/N, and corresmbto B¢ nfbrake stop (Section 6.2.3.3). On the other
hand, for the sectitede Jand Modified fade 2 the wear rate of the NAO material is higher
than the wear rate of thenb@tvmateridForthe lowmetmaterial, the friction coefficient is
comparablguring thpwblocksandFade 1The braking conditionséadbections have a

mean disc temperature of 400 °C, 8 mfsatdliding velocity and 1 MPa of contact
pressureFor the NAO the wear rate increases slightly fritmaM% il €hepvblockgo

4 10 nE/N in thé~ade Isections. In sectiblod. Fade, 2he wear rates significantly
increase to valte values of 10 a#@d 164 n?/N for the lemet and NAO met materials
respectivelyThe wearateis high and itis approx. 10 times higher than under mild
conditionscorrespondingapprox15and90um/brake stop for the-togt and theAD

materials respectivdlze mean disentperature, the initial sliding vedodtgontact
pressurare respectively 500 °C, 22 m/s and 2 MPa. The wear rate is lowendor the low
material because the steel fibers better resisted the mechanical stresses at high
temperatures, whereas the dajebrs are very sensitive to thermal stsé$sasally, in

Mod. Fade the high wear rate observed isamedlatedith the decreasethefriction
coefficier{Fig6.4.2.

-@ Low-met
® NAO

K,(107%m?/N)

pv-blocks Fade 1 Mod. Fade 2
Section

Fig.6.4.3Specific wear rate of the sections: pvIblo@®esing + p-500 and Modified Fade 2.
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6.4.3 Emissions

Fig.6.4.4showshe time series total concentratiespectively of the-imunthe steady

state of bedding, and the 40, 80 angvbRitks.The evaluation of emissions was
obtained as a sum of the particle number in the section steady state (3 steps of bedding) a
thepwblocks at 40, 80 and 120 kiitithtire respective reference blocks. The velocities of

160 and 200 km/h were not accounted for to maintain broad comparability with the WLT
cycle, in which the maximum velocity is approx. 150 km/h. The partcleltamber

with Egp.6.Thecumultiveparticle number of teerence lemet materiegdapprox. 1.45

el3 and is not significantly higher than the respective value for the NAO material. At the e
of this bedding procedure, the difference between the refeetrmedNAO materials

is significantly less marked than what was observed in the be&didgcetitidycle

This difference can be explained both by the different braking conditions of the bedding a
that a part of the variation is also ascribable to a diffetieatspackediiction material.
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6.5 Brake performance under mild and severe sliding
conditions of conventional cast iron and cermet-coated
discs

As mentioned in Section 2.1, the deposition of hard coating on the disc surface is a goc
strategy to reduce brak@ssions he emissidactor for the brake cadipligh thaVvVG
FeAlCrcermetoatedlisc (Section 5.2i8)approx. 4 times lower than the brake couple

with conventional castimtins stud¢Section 6.3)

Alongwith environmental requiremaatsematerialdemanexcellent braking
performancéor this, in thBBectionwe focused dhe comparisa betweethe brake
performancef a conventional césin andermetoated disd’he friction materibM
andLMC (see Sectidn2.3 were tested respectively against the conventiooalarabt
cermetoated discThe brake performance was studiednviitternal Brembo testing
procedure, referred tqesfrictiorMaps Brake Cyde,map the friction coefficient as a
functiorof pressure, velocity and tempe(8eaiorb.3.3. The main contribution of this
cyclewithrespect to tHeeduced CyctndSAE J 2528 thatthebrakingparametsicover
a wider rang# conditions, especially in termspefaéuims. Asdone in thmethodology
of Section$.1.2.1 and 6.2.4, SEM characteszdtithe worn surfaaafsthe disc and,
especially, the friction mateaftds specific testererdone for the interpiietatof the
wear mechanisnia. addition, specific brake blocks were repeated to have an accurate
evaluation of the wear rate for the braking conditions of interest.

The correlation and variatidheofriction coefficient \wifFi conditionare
di scussed with the di s andRdiatv@andamn DaviationSp e ar
(RSD. The effect of presscagises anonotonic decrease in the friction coefiiednto
brake couples showed comparable frictional behavior b¥wf 306@ial brake
tenpaature The effect of temperature is gerterabyise an monotonic increase in the
friction coefficieantd depends on the temperatureHevedver, for both brake cauples
thefade effeavas found foighvT combinations, above 300 °C and 140Tkwefdde
effectvas correlated to the primary plateaus being progressively coveredldiyirecreasing
thick layer of iron oxide. Finally, a peculiar Hebaweioinstabilityasobserved for the
cermetoded disc above 300 °C hwdntermediateelocity. Thizas ascribed to the
di fferent behavior in forming -dxgdtveezesd
processes.
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6.5.1 Contact terperature

The initial brake temperature (T)sfaoige50 to 650 “Buring each brake stop, the disc
temperature increases with time up to a maximum value decreasing afterward. The
temperature riséTga) during the brake stops are sholig.®51 according to the
testingvelocity fothe castiron and the coated slisthe temperature rises are
approximately 80, 180 and 250 °C respectively at 90, 140 and 200 km/h of initial vehic
speed. In addition, the temperature rises are slightly lower for the coatedheisc than for
castiron disc

350

Bl Cast-iron disc
300 - Il Cermet-coated dise
250+ |
O 200
;:4‘ 150 - |
100
0 '.
200
)

Initial vehicle speed (km/h
Fig.6.5.1 The temperature riseng Bs mean and standard deviation at the tested vilecity for
castiron andoated 6¢.

e

[1

6.5.2 Friction coefficient

The recorded coefficient of friction changes during each brake. An example is shown in F
6.52. Fig6.52 showdhe evolution of the friction coefficient during three brake stops at the
different brake pressure, ob8d64 MPa, while the other two braking parameters, namely
200 °C of initial brake disc temperature and 90 km/h of initial vehicle speed, are kep
constant. Increasing the pressure from 2 MPa to 14 MPa shortens the brake duration &
approx3to10seconds.tAhe pressure of 14 MPa, the initinlappears more marked,

however, the signals reach lower values during the brake event. On the other hand, at tt
intermediate pressure of 2 and 6 MPithe coefficiegimdually increase.
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Fig.6.52: Evolution of the friction coefficient during the brake stops at the simulated brake pressure of Z
6, 14 MPa and 200 °C of initial disc temperature and 90 km/h of initial vehicle speed for the cast iron d
(left) and coated disc (right) brake couples.

The mean values of the friction coefficient are plottéch8¥4Figr. the two
tested brake couples. The friction coefficients are divided intoltoxstemmersiture
in the first roandHightemperatur@) the second raag explained 8ectiors.34. In the
graphs, the friction coefficient is a function of simulated brake pressure at the different vehi
speeds and the initial disc temperatures for both the brake couples under analysis.

The relationship between thegeséiiation coefficient and the brake pressure is
decreasing. The blue lines depict the brake stop of the initial disc temperature of 50 °C ar
300 °C respectively in the first and second rows, while the red line the temperatures of 2(
°C and 650 °C. Tlee$ines suggest that the general relationship with temperature is
increasing between 50 and 200 °C for both the brake couples.-Fon ttiecsabis
holds also for temperatures betwe&d@®0G for the velocity of 90 km/h. However, for the
velocit of 140 km/h, the influence of temperature on the average friction coefficient is slightl
decreasing, almost negligible, at high pressures. For the coated disc, at 90 and 140 km/h, t
friction coefficient shows a high variation of friction coditfileiesatrfation in the pressure
and temperature. For instance, at 4 MPa, the friction coefficient reaches high values abo
0.6 at the initial disc temperature of 650 °C, whereas for the higher brake pressure of 6 anc
MPa, the friction coefficiettdseasing with the temperature. For the initial vehicle velocity
of 140 km/h, the friction coefficient displays a decreasing trend with temperature and hig
fluctuations. For this range of parameters, the friction coefficient may not follow the genel
behavior, the monotonous decreasing trend with pressure, as the influence of contac
temperature has a significantly higher infuthebrake performance. For this reason,
this phenomenon will be referredrictiasal instability.

Finally, both therake couples showed a marked decrease in the friction
coefficient between -880 °C at 200 km/h. This behavior is generally referred to as the

fade effecRegarding the influence of velocity, the relationship of the friction coefficient with
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the vehielspeed is not defined univocally. This means that monotonous trends of the frictiol
coefficient between 90 and 200 kméneare

These considerations on the relationships of the friction coefficient with the input
parameters can be better definedhvdth tSp e ar ma mfp (8q.50) cedfttiei ci ent
relative standard deviatR8D(EQ.5.9 . The RSD and Spear mant¢
computed dividing the datahia two main groupsvtemperatur@ndHightemperature,
following the data visualization proposed 6rb Fg).. The distributi ol
coefficients are depicted respectively6iaFy. f or bot h the brake ¢
coefficient for pressuke; shows that almost. 70 % featured valuex.ato +1,
confirming that for both brake couples, the pressure is negatively correlated. As mentione
the effect of the velocity is not univocal, in factyatess are around 0. For theroast
disc, the correlation with temperature idlg@ositive, more than 50 % of values are +1.
Approx. 20 % of the sample displays valueslaemehchost of these are the points at
200km/h and 3660 °. The coated disc shows a significantly higher frequency of negatively
correlated points, aroun@s@s a consequence of the friction instability at 90 and 140
km/h and 3650 °C.

Regarding the analysis of the variati®gDdestributions (FB&56) confirm
that the pressure is the most influencing parameter for both brake R&iIpekieEhe
of 0.15 and 0.20 for the-icastdisc and coated disc respectivelRSDhwalues for
velocity are in the range of 0.1 and the distributionsragpeaiserdor the coated disc.
This agrees with the observed friction instabi2§Oakrdth and 3680 °C. ThRSD
values for temperature are around 0.5 for both the brake couple with the median slightly low
for the coated disc brake couple.

The dstribution d2SDandr. were used to assess the degree of variation of the friction
coefficient with respect to each input parameter. The values depend on the system and tl
design of the experiment. The highest variation is found for the ptésshighearfdri

the coated disc. The distributi@Sbfor velocity is much sparser from the coated discs,
featuring higher variation. The T vaR&ipnis slightly lower for the coated disc.

The analysis wiRSDandr coefficiemivas proposed to avoid the dependency on the
model s choice as the main object of tf
tribological behaviors and surface characteristics, rattemtustingf the frcition
behaviorsAlthough the relatiopshare complex and not linear, linear regragsion

reported iable 6.5.tb refer to the results with robust statistical dredydéta were

grouped infow andhighTemperatureespectively belondatove 300 °@h general,

the outputs of the linear regression are in good agreemenRSihatiedysis.

Observing Table 6.5.1, all the factors results significant at the 5 %, expect the T in the line
regression with of the groupstétigherature (T>300°C) évin brake coupl&8hereas,

for temperatures below 30¢h&ffect efcauses an increase in the friction coefficient.
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Table 6.5: Estimates, standard error of the coefficierdté8&)c$-dtat) ang-value of the linear
regressions for the cast iron disc and coadedtdisperature below and above 300 °C.

Ca%tlF(ir;(I)Dols;cCBC Estimate SE t-stat p-value
Intercept 0.39463 0.011588 34.056 5.02E66
p -0.0097931 0.00078284 -12.51 5.96E24
\ 0.00036819 6.58ED5 5.5996 1.25E07
T 0.00019079 3.90E05 4.8907 2.96ED6
Castiron BG3 Estimate SE t-stat p-value
T>300 °C
Intercept 0.50453 0.013346 37.805 2.87E70
p -0.00968 0.000707 -13.693 1.23E26
\ -7.34E06 5.14E05 -0.14257 0.88686
T -7.56E05 2.33ED5 -3.2502 0.001482
Coa.lt_idsoDO'SfCB& Estimate SE t-stat p-value
Intercept 0.36505 0.01503 24.288 9.77651
p -0.0131 0.001015 -12.911 3.17E25
v 0.000833 8.41H05 9.8992 1.20EL7
T 0.000253 4.94E05 5.1221 1.04E06
Ca_?gg)org%gé Estimate SE t-stat p-value
Intercept 0.58033 0.034715 16.717 3.98E33
p -0.01227 0.001798 -6.8272 3.78ELQ
\ 0.000256 0.00013 1.9701 0.051134
T -0.00023 6.18ED5 -3.7053 0.000321
Castiron
Disc BC Castiron BG Coated Disc Castiron BG
T<300 °C T>300 °C BGT<300 °C T>300 °C
R-squared 0.62 0.64 0.70 0.39

To sum up, the sensitivity of each braking parameter is different according to the brak
couple. Both materials display a clear decrease in the friction coefficient with brake pressu
for all the tested conditions. Bothradke coupledisplay an increasing trend with the
temperature between 50 to 200 °C. The cast iron disc maintains this trend up to 650 °C
initial brake temperature for the initial velocity of 90 and 140 km/h, not at 200 km/h. For bc
the materials at 200 kutinéfriction coefficient decreases to even lower values than those
observed at low initial disc temperatures. Finally, the frictional behavior is strongly depende
on braking temperatures, and the decrease in brake efficiecalfedfalesaeffect

Howeer, the analysis of the coated disc did not respect the monotonous decreasing trenc
with pressure at 90 and 140 km/h af8®00. This peculiar phenomenon was identified

as fiction instabilityhen the variation in the monotony on an input pheargegesign,

the correlation of the input parameters with the output parameter is not easily defined. Tt
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fade effeetndfriction instabiltyll be better interpreted with the characterization of the worn

surfaces in Secti&b4.
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6.5.3 Wear rate

Based on the observed frictional behavior, specific blocks of the applieegnerocedur
repeated with new samples after the bedding procedure in order to evaluate the wear ra
under different braking condilibesspecific wear rakaswere computedth Eq. 5.3.

In the brake blocks the velocity and pressure wewifexatle initial brake
temperature ranged betwee&2568C or 3668650 °C. The braking conditions of the blocks
are reported as follows:

- LowpvT. = p=2 MPa, 90 km/h, p=2 MPa25850

- Lowpv & HigHT: p=4 MPa,v=90 km/h, T=6300°C;

- HighpvT. p=10 Mpa&=200 km/h, T=338D °C.

The wear rates are slightly lower and higigiCftnan the=M respectively for the
conditions denoted laawpvT and Lowpv & Hight higherwhereas the wear rates
increase for both the friction materials passing from the braking congiipheef

pv & High andHighpvT At the conditiofiLow pvTheKa is typical of mild wear, in the
range of 2 2O#/N and it is slightly IofeeFM-C. For the conditiooswpv & High
higheandHighpvTthe wear rate is respectivély Z84m?/N and above 3016%/N. it

is 4 and 14 times higher than the mild wear of appfothud/Edysevere wear was
attained under these braking confliidns

Regarding the wear of the discs, thenadisc displayed mild wedhe range of A%

14 mg/N, for the conditionswpvT and Lowpv & Higli. Whereas for these braking
conditions, the wear rate of the coated disc is significantly lower, irltAénsfNer of
Interestingly, the wear rates of the two discs are comparable, under the conditions denoted
HighpvT, approx. 3 2On¥/N. Thisvear rate at these braking conditions is significantly
higher than at the other braking conditions: appimes6for the cast iron disc and 2
orders of magnitude for the coated disc.

Friction mateual Disc
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Fig.6.57: wear rate of tifiction materials (left) and the discs (right) for thiedvipeR(@=2 MPa,
v=90 km/h, T=880°C)lowpv & Highl (p=4 MPa,v=90 km/h, T=6500°C) anHighpvT p=10
Mpa, v=200 km/h, T=860 °C)
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6.5.4 Characterization of the worn surfaces

6.5.4.1 Fricton materials

A-posterioSEMEDXS analyses were done in order to understand the relationship between
the frictional and wear behaviors with the surface characteristic. Based on the observe
frictional behavior, the analyses were restricted to the following pvT contligons or both
brake couples:

A) LowpVvT. p=2 MPa, v=90 km/h, T=50°C;

B) Lowpv & Intermediat€& p=2 MPa, v=90 km/h, T=200°C;
C) Lowpv & HigHT: p=4 MPa, v=90 km/h, T= 650 °C;

D) Highpv & Intermediaf& p=10 MPa, v=200 km/h, T=300°C;
E) HighpvT. p=10MPav=200 km/h, T=650°C.

Figure$.58-10 show the backscattered electrons micrographs of the two friction materials
after the test of respectively the brake conditi@dhsard {B. In addition, the coverage

factors were computed by image analysis @tedhgirmethodol@yplaineth Sectia

6.1.2.1The coverage facteere obtained from 10 observations for each braking condition,
and are reported in T&2. Furthermore, Ta®ea3 and 6.2 report the compositional

analysis of the friction layers in specific braking conditions.

Fig.6.58 shows the observations of testing cohditipw§(A) and_owpv &
Intermediaf€ (B). The friction layer ofRlWEs characterized by primary anchdago
plateaus. In addition, the black areas in the micrographs are chunks of grialbhite. For the
the observations at 50 °C are typical of a surface after proper beddinggptbosdures
observed in Section 6.02 the other hand, the observation at 200 °C, is characterized by
a scarcer presence of secondary plateaus. On the surfabkCpftlibebrass fibers
appear less bright than steel fibers because of the transfer material on them. This surface
charaterized by a scarce presence of secondary,pdtteastsnegligibbmmpared to
theFMat both conditiomd&nce, not many differences can be appreciated between the test
at 50 and 200 °C both atgewaluesHowever, the coverage factor has a dampara
value, around 40 Bat the contact is attained maithesteel antbrasdibers. For the
FM the coverage decreases at the temperature 6b6280d\Eer presence of secondary
plateausFor théM-C, instead, the coverage factor does not change, because the surface
has a lower presence of secondary plateaus which is not affected by the temperature in tt
range of braking conditions as occursFbt Tihecomposition of the secondary plateaus
is nade determined by the mechanical mixing of wear debris from théh&iclisn and
materialsAs shown in Tall&3, the secondary plateaus oFlieare mainly made of
iron, approx. 88.%lronin the secondary plateaus originates from théetbahefdisc
material and the steel fibers in the friction material.
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On the other harfdr the FNL materialjnder these conditions, the typically
observed secondary plateaus, i.e. the extended regions of compacted iron oxide particle
supported by the steel fibers, are negligible. Iron particles are detected mainly on the bra
fibers and mixed with otherdiegts. For thEMC, the text will refer to secondary
plateaus as this friction layer compidseds fibers supporting compacted iron particles.

In theseregionsthe Fecontent ispprox. 28t.% This difference in the Fe content is
mainly ascribalite the low amount of iron in the disc material, which made approx. of 83
wt.% of WC and M&.% of F87] Thus, th€e contentn these regions of the friction
layerss mainly ascribable tonthar of theteel fibers. The content of W, appro%is

the secondary plateaus (T&BH, confirmshat the discontribution in the formation of

the secondary plateeuisw

Fig.6.59 shows the surfaces of the friction materials after the braking conditions
atLowpv & Hight (C). The surface of itMis characterized by a larger covemgth
%, and a higher presence of secondary plateaus compared to tomglitiofs and
B). On the other hand, the surface Fftés characterized by few but very flat large
patches, similar to the sarfabserved by Crifuolthé et aJ]51] The coverage factor
(Tables.52) for these conditions is 30 %. In addition, the ED6S(ablgs54) on
this friction layer revealddrgeamount of W, above 55 %, meaning digaificant
transfer from the disc occusesdgV contained in the disc material only. Comparing the W
concentratidrom EDXS analysis after the conditians pv & HighahdHigh pv,Tin
which the W contenapprox. 5 % the transfer of the disc material into the friction layer of
friction materials is more than 10 times higher.

Regarding the observations 6.6t afteHighpv & Intermediai€D) and
HighpvT(E) the surface display drastically different characteristics from tomditions at
pVvT(A and B, Fig.58). First, secondary plateaus are very compacted glaze layers covering
a significant portion of the surface. For these braking conditiomagjetfi@ctgeare
generallyn theb5 %range(Table6.52). For thé&M-C, only steel fibers are observable,
whereas brass fibers are covered by glaze layensoXide particles covaore easily
covethebrass fibers compared to steel fibers floigtineri ductiland surface energy

Severalcracks are present on the glazes of both friction materials. At this
condition, a few graphite particles are still observable, however, almost the whole surface
theFMis covered by glaze layers, featuring a coverage factor of 85 %. The surface of the
FM-C features lower coveragee.,55 % than iHighpv & Intermedigfecondition. As
shown ithe BED and SED observation B\%1g, the surface of EMCfeatures large
regions with loose particles depositedhenglaze layers. The high magnification
observation of the loose powder shows that the powder has a particle sizZelower than 1
These regions could have determined an underestimation of the coverage factor for the:
conditions. The compositiondysimaf this regiongisenin Table.54 and can be
compared to the composition of the glaze layers. W comtedti ihr@@ times higher
than in the glaze region, suggesting thathfmaking condit®@ variation in the wear
mechanism of the coaticgred
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The increase in the intensity of-daslotative processes with the contact
temperature contributed to the formatixterafedjlaze structuregesulting ia high
coverage factor. From th&X¥Rnalysis, the nature of the oxide cannot be precisely
identified. However, for the tested conditions ®53atkle iron content in secondary
plateaus is 654t.%and the Fe/O ratio is 3+0.2 displaying relatively low variation. On the
other hand, fBMC, theFecontentin the region where iron particles deposit on the brass
fibershas a high variation at theetifferaking conditions: thedreenis 23, 3and 50
wt.% respectively foowpvT Highpv & Intermediafeand HighpvT The Fe content
increases with the contact temperatures accommahighieoywear rate of the friction
material and tribridatie processes of the steel fibers contributiegformatiofi large
and compacted glazes

Braking .
he LowpvT Lowpv & Intermediaf®é
condiiondmat | (; p=2 MPa, v=00 km/h, T=50°(  (p=2 MPa, v=00 km/h, T=200°
FM
Fv-C
Fig.6.58: Backscattered electrons micrographs of the frictiorFinttefijiiy-C (right) at the

braking conditiond.ofwpvT(A;p=2 MPa, v=90 km/h, T=58r@)owpv & IntermediaiiegBp=2
MPav=90 km/h, T=200°C).
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Braking .
e Lowpv & Highr
condiiongmat (C; p=4 MPa, v=90 km/h, T= 650 °C)
FM
FMC

Fig.6.59 Backscattered electrons micrographs of the frictiorFinktefilis4-C (right) at the
braking conditiond ofvpv& Higt (C; p=40bar, v=90 km/h, T= 650 °C).
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Brake Highpv & Intermediaf€ HighpvT
condition
s/ (D; p=10 MPa, v=200 km/h, T=300 (E; p=10 MPa, v=200 km/h, T=650
materid/

FM

FMC

Fig.6.510:Backscattered electrons micrographs of the frictiorFiuttefijiy+-C (right) at the
braking conditiondHaghpv & IntermedigkgD, p=10 MP&200 km/h, T=300 °C) and4pliGHE;
p=10 MPaT =650 °C3200 km/h).

104



Brake

condition HighpvT
s/ (C; p=10MPa, v=200 km/h, T=650°C)
materid/

FMC

¢ WOLeOmA  St-PCA

Fig.6.511:Backscattered (left) and secondary (right) electrons microgkiysadfeththe
testing conditietighpvT (Ep=10 MPa, v=200 km/h, T=650°C).

Table6.52: Coverage factor for the friction material sliding agaiAsvthéisasind coated disc
after specific braking conditions.

Brake C) Low | D) High E
conditiors/ A)Low | B) Lowpv & z)v & p3 & Int Hig)h
materid/ pvT Intermetiader HighT T ovT
FM 40 % 30 % 45 % 70 % 85 %
FMC 40 % 40 % 35% 70 % 55 %
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Table6.53: Elemental composition of the friction Fykafter specific braking conditions as
obtained from EDXS (in weight%). The carbon content was not included in the analysis.

Friction Braking

material | conditions/ | Fe (o] Zn Sn Al | Mg | Cr Si S
Element
1.2 1.1
A) Low pvT 67.3| 235 21 1.6 1.4 1.3 0.57

57.0| 180| 64 | 34 | 35| 4.0 1.6 19| 28
FM D) High pvT|

714| 210| 21| 26 | 06 | 05 0.5 0.7 | 02
E) High pvT|

Table6.54: Elemental composition of the friction FyECafter specific braking conditions as
obtained from EDXS (in weight%). The carbon content was not included in the analysis.

Friction Braking
material | conditions/ | Fe W O [Cu|2Zn|Sn| Al [Mg]|Ca]|Cr
Element

A)LowpvT| 229| 51 | 247| 53| 41| 72| 149| 68| 23| 25

C) Low pv
High T

D) High pv
&Int. T
EMC glaze 343| 49 | 237| 50| 28| 42| 103| 68| 22| 2.9
region
E) High pvT]|
i glaze 49.7| 95| 278| 19| 15| 49| 08 | 15| 06| 14
region
E) High pvT|
i poorly
compacted
region

18.2| 55.7| 164| 06| 09| 15| 20 | 64| 05| 0.8

26.8| 305| 212 21| 18| 40| 50 | 32| 11| 2.7
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6.5.4.2 Discs

To complete the picture emerging from the investigation conducted on the friction materie
and relevant wear produlets SEM observations of the disc surfaces were acquired. They
are depicted kig6.51213.The observations were acquired with an SEM_aftgnfhie

(A) andHighpvT (E). The observations aftewpvT show a moderate presence of
scratches and material transfer for both disc Bagateding the surfaces HfigpvT

conditions signifiant material transfer can be observed for both, wanérialsd by the
elemental composition in Tabless6Thé friction latyers on the two discs are significantly
differentThe casron disc presentsnge cracksand its friction layare large and

uniformly extended on the suiffhese patches are typical of a mild adhevise mechanism
and subsequent filling with wear product of both the disc and especially th®pad material.
the friction layertiogé coatedisg a dark and bright region can be distingTifehderk

regios are small spots watiigh content padingredients, compared to the bright region,

in which the W content is 70 wt.%.

Materid/
brake
conditiors

Castiron disc Coated disc

LowpvT

(A p2MPa,
v=90 km/h,
T=50 °C)

Fig. 6.5.1Dbservatioyy BED micrograpbisthe surfaces of the-trast and coated disc after the

Beddingesting conditions
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Table 6.5: Elemental composition ofaleiron disdterHighpvTconditionas obtained from
EDXS (in weight%). The carbon content was not included in the analysis.

Fe o Zn | Si Sn | Mg | Al S 0] Ca | Mn

560] 173|180 |48 [ 34 |32 |28 |19 |13 |09 | 0.3

Table 6.5: Elemental composition of¢heetoated disafteHighpvTconditionas obtained from
EDXS (in weight%). The carbon content was not included in the analysis.

Fe @) W Cr Al Zn | Cu| Sn | Mg S Ca | Na
Bright
region 76 | 124| 69.56| 5.7 | 0.9 15| 15| 03| 00| 00| 04
Da_rk 29.1| 19.7| 216 | 23| 61| 27| 49| 94| 26| 07| 09| 0.0
region

HighpvT
(C; p=10MPa, v=200 km/h, T=650°C)

FM

Fig.6.513 BED bservatiorat different magnitsidéthe surfaces of the-gast and coated disc
after braking tests conducted at the testing cortdigbpeTpf
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