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Abstract

Numerical and experimental studies waralertaken usingjghtweight brake rotors to
reduce vehicle weight antherebyimprove fuel eficiency and vehicle emissions.
Abaqus finite element and Matlab software were used to construct one dimensional
(1D), two dimensional (2D) and three dimensional (3D) thermal models to investigate
the general thermal performance of disc brakes to devel@iichmethod of reduced
scale testing. Five small scale solid brake rotors were investigated experimentally: grey
cast iron, wrought aluminium allq$082), the same 6082 all@yith an alumina surface

layer applied by plasma electrolytic oxidation (PEQjast aluminium MMC
(AMC640XA) and the same MMC with a PEO alumina surface layer. The disc and pad
temperatures, brake pressure, coefficient of friction and brake torque were monitored
during the tests for eachaterial. Surface morphologynicrostructure ad micro
hardness of the coatings and substrasrewevaluated before and after ttests.
Numerical simulations confirmed the equivalence between the full and small scale disc
thermal performance using the proposed scaling methodology and also @goioe

agreement with the experimental results.

The coated082 alloyrotor wasshownto give good thermal and friction performance
up to relatively high rubbing surface temperaturearotind500°C. This rotor failed at

a surface temperature of about $5@lue to brittle fraaire of the wrought aluminium
substrate.The proposed scaling methodologyas shown to be valid method of
investigatinga rotor design concept the laboratoryatlow cost andeducedoperating

time. The PEO coating on aluminium alleyas denser and more uniform compared to
the PEO coating on aluminiumMC. In addition, the PEO coating improved the
hardness and thermal resistance of both the aluminium alloy and alunii@ A
sensitivity analysis based on the Taguchi approach wagdaut on the PEO coated
aluminium alloy rotor to investigate the effect of various parameters on thermal
performance. Optimisation of the structure was carried out using a genetic algorithm to
design coated aluminium alloy distisat arepotentialy technically viable on small

medium passenger cars.

Keywords: lightweight rotor, finite element model, plasma electrolytic oxidation,

optimisation, material characterisation, brake dynamometer and scaling methodology.
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CHAPTER 1:
INTRODUCTION

1.1 Research overview and background

The foundation brake isne of the most importasfetysystems in a vehicle as it plays

a major part irretarding its motiorby converting the kinetic energy of the vehicle to

heat energy that is dissipated through the disc brake and pads. To find an optimum
design, the developemt process for disc brakes involves a number of steps and many
aspects of the braking system need to be considered to ensure that it meets both legal

and customer criteria.

Most of theroad vehiclesuse grey cast iron or steel for manufacturing the diakeb

rotor becausef good friction, thermal properties and high melting powit ferrous
materials The main disadvantage of the conventiaragt iron or stealisc isits weight

which has an impact on fuel consumption and vehicle emissions. The awmmoti
industry is under huge pressure to reduce vehicle emissions by an average lof 10%
2015 according to the European Federation for Transport and Envirofithend this

is encouraging automotive industry researsiio find a way to reduce vehicle weight

by usng lightweight materials. In order to meet legal limits, reduce fuel consumption
and improve vehicle performance, efforts are needed to reduce the unspring mass of the
vehicle and one effective way to do this is by replacing the heavy cast iron disz with

lightweight alternative.

Many automotive brakengineerdave introduced thermal modelling aseahniqueof
evaluatingsystem performance early in the development process dbdeeasinghe
level of complexity and time consumini@pr experimentation[2]. A selection of
techniqueshave beerusedin the modelling of brake systems, eamtidressingsome
balance between accuracy and run t[i3le Overall for wide-rangeof a braking event

specification a thermal modeheedto take intoaccount for the effects of varying
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friction coefficients at the padisc interface, vehicle geometry and inertia along with
convective, conductivand radiative hat flows[4]. In orderto account for all of these
effects, studies in the literatugeenerallycombine and investigate variousrange of
engineeringsoftware to create complex, resouteavy simulation§s, 6]. EI-Sharkawy

[4] explainedthat themain advantage of ondimensional modelling lies ispeedily
highlightingissuesearly in the design process, after which more complex models can be

usedto examine the problem areas in greater detail.

The caventional design process using full scale dynamometer testing is expensive and
time consuming because to achieve the desired goal there are complicated experimental
procedures which need to be carried out. One key aspect of these procedures is to assess
the maximum temperature reached by the brake discs and pads during critical braking
events since these temperatures not only affect the friction performance of the system
but also ultimately its structural integrity. Thermal modelling using theoretical
consderations and finite element software is another method which can be used in the
design process to save time and cost to investigate the thermal performance of disc
brakes under different loading conditidi2s 3, 7, 8].

Different methods and approaches haveerbeused to predict the temperature
distribution in a disc brake. Newconm®, 10] was one of the earliest researchers to use
the Laplace transformation to solve the -@iiensional governing equation in order to
predict the temperature in the disc bralkéore recently many researcherbBave
investigated the thermal analysis of disc brakes using different methods such as lumped
parameteranalysis, one dimensional analytical methotvo or three dimensional
numericalmodels with different assumptioa®d comparig the numericapredictions

with the correspondingexperimental resultfl0-15]. Different studies in the literature
utilise sophisticated finite elemerdoftwae such as Abaqus to create complex
computationally intensiveimulationg16-19].

Many researchers hawasoinvestigated the possibility of using lightwetgtisc brake
rotors instead of the conventional grey cast iron or steel disc brakd #p1at 19-22].

Most research considers the use of aluminium alloy and metal or ceramic matrix
composites as the material for the brake rotor. The reason for considering aluminium

based materials is that they have teewhousy encouraging properties. These include
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relatively high specific heat capacity, low depsand high thermal conductivityhich

make them favourable candidates for many engineering applications. On the other hand,
aluminium alloys have disadvantages, namelw maximum operating temperatures

and low wear resistance, which can limit their application. To overcome this problem,
surface modification ofthe alloy, using processes like thermal sprayi2g and
anodizing [24] can be appliedThere area few reports in the literature of using
aluminium oxide coating on the rubbing surface of aluminium alloy brakes to provide a
thermal barrier to protect the disc brake matdfid] 20]. One type of aluminium oxide
coating is plasma electrolytic oxidation (PEO) which provides a good thermal barrier
because of its low thermal conductivit®5] and good wear resistan¢26, 27]. This

coating proceshas beermeveloped by a UK Company, Keronite International |28

and showed good thermal and tribological properfliée ceramic coating prepared by

the PEO process has several advantages such as significantly enhancing the wear and
corrosion resistance of lightweigaiuminium alloyq 20, 27, 29, 30].

PEQ which is sometimes referred to as miptasma oxidation, plasma electrolytic
anode treatmendr spark/discharge anodic coatifigl], is an electrochemical surface
treatment process that generates an oxidéingp@mn metal[32]. PEO coatings are
formed by the oxidation of metal substrate in an aqueous electrolyte through a series of
localized electrical disclnge eventg25, 31, 32]. The oxidation procedskes plae by
passing a controlled electrical current throwglpath of electrolyte solutioand then
plasma discharge is formed around the desired comp{B®r#4]. The specified series

of discharges allows oxide growth to form films on aluminium with a thickness of up to
100 um[35]. The main advantageof the formed PEO coating ayeod wear resistance,

good corrosion resistance and good thermal conducfgy31, 33, 35]. Furthermore,

the interfacihadhesion between the substrate and coating is excellent because substrate

conversion is involved rather than simple deposition.

Although thermal modelling is useful at the design stage, the brake system ultimately
needs to go through a series of vehmlaeal road tests before it can be released as a
commercial product. The main problem with vehicle testing is that it is time consuming,
very expensive and subject to different road conditions and driving skgbsratory
based bake dynamometer tesgnis the preferred way of assuring the friction and
thermal performance ad disc brakewvhich saves both time and cost. In addition, the
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brake dynamometer is an excellent research platform as the test conditions and braking
parameters can be carefully cailied. There are two major types of dynamometer: the
inertial dynamometer and the CHASE dynamometer. The inertial dynamometer is used
to evaluate full sized brakes but this is a very time consuming and expensive process. In
contrast, the CHASE dynamometeses a small amount of friction material rubbing
against a drum and it requires shorter testing time than the inertial dynamBtter

A small scale test rig is another waypotentially reduce the cost and time of disc brake
design[37]. A reduced scale testing system has been used in the past for different
applications, such as screening for friction stability using the FAST machine, and
monitoring drum lining material using the CHASE machi88& 39]. These methods do

not necessarilyprovide realistic values of the coeffieint of friction because of the
difficulty of replicating the real thermal operating conditionsaoflisc brake[36].
However, a reduced scale brake dynamometer, such as devejofadders et a[37]

based o constant energy density scaling, has the advantage that it can potentially

reproduce operating conditiotigatare similar to those of a real braking system.

The main advantage of reduced scale testing is that it is more cost effective and involves
lower material overheads than full scale testing which increases the potential for rapid
backto-back testind40]. Furthermore, reduced scale testing can improve the accuracy
and reproducibility bresults by reducing spurious effects such as caliper and bracket
deflectionalong withpressure fluctuatiofi37]. The simplification of the braking setup

is an advantage but this can lead to a reduction in the relevance of the results when
compared to the full scale brake. Moreowere of the areas that needs to be considered
carefully is convective cooling as the cooling rateshafreduced scale and full size
configurations are not equivalent because of the different physical geonj8ifjes
Therefore, scaling is a complex process and careful tuning afctled parameters is

needed in order to obtain comparable regdits.

A pin-on-disc type rig has been utilised as an experimental setup in the litgrture
44] to investigate friction materials. This uses a single pad pushed against one side of a
rotating disc. Other studies use two brake pads attached 180 degrees from each other,
again pressed against one side of a rotating[@8i&&l0]. However, none of the previous

small sale studies has tried to implement a caliper, thereby allowingpdlds to be
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applied to both sides of the disc simultaneously which repredentreal world

configuration of an automotive brake.

The main use of reduced scale brake dynamometers in indissteyproducea set of
data describing the variation of the friction coefficient between friction materials and
rubbing surface as a function of contact pressure, sliding velocity and temperature.
This data is typically then utilised in the compeagted engineering and design process
[37] in order tovalidates the modelafterwardused to predict performance. Other
industrial research applications include heat dissipation and thermal anfdB;s#5)

and wear testing43]. The range of applicationsf small scale brake dynamometers
differs morecommonlyin the research community. The ability to accurately represent a
full scalebrakesetup is potentially desirablind considerable effort has gone into the

validation of test results obtained from uedd scale dynamometd®¥, 46, 47].

Although the émperature distribution and the maximum working temperature of the
conventional cast iron disc have been extensively studied, the themarakcterisation

of lightweight disc brakes requires furthewestigation. To enable the automotive
industry to widely usea lightweight disc brake in order to produce more economical and
environmentally friendly vehicles, more research is needed to investigate its thermal

behaviour.

Many researchersaveinvestigate the thermal performance of lightweight disc brake
rotors using different methodgb, 7, 12, 16-18, 20] but only a few of them have
investigate their thermal performance based on an optimisation analysis appfi®hch
Taguchi defined the design of experiment asnieango evaluate all possible methods
of process or design to reach the desired objective, both efficiently and rehably.
Taguchi analysis has been usedGrieve et.a[19] to find the effects of various disc
brake paameters on thermal performance. This result have thenussehto optimise
the design of lightweight disc brake rofd9] to reducets weight and improve thermal
performance. In any optimisation problem, optimisatiomolves adjusting the input
design variablesnnotated with &elected output response to locate the best possible
combination48]. It is too difficult to carry out numerical tests for evegmbination of

design variablesounder these circumstances matadeling is used. This necessitates
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carrying out simulation analgs at certain sample points timne design space and fitting

a predictable response surface which is then utilised in the optimisation ap8jsis

In the present study, the assumptions underlying the scaling pareesstlinedbefore
deriving the equations required to give equivalent thermal pedioce between the
small and full scale brake. An existing full scale brake dynamometer is then described,
followed by the derivation of the design parameters of the equivalent small scale
system.Small scale solid brakeotors, machinedrom blocks of casiron, wrought
aluminium alloy and a 40% SiC reinforced aluminium metal matrix composite (Al
MMC), are used in the experimental analysis. Several of the wrought alloy and Al
MMC rotors were then subjected to a PE@atingprocess. The PEO coatings for both
aluminium alloy and aluminium metal matrix composite were carried out by the
Keronite Company. Both coated and uncoated rotors were subjected to a demanding
series of brake applications using both small scale and full size brake dynamometers
during whichthe maximum temperature on the surface of each rotor was measured with

a rubbing thermocouple and high speed thermal camera.

Alongside these experimental studies, numerical simulations were also conducted to
predict the sulsurface temperature distributi® within the rotors. The thermal
modelling of the disc brake rotor using different modelling approaches was investigated
and validatd with the experimental results obtained. Material characterisations of the
coated disc brake rotors before and after lineking tests were conducted using

different techniques to evaluate the coating durability and performance.

A Taguchi analysis was carried out for the small scale disc brake rotor to investigate the
effect of various factors on the maximum surface tempezatA sensitivity analysis
based on the Taguchi approach was conducted to investigate the effect of various
parameters on the thermal performance of a typical disc brake. A genetic algorithm
optimisation was subsequently performed for the selected caltedhium disc brake

rotor to find the optimum thickness of the coating and the substra
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1.2

Research aim and objectives

1.2.1 Aim

The overall aim of this research is to investigate the possibility of replatimey

conventional cast iron disc with a lightweigliternativeeffectivelywith short time and

low cost

1.2.2 Objectives

The above aim is realised through delivery of the following objectives:

1.3

To developand validatea one dimensional thermal model with published and
experimental results to help in understagdand designing small scale disc
brake dynamometers.

To carry out a parametric study using the 1D numerical model to find the effect
of various parameters on disc brake thermal performance.

To design, develop and commission a small scale brake dynanmotoete
complete aepresentativéest matrix which assesses the thermal performance of
lightweight disc brake rotsragainst the conventional grey cast iron

To develop numerical mode(2D and 3D) for the disc brake rotoising a finite
element approach, kdated against experimental results.

To characterise the surfacethe brake rotobefore and aftetypical braking

cycles.

To simulate the effect of various disc brake parameters on thernf@atmpance

andsooptimise the design of coated lightweigligc brake rotors.

. To develop a representative finite element tharmodel of the optimum design

andundertake guantitative analysis of the performance.

Structure of remainder of thesis

Chapter 2 provides a brief description of brake system fundamengald thermal

modelling in general. It also gives a review of literature relevant to the present study

which covers thermal modelling, lightweight materials for disc brake rotors, coating

techniques, disc brake thermal performance and characterisati@iesfats.
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Chapter 3 describes the material characterisation methods used in the current study to
analyse the coated lightweight materials before and after braking testhapéer
includes descriptions of all the equipment used to evaluate the discshbitzdteate and

coating.

Chapter 4 introduces one dimensional thermal modelling of disc brake rotors using
different approacheslt includes the derivation of the one dimensional numerical
equation used to evaluate the temperature across the thicknesdidcthFurthermore,
coating modelling techniques are introduced in impteralong with aparametric

study of disc brake rotors.

Chapter 5 presents the scaling methodology approaches used in the current research.
The design of the small scale test isgexplained in detail with the description of the
conventional brake dynamometer. In ti@bapter all of the experimental equipment

used for the braking tests is explained.

Chapter 6 presents the two and three dimensional finite element models for the
transient heat transfer analysis of the small and full scale disc brake rotors using Abaqus
software. The detailed boundary conditions and steps are explained. In addition,
sensitivity analysis for each model was carried out to choose the optimum megh size.
comparison between the two models (2D and 3D) is explained and presented.

Chapter 7 describes theepresentativéest matrix which is based @ppropriateSAE
standards. Also, the general setup for the experiment, the equipment calibration and the
commesioning procedure are explained for the small and full size test rigs. The
experimental results for the various disc brake rotors are presented in digigithe

developed test matrix.

Chapter 8 presents the material characterisation of the varioushda® rotors used in
the braking tests before and after the tests. It provides an overview of the surface texture
and the durability of coating. In addition réportsthe overall characteristics of the disc

brake rotors after braking.

Chapter 9 describe the Taguchianalysis used to find the optimum coating and

substrate thicknestor lightweight coateddisc brake rotors. A design of experiment
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based on the Taguchi study is explained and used to find the best distribution of the

design points.

Chapter 10 presents the main conclusions which can be drawn from the oresalis

of the research and also provides recommendations for future work.



CHAPTER 2:
LITERATURE REVIEW

2.1 Overview

The introduction of lightweight disc brakéss the potential thave anmpact on tle
automotive industry. The main advantage of using, for instane®MC (aluminium

metal matrix composite) instead of conventional cast iron, is that it reduces the weight
of the vehicle. This will also reduce fuel consumption and emissions. IChhiser, a
number of different areas are investigated and studied in ordgvedhe background
necessary t@chieve the aim of the research. These areas are as follisesbrake
thermal analysis, design of experiment, optimisation analysis, coating teglasol
scaling methodologies and disc brake materials. An overview of the literature review is
shown inFigure2.1.

A review is given of the methods used by researchers to investigate the thermal
performance ofa lightweight disc brake rotor witln appropriatecoating. Different
techniques and approaches were assessed and reviewed in order to help in the
development of the future generation of lightweight disc brake rotors. Experimental
approaches to validate theimerical modelling were investigated to find the best
approach to assess the disc brake thermal performance. Fmalynmary of the

findings from the literaturearepresented and explained.
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Figure 2.1: Literature review overview

2.2 Disc brake system overview

The first disc brakeassemblywas invented in 1902 by an English engineer named
Frederick William Lanchester and used in Lanchester cars. Lanchester patented his
inventionand described his patent as a metal #€¢50]. This metal disc consisted of

a rigid leaf of metal, attached to the back of eableel of the vehicle, which was then

pressed upon by a pair of claws in order to slow down the vehicle. In the period
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between 1894 and 1896 an American inventor called Elmer Ambrose Sperry invented
an electromagnetic disc. This system consists of a madirake (disc) which is placed
in contact with another disc to apply a braking torddewever the first reliable disc

brakes were developed in 1953 by the Dunlop Company.

There are many key criteria that should be met when either specifying or designing
brakeassemblymaterials. These are as follovgmod strength, @d corrosion strength,

low noise, low weight, good thermal conductivity, long durability, low wear rate, steady
friction and a reasonable cost ratio. Currentiythin commercidly available brake

components there are more than 2000 types of material [d®<0)].

The main purpose of a brake system is to slow or stepwheels of a vehicle by
engagement of friction at the rotstator interface. The brakes convert the kinetic
energy of the vehicle, via rotation of the wheel, into heat energy which is dissipated in
the brake. Numerous devices in modern vehicles hapeowed braking capability. In

order to understand the brake system, and before looking at the individual components
and construction of such a system, it is essential to understand its overall design and
operation. The main components of any brake systamaa follows:Brake pedal
assembly, master cylinder, brake booster, brake lines, wheel brake assemblies and
emergency or parking brake (degure2.2 [51]):

The basic brake system operation is as followkenan actuatiorforce is applied to

the brake pedathis causes the lever action to push a rod into the brakstdsoand

master cylinder which produces hydraulic pressure. The hydraulic pressure is
transmitted through the brake lines into the brake assemblies which use the pressure to
generate friction for braking. There are two common types of brake syElism:
brakes in which uniform pads are compressed against a circular disc which is attached
to the wheeland drum brakes in which rounded contact surfaces are pressed by force
outwards against the internal diameter of a drumfFsgere2.3. In this research, drum

brakes will not be considered or discusgel].
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Figure 2.3: Schematic diagram of both disc and drum brake$51].
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The disc brake system is used in this research because of the many advantages that it
has over the drum brake systemost notablyits ability to generate atable braking

torque. Most disc brake rotomre made of cast iron, but with the development of
government legislation, the automotive industry has tried to reduce the weight of the
brake system by finding an alternative material fotors which can tolerate severe
service conditions, for example, high load, velocity, temperature and envirofgtient

The main components of a disc brake are as follows:

1 Calliper: The calliper structure is eventually part afhydraulic clamp that
provides the means through the pads and brake pistons are locates relative to the
disc. It has sufficient strength and rigidity to react all the applied loads including
the inplane friction force, generate at the repad interfacethat in reacted
through the pad backplatealliper abutment.

1 Brake padsThese comprise steel backplate anfdiction material that is pusd
against the disc due to the action of the piston, master cylinder and calliper
cylinder.

1 Rotor (disc):A metaldisc, usually made of cast iron, that is used to stop or slow
down the vehicle by means of friction. Thator is attached to the wheel hub

usually throughatsid mer soamdermdntit op

2.3 Thermal analysis of rotors

During braking the kinetic energy tie vehicle is transfmedinto thermal energgue

to frictional sliding. This energy transfer causes the disc and brake pad temperatures to
rise due to the friction between the contact interfaces. Many studies have been
conductedn the field of thermal malysis; these studies fall into two categories, either
numerical analysis or experimental analysis. In this section the area of thermal analysis
for disc brakes will be discussed and investigated in detail. A considerable amount of
research work has beaonductedin the area of disc brakes which deals with the
thermal behaviour by developing different models that predict the temperature
distribution through the brake system. These investigations provide a very
comprehensive understanding of the disc btakemal behaviour which helps in brake

system design and material selection for the disc brake.
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2.3.1 Simple onedimensional analysis

Newcomb[9] studiedthe transient thermal analysef a disc brake. The model was
develogd to predict the transient temperature at the friction surface of the disc brake,
during constant deceleration braking. Experimental results were compared with the
numerical results obtained from the 1D model. The experimental results were measured
using a commercial infraed radiation pyrometer. It was found that the calculated
temperature was higher than the exmpemtal temperature by about 15%, possibly
attributableto the fact that the model did not take into account the cooling losses. In
addition, Newcomb [10] investigated the thermal analysis of the disc to find the
transient temperatures during braking at uniform deceleration. It was assumed that all
thefrictional heat flows into the disc. In this study both cooled and wied discs were
considered and the numerical results obtained from the analysis were compared with the
experimental results at the friction surface during a single brake application. In addition,
a comparison was made betwestisc and drum brake for rejiteve braking at regular
intervals under similar conditions. The results show a good agreemenbmiytii5%
difference of the surface temperature; this modelling could be improved in order to
simulate real braking events and also to predict the exagietamure. Also the effects

of radiation may be included which will have an effect on the surface tempe@ture

1Q].

Temperature distributions in the rubbing path and the mounting flaingedisc brake

were calculated by Abbas et fL1]. The calculated results were based on two cases of
braking: the first case was a single brake apptinaftransient temperature distribution)

and the second case was a repeated brake application (steady state condition). The
numerical equations were derived and the results were compared withrexqtefine

numericalresults showed a very good agreemeitih the experimental resulfg1].

Rowson[52] derived the equations for the surface temperatures of the friction material
and the dsc brake in order to show how they are interrelated. The surface temperature
rises were calculated for the bulk surface and for the real contact area by making some
assumption regarding the heat generated during brakKimg.calculated results were
compard with the observed results for both the bulk surface temperature and the

temperature at the real contact area. Rowson found that the calculated gagelis
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good agreement with the observed results. However the model could be improved in
order to predicthe surface temperature for different braking events. Rowson assumed
thatall the heat goes into the dibat in reality the heat is transferred to both the disc

and the pad with a ratio that depends on the material properties of both the disc and pad
[52.

The paths and amounts of heat flow have lskgtarmined experimentally by Yano and
Murata [53]. Repeated braking was applied in this study until a egesiration
condition (stable condition) was reached. The authors were interegtexiflow of heat
under such conditions. They considered the following routes for heat traHsfat:
conduction through the pad and rotor flange, heat convection to the air from the friction
area on both sides the dis¢ heat convection from thep ha section of the rotoand
finally heat convection from the ventilatgoarts. In this experiment a medium sized
truck was used and the analysis was performethforear wheel brakes. It was found
that 70% of the heat was transferred to the air fromdtwoe rubbing surface while 10%
was transferred from the ventiat section. Finally, the authors suggested some
modification to the fins and ventilation section air flow and the addition of a baffle plate

which would improve brake cooling by 20%3].

Sakamotd54] investigated the heat coaestion from a disc brake usimgpththeoretical

and experimental approaeh Using the basic equation of heat convection with the
measured flow volume and brake test data, the cooling efficiency of a ventilated disc
was investigated. It was found that ttaoling efficiency and the maximum temperature
could be estimated from the cooling ra®a The disc design parameters, namely the
heat convection area, heat transfer coefficient, disc mass, and specific heat, were used to
derive the coolingoefficient The maximum temperature calculated from the derived
equation was in very good agreement with the experimental temperature. It was
concluded that when designing brake discs the heat convection area is more important

than the number or thickness of the fib4].

In order to understand the convection through the brake rotor fins, Mcphee and Johnson
[14] examined the validity of various numerical and experimental approaches. In the
experimental approach two different aspects were studleslfirst was the assessment

of heat transfer andhé second was the assessment of fluid motion. In this experiment it
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was assumed that both conduction and radiation are negligible. Three different
rotational speeds for the rotor were used: 342, 684 and df@5which give fin
convection heat transfer cdiefents of 27, 52.7 and 78.3WfK ™ respectivelyIt was

found that the analytical results werery similarto the experiment results. This study
gives a better understanding of the convection heat transfer coefficient and the potential
for future develpments to improve the overall performance by assessing theséatali
heat transfef14].

Jun et al[13] investigated the maximum temperature of disc brakes and brake fluid
during the Alpine testThe Alpine test is carried out in this research to detect the
temperature change in brake parts during a high mountain descehigise®.4). As a

result of continuous or repetitive braking, the brake systenerees a rapid
temperature change, which can lead to symptoms such as fade, thermal judder and
thermal lock. In the study by Jun et fL3], a numerical method for predicting the
temperature change is proposed by using frictional heat division andiroaasional

heat transfer analysis. The Alpine test results were validated by comparison with
reported experimental data and they showed very good agreement. The equation used to
find the division ratio of the heat flux is not suitable for repetitive or continuousigrak
because of the following factor€ooling by convectie heat transfer and thermal
contact resistance between the pad and the disc. This iSumhgt al[13] present the

heat flux correction factor which is an arbitrary calculated value. This study investigated
the temperature change in various brake parts using -@iom@msional model, thus
avoiding use of a more detailed model (thdemensional model) which would have

been time consuming. The results show a very good agreement with experimental data.
However dfferent braking events and materials need to be evaluated in order to fully
validate the moddi3].
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Figure 2.4: Calculated temperature rise of the brake components during the
Alpine test[13].

An investigation into the thermal baviour of both disc and pad was carried out by
Talati and Jalalifaf15]. The governing transient heat equations were derived in terms
of time and space. In their study many parameters were taken into account, such as
vehicle velocity, duration of bking, geometry and dimensions of brake components,
materials of both disc and pad and contact pressure distribution. It was found that in
order to avoid a rise in temperature for different brake components and to avoid
decreasing the friction coefficientetween disc and pads, the heat generated should
ideally be dissipated to the environment. In Talati and Jalaif&}, the surface
temperature was investigated for both disc and pad brakes. The model developed is
capable of predicting the temperatinghe radial direction for two different conditions,
namely uniform pressure and uniform wear. It was found that the predicted
temperatures have a very good agreement with the literature results, especially when
assuming uniform wear. The results obtaifredn the model should be validated with
experimental results different from the literature results in order to test the model,
especially for the temperature distribution within the pads. Also, taking different
braking eventsinto accountwill give a beter understanding of the temperature
distribution during braking15].
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2.3.2 Finite element analysis

Day et al.[55] investigated the pressure distribution at the brake rubbing interface. The
pressure distribution effects cabe divided into bulk temperature effects and
macroscopic thermal effects. The bulk temperature effects consist of thermal expansion,
temperature and wear effects, while the macroscopic thermal effects relate to rotor
surface damage and banding. Finite edatrmethods were used in this research using a
two-dimensional axisymmetric model. It was found that the interface pressure
distribution has an effect on the friction interface temperature in brakes. Also the
authors noticed that thermal problems occurmwhpplying high amounts of frictional

heat generation quickly to a cold friction pair. Finaltyyas noted thathere is much

work still to be done in the area of interface contact, pressure distribution, frictional heat

dissipation and generation ofdtional heaf55].

Thermaemechanical finite element model was developed by Brooks ef5€]. to
investigate the brake judder. The interaction between the frictaterial and the rotor

was studied as a function of time including the change in contact between the rubbing
surfaces. In the finite element model, the rotating heat source was consideredswhich
applying heat flux on the rotor surface node that undémné#se pad and permit
conduction of heat across the interface. Based on the fully coupled finite element model,
the localised thermelastic instability at the interface of a disc brake friction pair has

been successfully simulated.

Grieve et al[19] investigated ways of reducing vehicle weight by using aluminium
metal matrix composite brake discs instead of cast iron. However, aluminium metal
matrix composites have a much lower maximum operating texiyse compared to

cast iron. A three dimensional finite element model was developed in this study for the
existing design for both cast iron and an aluminium metal matrix composite in order to
find the peak disc temperature during two different brakes.tédte finite element
models were developed using thbayussoftware package. Taguchi analysis was used

to analyse all the critical design and material factors for an aluminium metal matrix
composite. From the results, material combinations and suitabigng for a prototype

front brake disc were defined that can be applied to small or medium passenger

vehicles. It was found that using both finite element models and a Taguchi analysis
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provide an excellent approach to finding an optimusMMC brake discAccording to

the Taguchi analysis it was found that the main factors in designing an optimum Al
MMC brake disc are: cooling rate to the disc surface, conductivity of disc material and
cheek thickness. It was concludeyiGrieve et al[19] that AFMMC brake discs can be
used with appropriate modifications to the disc material and design.

Voller et al. [45] investigated disc brake cooling characteristics experimentally and
numerically. As calledspin rig was developed to obtain experimental results to compare
with the numerical results obtained from the three dimenkionte element (FE) and
computational fluid dynamics (CFD) models. In Voller et pl5 , conduction,
convection andadiation heat transfer modesgre allanalysed. The effects of brake
cooling parameters on disc brake temperature were investigated using the FE model. It
was found that there is a slight change in the emissivity diinegrake application.

The spin g was a very useful piece of equipment for investigating all modes of heat
dissipation. Howeveit was concluded thdtirther investigation and improvement to the

existing rig is needed to improve the brake disc heating system.

In order to study the therrhand mechanical interactions between the disc brake and
pad during braking, a finite element analysis method was used by Eltoukhy%f al.
The temperature on the rubbing surface betweediiteand the pads was predicted. In
addition the thermelastic behaviour of the disc material properties was examined by
comparing various types of brake disc material, namely grey cast irgidg Al-MMC

and SiC AFMMC (ceramic brakes)t was found thathe results attained from thiaite
elementmodel were similar to the experimental results reported by Cueva [&7al.

59.

Amin et al.[12] investigated the temperature distribution in disc brakes by using the
method of ordeof-magnitude analysis which was originally proposed by Ludwig
Prandtl. The temperature distribution equations were developed for the disc brake
radialy, axially and circumferentially with respect to time in three dimensions. The
temperature equations were analysed using the method ofavohegnitude analysis

in order to find the relative importance of the three directions in calculating the
temperatre variation. The results obtained frahis approach were compared with the

results obtained previously from the literature and found to have a very good agreement.
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Thermal stress, thermal cracking and warping in disc bredalsl allbe included in the
proposed approach. As a result, the order of magnitude analysis can be used to predict

the essential directions of heat flow in a disc bifdiz.

The brake system is one of the main asskatial parts in any vehicle, and so, in order

to improve brake system design, there are many safety and legal requirements to be met.
Zaid et al.[8] investigated a ventilated disc brake rotor of a normal, fully loaded
passenger vehicle. In order to predict the heat, temperature distribution and behaviour of
the disc brake rotortransientfinite element analysis approaches were usacerall

Zaid et al.[8] give a better understanding disc brakes and of their thermal behaviour

which could improve and optimise the design of effective disc brake rotors.

Zhu et al.[59] investigated the change in the temperature field for brake shoes under
emergency braking conditions for a hoist. A three dimensional theoretical model was
developed according to the law of energy distributind sansformation, the theory of

heat conduction and operation conditionaomi ni ng hoi st 6s emer g
addition, by using the integrtdlansform method, an analytic solution for the
temperature field was developed. The authors validated thdtsrasbtained by the
proposed method with numerical simulation and experimental research. It was found
that the simulation resultdisplayeda good agreement with the experimental results
which indicates that the integratbnsform method is suitable fanlging the theoretical

model of three dimensional transient temperature fiééls

Hwang and Wu[60] investigated thermal stress and temperature behaviour in a
ventilated disc brake throughout siagbraking. Using a muHlbody technique and a
thermoemechanical coupling boundary condition, a thd@aensional model was built
which represented the ventilated gdidc assembly. The braking test was carried out for
constant deceleration until the diselacity reached zero from a certain value. In order

to validate the results the authors carried out an experimental investigation. It was found
that, because of the thermal expansion, caused by the temperature fraldsient
variation of contact preseai distribution occurs. Simulation results were seen to be in

very good agreement with the experimental re$6ids
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Alsaif et al.[17] used a plasma electrolytic oxidation (PEO) technique to obtain a hard
aluminium oxide coating on a lightweight aluminium alloy brakemoA full-size PEO
treated aluminium metal matrix composite (70% AA6061, 30% SiC) vented brake rotor
was investigated theoretically and experimentally. A simpledimensional theoretical
approach and a detailed finite element analysis were used inoldeestigate the heat

flow from the friction interface into the rotor. A conventional grey cast iron rotor, an
uncoated aluminium MMC rotor and a PE®@ated MMC rotor were investigated using
backto-back fulkscale dynamometer tests. The three rot@d the same ventilated
design. From the results it was noticed that the surface temperature of the PEO coated
rotor rose more rapidly than either the uncoated MMC or the cast iron rotor, but it was
found that the coated rotor was able to withstand a sutimperature of over 58D
without any loss of performance or surface deteriorafite. study by Alsaif et a[17],
suggests that lightweight alloy brake ratr could be more widely used in road vehicles

as it was found that the PEO treatment gives a thermal resistant layer. Further
investigatiors are required to optimise the pad composition to improve the friction
performance. Also it is necessary to show lthverterm durability and corrosion/wear
resistance of the PEO treated rotor surface before a production prototype can be
designed17].

2.3.3 Experimental analysis

Lightweight material is the main target for the automotive industry in order to reduce
the total weight of the vehicle, which will reduce fuel consumption. Recesgieral

pieces of research have bemnductedn the field of lightweight disc brakes and the
thermal performance of the materials. Different materials and coating techniques have
been investigated by different researchers. Dahm ¢2@l.used an environmentally
friendly technique for appigg an aluminium oxide (ADs) coating to lightweight disc

brake rotors by using the plasma electrolytic oxidation (PEO) technique. The authors
indicate that the PEO method is cheaper than using a thermal spray method. Two small
scale aluminium alloy (AA682 and AA7075T6) rotors were PEO treated. Small scale
dynamometer tests were performed on the small scale samples and compared with a
standard cast iron rotor using standard non asbestos organic pads. It was found that the
coefficient of friction (COF) fothe AA6082 PEO treated rotor was G333 and for

AA7075 was 0.25, compared to 0.50 for a standard grey cast iron rotor when sliding



Chapter 21 iterature Review 23

against a standard n@sbestos organic friction material. The results show that the COF
values for the PEO treated roteere similar to the COF obtained for thermally sprayed
Al,Os. Also they show that all three surface engineered rotors have a very stable COF.
According to these results the PEO technique is more appropriate for aluminium alloy
disc brake rotors than thieermally sprayed AD; coating[20].

Qu et al.[2]] investigated the possibility of using an oxygen diffused titanium rotor
instead of the conventional ¢ason rotor. Titanium alloy has several advantages over
the cast iron material which are as follow&od strength, corrosion resistance, lighter
than cast iron, also the titanium alloy friction and wear behaviour can be improved.
Experiments have been m® in order to compare the oxygen diffused titanium rotor
with different materials using a si#gale brake tester against a flat block of commercial
brake lining. The treated titanium showed very good results compared with the
untreated titanium, titaniurbased metal matrix composite and a thermal spray coated
Ti alloy. The results showed that the treated titanium has a very good friction coefficient
level with excellent fade resistance. Also the treated titanium had the best braking
performance of all thalifferent specimens. Finally the lining material used in this
investigation was @t designed for titanium rototherefore the titanium rotors may not
display theirbest performance. Qu et a[21] investigated ifferent titanium alloys
without comparing the results with the conventional cast iron in order to have a better
understanding and comparison. Small scale discs were used in this research without

taking into account the effects of scaling

2.4 Scaling methodobgies

Testing is needed in order to evaluate the functionality of any brake system and to
characterise different friction materials or designs. Brake dynamometers are widely
used in the automotive industry to investigate and evaluate l&gstem design dn
componentsand reduced scale dynamometers are employed in order to save time and
money. Full scale brake dynamometastingis costly and time consuming. Using a
reduced scale brake dynamometer is another way of testing the brake system which has
many avantages over the full scale dynamometer, which are shnat lower cosand

the production of more accurate results through the elimination of the full scale
hardware effects. Attention to detail is required when carrying out the scaling process as
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there are many parameters which may need to be tuned in order to generate accurate

results.

A reduced scale dynamometer was developed by Sanderg33#] ah order to find the
frictional characteristics of lining material. It was assumed that the energy input per unit
contact area isanstant for both the full scale and reduced scale dynamometer. The
scaling relation was chosen first in order to begin the scale dynamometer design. In
order to obtain constant energy dissipation a scaling parameter by pad area was chosen.
Some parametersyhich were assumed to be similar for both full scale and a reduced
scale, aresliding velocity, pad pressure ameimperature. The friction coefficient was
measured as a function of these parameters. The use of thermal mass scaling is very
important in atining equality for the temperature rise of the full scale and the reduced
scale dynamometer. A comparison between the full and reduced scale dynamometers
was made which showed a very good agreement in the results. It was found that the
reduced scale dynameter has the potential to become an important lining screening
and design todi37].

Kermc et al[40] investigated brake friction material in order to determine brake system
performance by using a reduced scale testiaghine. The main goal in their research

was to measure the friction coefficient as a function of pad pressure, sliding velocity
and temperature, under the same conditions as real systems. This required that previous
parameters were kept constant in thmliag in order to produce a oi@one
comparison. A reduced scale testing machine was designed and developed to replicate
the same operating conditions as in a real braking event. The results generated from the
reduced scale test machine were comparé the results obtained from a standard test
machine and showed a very good agreerp#ijt Furthermore, Kermc et dl6] used a
reduced scale testing machine that was designed and developed to investigate a ceramic
based brake material. The new reduced scale test machine was capable of operating with
different conditions. The operating parameters, such as pressure, speed, teenprcat
energy density, were equivalent to those in real braking events. Different material
combinations investigated wege carbon ceramic composite against a metal matrix
composite and conventional grey cast iron against a metal matrix composite. The
reduced scale test resulshowed goodagreement with the full scale testing machine

results obtained previously.
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Neis et al. [61] investigated the difference between temperatureeasured by
thermocouple and binfra-red thermography in order to define a relation between the
two. In this research a reduced scale dynamometer was inseldl lvad the advantages

of low cost and a shorter running time. The thermocouple was positioned 1mm inside
the disc from the surface and a thermographic camera was used to find the gradient
temperature on the contact surfateio different naterals were ged for the friction
material (pad) while the discrdlke was made from conventional grey cast.irbine
experiments were evaluated for different conditions of velocity and torque. The results
showed that in the region of localized heating, with the heastes recorded by the
thermocouple, there was a good agreement between the thermographic images on the
disc and the curves of temperature for the thermocouples. The ercmiof locabed

heating areaas identified by the thermographic images proved ttere was irregular
contact between the friction pair. From this study it should be noted that it is important
to take special care when finding the final temperature of braking using thermocouples
because of the presence of losadi heating areas onetldisc surface which may affect

the resul{61].

Various studies have been @nthken in the area of scaling methodologies. It was found
that most of them use the same scaling process with some type of modification to suit
their need. In the current research the process used by Sandel8dtwill be used

with some modification to suit the existing tesd.rBanders et al37] suggesthat a
scaling factor of approximately 10 is suitable for cars and 15 for trucks. On the other
hand, Kermc et al[46] suggest that the scaling factor is dependent on the design

simplicity, cost and practical concerns.

2.5 Investigation of disc brake rotor material

In designing and developing any brake system, the material selection plays a very
important role as it defines the limits and performance of the brake system. The main
parts in the kake system are the disc and patieseparts are directly responsible for

reducing the vehicle speed or stopping the vehicle. Many properties and parameters
should be considered when choosing the pad and disc material. In this section the

material selectioprocess and an overview are presented in brief.
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Three types of cast iron used in disc brake rotors (grey iron grade 25@ahigin grey

iron and titanium alloyed grey iron) were studied for wear resistance, and the results
obtained were compared withcampact graphite iron (CGIl) by Cueva et [&8]. A
pin-on-discweartesting machine was used to carry out the wear tests. The discs were
exposed to three different pressures, 0.7, 2 anda4MPe wear was assessed by
measuring the weight of the disc before and after each test. It was found that, at any of
the applied pressures, the CGIl had a greater mass loss compared to the three cast iron
discs. In addition, they found that with a lowepkgd pressure and the same friction

force the CGI had the same performance as the cast iror S8cs

A review of material modelling of different brake components was carried out by
Barton [62]. In the review different aspects of brake system material were discussed. In
the process of choosing a material for pad and disc, there are many isssé®tid be
considered, namellyigh maximum operating temperaturesistance to the mechanical
force, low thermal conductivity to minirse@ heat conduction, wear resistance, low cost,
and ease of production. Most automotive industries still use grey cast iron for disc
brakes.However trials have taken place with lightweigmaterials, such as metal
matrix composite (MMC) or ceramic matrix composite (CMC), in order to reduce the
total weight of the vehicle. No existingad frictionmaterial satisfies all the criteria and
thermal properties, so this is why researchers ussrglex composite which contains
different particles, fibres, fillers and binders in order to meet the requirements.
However, the process ofriction material formulation is time consuming because it
depends on trial and er rloarh Fuchermonm somg r e
research has been conducted in order to understand and predict the thermal and
mechanical properties of a composBeme workwas reportedvith regard to a coated

MMC disc which showed potential for use as a lightweight disdhefftture. ltwas
concluded thamicromechanicalmodelling material for a brake system is too difficult
because of the complex ntinear thermemechanical interface which occurs at the
rubbing interfacg¢62].

Maleque and Rahmdi®3] developed a method for material selection in order to select
the optimumlightweight material for disc brake application instead of the conventional
cast iron disc. A digital logic method and cost per unit propesye used for the

selection of the materials. Different materials were analysed and evaluated, among them
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cast iron, titanium alloy, aluminium alloy, ceramic and composites. During the material
selection stages the key parameters used were compressive stnexagthesistance,
friction coefficient, specific gravity, thermal conductivity and cost. As a result of this
study it was found that the most suitable material for the brake disc system was the

aluminium metal matrix composifé3].

2.6 Aluminium alloys
2.6.1 General background

Aluminium alloys are commonly used for components which require low weight
materials with high strength. Different industries use aluminium alloys as alternatives
for reducing weight with competitive codi4]. Aluminium, as an element, forms about

8% oftheear t hés <crust a f[65e66]. Itovasyfigstediscovenedlas a i | i
metal by Sir Humphrey Davy (1778329). It has been used widely in the industry, after
steel, because of its lightnemsd good mechanical properti€@ver the last 120 years,

the production of aluminium has increasramatically, as shown iRigure 2.5. The

main limitation of aluminium alloys is their tribological behaviour which limits their

more widespread use.
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Figure 2.5: History of aluminium production in main countries and regions since
1950[67].
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2.6.2 Aluminium alloys classifications and properties

Based on the type of manufacturing process, aluminium alloys are classified into two
main groups, which are wrought and cast aluminiurayall The International Alloy
Designation System (IADS), developed by the Aluminium Association in the USA,
identifies aluminium alloys by a four digit number. There are eight aluminium alloy
series that identify the type of aluminium, as showfrigure 2.6. The main alloying
elements and properties of each series are showmable 2.1 for the wrought

aluminium alloys.

The best known characteristic of aluminium isld® mass densityaluminium metal

has an atomic weight of 26.98 andlensityof 2.7 g/cnt. This makes aluminium one

third themassof most other commonly used metals except titanium and magnesium. In
addition, the thermal conductivity of pure aluminium is 244nK for the temperature
range 0100°C, this is because of its lodensity Moreover, aluminium has a higher
resistance to corrosion because of the thin film of oxide which is always present due to

oxygen in the atmosphefég].

Maijor alloying Atoms Work Precipitation
element in solution hardening hardening
1XXX None (min. 99.00% Al) X
IXKXX Mn X X Non-heat
AXKK Si X X treatable
WROUGHT  5XXX Mg X X alloys
ALLOYS™)

EN AW- 2XXX Cu X (X) X .
BXXX Mg+ Si X (X) X Heat
7XXX  Zn X (X) X treatable
8XXX  Other X (X) X alloys
1XXX0  None (min. 99.00% Al) *} letters preceding the alloy numbers

CASTING 2XXX0  Cu have the following meaning
ALLOYS*) AXXXD  Si EN = European Standard

EN AB- 5XXX0 Mg A = Aluminium

EN AC- TXXX0  Zn B i Ingot
axxXXo  Sn C = CastAlloy

EN AM- M = Master Alloy
OXXX0  Master Alloys W = Wrought Alloy

Sources: according to EN 573; prEN 17580

Figure 2.6: Aluminium alloy designation system[68].
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Table 2.1: Wrought aluminium alloy series features[64].

Alloy series General features

- Nonheat treatable

XXX - Low mechanical strength and high ductility
- Excellent corrosion resistance

- High electrical conductivity

- Heat treatable
2XXX - Very high mechanical strength
- Low corrosion resistance

- Nonheat treatable
3XXX - Moderate mechanical strength and high ductility
- Excellent corrosion resistance

AXXX - Non heat treatable
- Used in architectural applications

- Nonheat treatable

5XXX - Can be strengthened by cold work

- Effectiveness of cold work hardening irased when
magnesium content increased

- Heat treatable

BXXX - High mechanical strength and good formability

- Good corrosion resistance

- Heat treatable

- Poor corrosion resistance

- Cast properties are poor

TXXX - Good machinability

- Highest mechanical strength whieeat treated

- Good weldability and formability

- Good dimensional stability

- Heat treatable

8XXX - High modulus of elasticity

- Good weldability and high specific stiffness

The coefficient of thermal expansion of alloys depends on the nature of their
composition the presence of silicon and copper reduce the expansion while magnesium
increases it. The melting point of pure aluminium at atmospheric pressur€® 6@
addition of alloying elements reduces the melting temperature to arout@ f8@@ome
alloys[69].
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2.6.3 Aluminium alloys applications

There are many advamggas to using aluminium alloys in industry, due to their varied
and attractive properties, such as low density (2.7 g/cm3), ductility and tensile strength
of around 90 MPat X°C. These showthat aluminium has a high resistance to failure.

As explained edier, since aluminium naturally has a thin oxide film on its surface, it
has a good resistance to atmospheric corrosion. One of the important properties of
aluminium is its high thermal and electrical conductivity which leads to its wide use in
the buildng and construction industrieBigure 2.7 show the main applications of
aluminium alloy. It shows that the main industry using aluminium alloys is

transportation because of its properties, antquaarly becausef its lightweight.

Various industries are looking for alternatives to conventional materials especially in
relation to the strong demand to tackle economic, safety and environmental issues. This
implies a strong requirement to replace conventional stedlcast iron materials with
lightweight alternatives. However, the properties of aluminium alloys cannot meet the
demands of the automotive industry due to their low hardness value, low melting points
and wear resistance. Therefore, surface treatmentgegremportant in enhancing the
surface of the aluminium alloy to withstand the rigours of various applications.
Different coating technologies have been developed and improved to overcome these
difficulties. The next section gives an overview of the nrale of surface engineering

in improving the aluminium alloy substrate.

B OTHER

B ELECTRICAL SUPPLIES
PACKAGING

H BUILDING AND CONSTRUCTION

B TRANSPORT

Figure 2.7: World consumption of aluminium by application [69].
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2.6.4 Surface engineering on aluminium alloys and aluminium metal matrix

composite

The term surface engineering is defined by the ASM handaogk t he At r eat m
surface and neaurface regions of a material to allow the surface to perform functions
that are distinct from those funcf[fd.ons ¢
Many studies in the field of surface engineering have been carried out in order to
enhance amaer i al 6s resi stance to corrosion a
engineering industry in the UK grew from £10 billion in 1995 to £21.3 billion in 2005

[71].

There are two main advantages to using surface engineering treatmentsriioiueth

all oys. Firstly, it can improve the trib
against the surrounding environment, which has an impact on service life and
maintenance costs. Secondly, it makes available the option of selecting a cheaper
substrate material for various applications with surface treatmé#its

There are various surface treatment techniques which can be used to improve the
surface of the aminium alloy. Each surface treatment (coating technique) has

advantages and disadvantageslescribed in section 2.8

2.7  Aluminium metal matrix composite
2.7.1 General background

Metal matrix composite (MMC) has been used commercially in the automotive industry
for at least the past 20 yedi®8]. MMC is a composite with at least two components,
one being a metal. It is made by dispersing a reinforcing material into a metal matrix.
The reinforcing material has the advantage of improving the mechanical behaviour of
the metal. As mentioned earlier, the automotive industry has used aluminium metal
matrix composite (AMMMC), which usuallyconsists of aluminium reinforced with SiC
particles, in many applications. Researchers have begun in the past 20 years to
investigate the possibility of usingMMC materials in braking systems.
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2.7.2 Aluminium metal matri x composite classifications and properties

The aluminium metal matrix composite classification and features depend on the
aluminium alloy and the reinforced matrix used in the composition. The characteristics
of the reinforced patrticles influence the madbal and thermabehaviour of the MMC
material. The American National Standards Institute @IN standardised the
aluminiummetal matrix composite by the followiri@4]:

A/B/CDI E

Where

A: Indicate the matrix alloy (four digit number)

B: Indicate thecompositionof the reinforced material (for example SiC)

C: Indicates the volume percentage of the reinforced material

D: Indicates the form of the rimforced material (p: particulate, w: whisker and f: fibre).
E: Indicates the temper designation of the matrix alloy.

In the current research, the aluminium metal matrix composite uséd6%/SiC/40p
T6. This indicates that the aluminium grade used innl&ix is 6061, the reinforced
matrix is silicon carbon patrticles, the volume percentage of the silicon carbon particles

is 40% and the temper designationk@ aluminium is T6.
2.7.3 Aluminium metal matrix composite applications

There are many advantages t&ing aluminium metal matrix composites in industry,
due to their varied and attractive properties, such as low density, dudiidjtyspecific
strength, excellent thermal conductivagdgoodtensile strengthFigure 2.8 shows the
main applications of aluminium metal matrix composite.shows that the main
industriesusing aluminium metal matrix composite atensportation aerospace and
electronicbecause of its properties, and particularly because @wvitslensity MMCs
are usedn the field of automotiveengineeringfor example inbrake drurs, pistons and

cylinder blocls because of improved corrosion resistance and wear resi$tdn@e).
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Figure 2.8: Global MMC outlook by application/segment 20042013 KG 1,000S
[77].

2.7.4 Surface engneering of aluminium metal matrix composite

Although the silicon carbon particles improve the properties of the aluminium alloy
surface engineering such as ceramic coatingften required to protect the surface of
the AFMMC. For examplaluringan overunsbraking test specifically the high surface
temperature might soften the aluminium allojeaving the hard reinforced particles
exposed on the surfac€oating the surface of the reinforced aluminiisma very

important technique whictanto improve he maximum operating temperatrés)].

Alumina coated and uncoated aluminium metal matrix compsdke rotorswere
investigated by Rossj@9]. The results showed that the coateedMMC rotor showed
better wear resistance than the plain disc without any significant difference in the
performanceThese results indicatedhbenefit ofproper surface treatment in order to
improve thethermal and weaperformance of the plain AMMC. There are various
surface treatment techniques which can be used to improve the fudpeeiesof the

Al-MMC. Each surface treatment has adtages and disadvantagesdiscussed below

2.8 Coating technologies

In recent years, coating processes have been attracting much industrial attention

especially from the automotive industry. In the future, different materials and coating
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techniques will beinvestigated in order to achieve the standasdt by government

legislationand automotive industry expectations.

Pl asma electrolytic oxidation (PEO), al s
( MDO) , 6Anodic Spark Deposationd (MBAD),
environmentally friendly technique that is used to treat nonferrous alloys to create a
hard aluminium oxide (AD3) coating. The main concept of this new technology is that

it uses a low concentration alkaline solution (electrolyte) artdgh voltage (V) to

create a ceramic layer of fidfirent thicknesses (36 0 € m) on an all oy
According to many researchers, the PEO coating layer improves the wear, corrosion and
friction properties of the different components. Also, because it has a very low thermal

conductivity, it provides ¢hermal barrier lay€el7, 29, 80, 81].

Different areas of the PEO process were coveredsindyby Yerokhim et al[31] that
included the physical and chemical fundamentals. It was found that using PEO coatings
enhances the weaesistant layerfriction, corrosion and thermal properties. Also, as a
result of the thick wear resistant layers, it provides excellent adhesion for the aluminium
alloy components. Furthermore, the production cost of PEO coating is competitive

compared wh the conventional anodising procg3%.

Shrestha et a[.30] investigated a black coating applied to aluminium (AA2219) using
the KeronitePEO process. Coating characteristics and coating microstructures were
investigated in this study and hardness, porosity, adhesion andqumagesition were
measured. In order to evaluate the PEO coating the results were compared with different
coatings made using a normal black anodising process. Furthermore, friction behaviours
and cold welding of the coated alloy were investigated inrdiffieenvironments. A pin
ontdisc device was used in this study to test the coated disc. The pin was either coated
with an aluminium alloy or AISI52100earing steel against a fixed flat disc (uncoated

or coated aluminium alloy). It was found that the Ke&mwoating improved resistance

to impact and fretting compared with the anodised coating. Also it was found that there

was no damage to the Keronite coated layer under impact tE3fing

Furthermore, Curran and Clyip&1] studied both magnesium and aluminium substrates
with plasmaelectrolytic coating. The thermal conductivity of the coating was measured
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using a simple steady state method and it was found that the thermal conductivity was
relatively low at IW/mK. It was also found that the porosity levels were low so the low
therma conductivity was not due to the presence of pores. It was noted that with larger
thicknesses, up to 100um, low thermal conductivity coatings may work as a thermal
barrier laye81].

Cui et al.[80] used a plasma electrolytic technique protective coating op//A366
composites. Both coated and uncoated,/N856 composites were tested in order to
investigate the electrochemical corrosion behaviour by using a poterdmdyn
polarization technique with low scanning test. It was found that, because of the PEO
coating, the corrosion potential was shifted in the anodic direction and the corrosion
density was much lower. Furthermore, a forgring wear tester was used in erdo
investigate the wear behaviour of the PEO coating and it was found that the PEO
coating showed a low specific wear compared with bearing steel. Also, during the test,

no fracture, cracking or collapse of coated HA356 took placg80].

Various studies and programmes have been carried out in the last decade with regard to
coating techniques and processes. These studies were concerned with finding the best
possible methods for using lightweighstead of conventional materials. From various
studies it has been shown tiREO can compete with anodising and thermal oxidation
techniques. Also it has been found that PEO coating, instead of thermally sprayed
Al,Os, is suitable for aluminium alloy.nladdition, the PEO coating provides a cost
effective solution for lightweight materials. Nowadays PEO coatings are the best
candidate for various industrial applications because of their excellent friction,

corrosion, wear and thermal propertjig8, 31].

The main advantages of PEO coating are: its good wear and corrosion re$&2grite
adheres well to the substrdy, 30, 82]; the PEO process is environmentally friendly
[83, 84]; it can be used to coat irregular shapes and complex geonj88jipand there

is no change in the chemical or mechanical properties of the sulp8&jat®n the other
hand, the main disadvantages of PEO coating are: the low growti8Ghtef the

coating and itselativelyhigh cost87].
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Demir et al.[88] investigated a coated disc brake rotor by using a number of surface
treatments. Various thermal spraying techniques were used in this study with different
aluminium discs. One disc was sprayednwitiCr as a bonding layer, one was coated
with Al,O3 by plasma spraying and the last one was coated with-Qli§G, by High
Velocity Oxygen Fuel (HVOF) spraying. The three coated discs were tested using an
i nertia dynamometer, apeoceduredandtige resuits sBow&do s
that the coefficient of friction of the disc coated with NiQgC, was higher by 6% than

that of the original dis{38§].

Dahm et al.[20] investigated the tribological characteristics of two aluminium alloy
rotors (AA6082 and AA7075) using a dynamometer. Both rotors were PEO coated and
the thickness of the coating layer was approximately 50um. A grey cast iron (GCI) rotor
and an AA6082 alloy rotor coated by high velocity dugl (HVOF) spraying with a

pure aluminium oxide were also tested. The test was carried out for the entire sample
under the same conditions. It was found that the roughness of the PEO coated AA6082
was 0.46um Ra which was lower than the roughness of the PEO coated AA7075
(0.81um Ra). Also iwas found that the PEO coated AA6082 and the AA6082 coated
with Al,O3 had a coefficient of friction (COF) of 0.3 to 0.33, on the other hand the PEO
coated AA7075 had a COF of 0.25 while the cast iron had a COF [#@).5

2.8.1 Keronite PEO coating technology

Based on the literature reviettie PEOprocesss the best candidate for improving the
surface of aluminium alloy and aluminium metal matrix composite because of the
advantages specified abop20, 88]. In addition, many studies have used PEO coating
with aluminium alloy and it has shown very good tribological behaviour, especially in
brake system applications. In this section the PEO coating process developed by the
Keronite Company is explained as it was used to coat the lightweight rotors used in thi
research.

Keronite was established in 2000 in Cambridge and is one of the companies which
specialises in surface technology, producing many coating products based on the PEO
process for various applications. The company have improved the PEO process by
developing the electrolyte formulation with electrical parameters in order to produce a
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denser, more uniform coating, with greater hardness than anodised aluminium alloy
[89]. The Keronite ceramic surface is created by converting the substrate metal surface
into a dense, hard and highly adherent oxide layer by plasma discharge in a low
concentration alkaline aqueous electroly@6]. The Keronite PEO process is shown in
Figure2.9 and involves the application of a controlled voltage to the ol§ggode) in

an electrolytic bath (cathode), which is agitated using compressed air. The high voltage
input is sufficient to develop intense plasma due to rraccogeneration at the material
surface. This leads to oxidation of the material surface intiaddio elemental co
deposition from the electrolyte solution to create a hard ceramic layer on the substrate

alloy. A typical set of Keronite process parameters is illustratédlohe2.2.

a) b) <) d) Plasma reactions
Bectrolyte: Growth of porous, E':CS"“,CS;'? in d"f’“m channel
o* amorphous oxide 0% AnOy
An,0, ,

Passive oxide film

Anode

Metal substrate

e) f) 9) Further discharges h)
Molten oxide erupts Rapid re-solidification occur, Including

of molten plug di
from ch | ; scharges in gas
e 1-A1,0, —,

Molten Annealed
oxlde zone crystalline
plug

Figure 2.9: Keronite PEO process90].
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Table 2.2: Typical process parameters during Kernite PEO coating29].

Parameter Value
Aluminium alloy 7075
Pretreatment Degrease only
Electrolyte Propietary alkaline free of Cr, V or

other heavy metals

Total salt content (%) <4
Typical pH 7-12
Nominal thicknessegm) 1560

Coating rate 1-4

Voltage (V) 200- 900
Process temp (°C) 12-30
Coating formation method Plasma oxidation

Surface appearance Grey

Experimental analysis was carried out on an aluminium alloy, AAM®,5vhich was

coated using hte Keronite PEO process, to investigate the coating microstructure,
roughness, hardness and phase structure. The results were compared with those for a
hard anodised coating. The study showed that the Keronite coating had direystal
structure composedf 0-At203. On the other hand, the hard anodised coating had an
amorphous alumina structure. The presence of the crystalline phase meant that the PEO
coating was extremely hard (1620 ky; in fact, four times harder than the anodised
coating[89].

Keronite PEO coating waasoapplied to 2219 aluminium alloy in order to generate a
dense, thin film on the substrate, as showigure 2.10. It was found that the PEO
coating microstructure mainly consisted of thbAl20s crystalline phase which
improved the hardness value to around 1369 HV. Furthermore, other phases were also
detected as shown Figure2.11[30Q].
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Figure 2.10: Cross-sectional BSEM image of Keronite coating on AA2219 alloy
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Figure 2.11: XRD analysis of Keronite coating on AA2219 alloy30].

In addition, Al,O3 coating on AA6082 aluminium alloy, prepared by Keronite plasma
electrolytic oxidation, was investigated and compared with d Aaodised coating on

the same substrate. It was found that the hardness and elastic modulus values for the
PEO coating were higher than for the hard anodised coating. Moreover, the adhesion of
the PEO coating was better than that of the hard anodisedgdaised on a scratch

test. The wear resistance of the PEO coating was much better than that of the hard
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anodised coating which was directly influenced by the mechanical and structural

propertieqd27].
2.9 Design of experiment (DoE) and optimisation analysis

Design of experiment and optimisation analysis pravitie researcher with powerful

tools for achievinga desired aim efficiently andeliably. Investigating every possible
combination of the design parameters is a process which needs time and facilities.
Using a Design of Experiment approach reduces the number of tests required to assess
and investigate the design and find the mairapeters that have an influence upon
performance. Furthermore, utilisation of the optimisation techniques could improve the
robustness of the design.

Taguchi analysis is a welinown technique used in the manufacturing and production
process which improvesguality by finding the best combination of factors that
influence a product. Grieve et §L.9] used the Taguchi method of study to investigate

the effect of various parameters on a lightweight diskdmrotor. The work produced
optimisedresults which can be used for further investigation of the thermal performance
of disc brake rotors. The study showed that the cheek thickness has the largest effect on

the maximum temperature of the disc.

The Taguch analysis define the parameters that have the largest influence on the
system which can then be used to optimise the design by finding the best combination
that meets the main objective and constraints. Nowadays, optimisation plays an
important role in mproving the design of the product within the main objective and
constraints. The automotive industry is investigating possible ways to reduce the weight
of vehicles, as explainedbove and one way would be to replace the conventional
materialswith lightweight alternativesin addition, optimising the disc brake design
could improve the thermal performance in addition to reducing the weight of the disc.
Most researchers have used parametric studies to improve the design of their discs,
which is a manual ppcess[91]. The current design process can be difficult and time

consuming for complex systems.

Aerodynamic shape optimisatiah a disc brakevas carried out by Qia®2] and it was

found that there is great potential for computer based automatic design optimisation in
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vehicle aerodyamidthermal development. Ehoptimisation analysis improvethe
cooling performance by 30%. Multi objective optimisation of a heavy truck disc brake
system was investigated by Amouzgar et[@B] using an iterative Latin hypercube
sampling method. Three objectives were considered, naMeélymising themaximum
temperature, maximising the brake energy and reducing the mass of the back plate.
thermemechanical finite element model was developed and used in the optimisation

analysis.

Researchers have investigated different ways to improve the thernf@inparce of

disc brake rotors. Optimisation analysis is a very good approach to minimising the
maximum temperature of the disc or to minimising the weight of the disc brake rotor
with the same energy inp[@3, 94]. The Optimal Latin hypercube sampling method has
been shown to be a good approach for use in the Design of Expermderpitanisation

analysis.

Optimisation analysis requires a large number of simulgtishigh is time consuming.

In order to reduce the computational cost, rmetalels are used to replace the actual
simulation modelg95]. The first step is to usBesign ofExperiment to distribute the
design variables in the design space. The definsthunlevariable are then used to
conduct the simulations based on the DoE. The ougsionses angsed to obtain the
best model that is fitted to the data. Finally, the candidate model (respoessgd to

find the optimum design variable using the aypiate optimisation techniqué5).

Latin hypercube design (LHD), proposed by McKatyal.[96] and Iman and Conover
[97], is a very popular DoE used in the area of design and analysis of computer
experiments. The space filling qualities of the Latin hypercube are a very challenging
problem. In the current resehrcoptimal Latin hypercube design was used, which is
based orthe permutation genetic algorithm approddi®]. The proposed technique was
used as it achieved good space filling and uniform distribution of the design variables in
the space. In additiont has the advantagef building and validation modelwhich

provide enhancedonfidence in the fitted response.
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2.10 Summary of the findings and implications for the current research

This Chapter has investigated in detail various aspects of disc brake knowledge in order
to direct the current research towards achievement of its main aim and objéd¢angs.
researchersave investigated the thermal behaviour of disc brakes using lumped, one
dimensional, twadimensional and thregimensional analysis. Most research studies
evaluatethe surface temperature of the disc brake assuming only one mode of heat
transfer. Also mostesearchers used a constant heat flux or they assumed that most of
the heat goes into the diddowever, the heat is transferred to both the disc and the pad
with a ratio that depends on the material properties of both the disc and pad. This area
needs mee investigation and needs to be addressed in the numerical and finite element
disc brake modelAccordingly many aspects need to be addressed in the current one
dimensional model, which are: the heat flux partitioning, radiation heat transfer,
convectionheat transfer, conduction heat transfer, rotating heat (agsece) different

materials and coatings.

Rotating heat pulse or source is defined atechniqueof simulating the effects
experienced inraactuallife brakingevents It applied the heatik over the area of the
brake pad to the area of thésa which is underneath. As the disc rotates the area
alternate from being under the pad to being outside, this replicates the real world
braking event.All these will be discussed in detail in the netratical modelling
Chapter Most researchers investigate one mode of heat transfer in the one dimensional
numerical model and neglect the effects of other modes such as convection and
radiation.Although the radiation and the convection heat transfer tianadl effects on

the temperature distribution of a disc brake, it is essential to develop a comprehensive
model that can predict the temperature distribution in a disc brake and compare it with

the experimental results.

In addition different studies haveeen done in the field of lightweight disc brakes and
their thermal performance. They show that the aluminium composite matetial (A
MMC) disc, with an appropriate coating, has the potential to replace the conventional
cast iron disc in the future becausdts characteristics and properties. This will lead to
a reduction in the total weight of the vehicle. Further investigations need to be made in
order for the AIMMC disc to be used in the near future. Most researchers investigate
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lightweight discs usingexperiments only, without validating the results with a
numerical or finite element model which will give the potential for further investigation.
Also, most researchers use a commercial pad material which might be a key factor,

hence pad matials needd be investigated.

According to the previous research, it was concluded that material selection is a key
factor in designing a disc brake or developing a brake system. Also it was found that
many studies were concerned with replacing the conventionalkcgsetyron disc brake

with a lighter material in order to reduce the overall weight of the vehicle, which has
impacts on the performance and fuel consumption. Different materials have been
investigated and studied for use in brake systems, especiallyrdise $ystems, and it

has been found that aluminium metal matrix compasi aluminium alloys the best
candidate for this application because of its various properties, which include high
specific capacity, good static strengths, good fatigue strenlgihvs,density, high
thermal conductivity and high tensile modulus (almost double that of the parent alloy
for AI-MMC). As a result, aluminium metal matrix composite disc brakes will be

investigatedn this research.

It was noticed that lightweight disc besk need more investigation as most of the
research is concerned with investigating the thermal performance of the current disc
brake material, which is cast iron. Furthermore, few researchers have investigated,
numerically or experimentally, the thermalfoemance of lightweight material such as
wrought aluminium with an alumineoating. Fromvarious studies it was found that
plasma electrolytic oxidation (PEO) can compete with anodising and thermal oxidation

as a coating technique for aluminium alloy &MiiCs.

It was reported in the literature that the small scale test rig has many advantages over
the full scale test rig which makeat sensible or favourableandidate for the current
research. It is clear from the literature that a farstaling methodalgy should be
followed in order to develop a small scale test rig as required to suit the current research

need.
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According to numerous studies, finite element models are essential to investigate the
thermal performance of a disc brake and also to giveesguidelines in designing the

future generation of lightweight disc brakes.

There are a limited number of studies in the literature which look at the use of
lightweight material in disc brakes. In addition, no research has been found that
critically evaludes the performance of PEO coated disc brake rotors under a wide range

of test conditions.

It was found that Design of Experiment and optimisation anabffes an efficient
approach to investigating the effect of various parameters on disc brake thermal
performance and to finding the optimum lightweight disc brake rotor.

This research will investigate the effectiveness of PEO coating in enhancing the
aluminium alloy and aluminium metal matrix composite surfaces under different

braking conditions using blotexperinental and numerical approaches.



CHAPTER 3:
MATERIAL AND CHARACT ERISATION
METHOD

3.1 Introduction

The experimental techniques used in the current research as well as the materials for the
various disc brake rotors are explained and described in detail ifCltlajster. The
general properties and composition of the materials used in the tests were categorised
for the purposes of investigatitige surface damage after the braking tests. The sample
preparation procedures and equipment used to investigate and dhalysaterial are
explained. In addition, the metallographic preparation of the sample is covered in this
Chapter based on the available standards and procedDiéisrent material
characterisation techniques and equipment were used to analyse theidightwake

rotors before and after the tests, which were as follo@gtical microscopy of
materials, Scanning Electron Microscopy (SEM), Enddigpersive Xray Analysis

(EDX), micro-hardness tests, roughness analysis, and dimehsierasurement of the
rotors. These techniques and procedures were used for the lightweight disc brake rotors

before and after the braking test withe results presented @hapter 8.

3.2 Materials

Five types of material were investigated in this project, nanielrey cast iron;2.

forged aluminium alloy (6082)3. Thesame 6082 alloy but with an alumina surface
layer applied by plasma electrolytic oxidation (PE@&); Cast aluminium MMC
(AMC640XA); and5. Thesame MMC again but with a PEO alumina surface layer. The
standard greygast iron (ENGJL-250) was used to provide benchmarKor the other
materials as it is the standard material for disc brake rotors. The particulars of these

materials are given in the following sskctions.
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3.2.1 Grey cast iron

Grey cast iron is a cast maténehich is based on iron and carbon. Carbon is present in

the form of lamellar graphite particles (flake graphite). The properties of the material
depend on the shape, amount and distribution of the graphite in the metallic matrix. The
main components ofast iron alloy are iron and five main attendant elements; C, Si,
Mn, P and STable3.1 shows the chemical composition of the grey cast iron used in
this study (referred to throughout this thesis as GCI) whicimisvk commercially as
EN-GJL-250. The main elements in grey cast iron are silicon, manganese and carbon.
The carbon and silicon elements have the greatest impact on the hardness and tensile
strength of the alloy.

Table 3.1: Chemical composition ofEN-GJL-250grey cast iron[9§].

Element C Si Mn P S Fe
(Wt.%)
max. max.
3.201 3.40 | 1.607 2.40 | 0.6071 0.90 Balance
0.20 0.08

3.2.2 Aluminium alloy

Aluminium alloys have been used widely in engineering applications and specifically in
the automotive industry. In the current study, aluminium alloy 6D82vas sed as a
lightweight brake rotor. It has medium strength with excellent corrosion resistance and
its chemical composition is shown irable 3.2. It will be referred to throughout this

thesis as Ahlloy.

The main &ments of 6082 aluminium alloy are silicon, magnesium, manganese and
other elements as shownTable3.2. T6 is the temper number which indicates that the

alloy has been he#teated and artificially aged.
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Table 3.2: Chemical composition 0of6082aluminium alloy [99, 100 .

Element Si Mg Mn Fe Cr Cu |Zn Ti Al
(wt.%)

0.7G- | 0.60 0.406- | 0.50 | 0.25|0.10|0.20 | 0.10 | Balance
1.30 |1.20 1.00

3.2.3 Aluminium metal matrix composite

The aluminium metal matrix composite AMC640XA is a high quality aluminium alloy
(AA6061) reinforced by 40% silicon carbide particles. Tgresence of the silicon
carbide particles improves the corrosion resistance and material strength at elevated
temperatures. The chemical composition of AMC640XA is showhainle 3.3. In the

current study, it willbe referred to as (AMIMC). Its main elements are silicon, carbon,
magnesium and those shownTiable3.3.

Table 3.3: Chemical composition of aluminium metal matrixcomposite
(AMC640XA) [99].

Si Mg |Mn |Fe Cr Cu Zn Ti SiC Al

0.40 | 0.80 | Max. | Max. | 0.04 | 0.15 | Max. | Max. | 40 Balance
0.80 |1.20 | 0.15 [0.70 | 0.35 | 0.40 |0.25 |0.15 | Vol.%

Element (wt.%)

3.2.4 PEO coating

The PEO coating for all disc brake rotors wasiedrout by Keronite International Ltd.

The disc specimens, df125mmn® 14mm thickness, were machined lyrning alathe

from AA6082 alloy and AIMMC (AMC640XA). Prior to coating deposition, the disc
specimens were degreased with acetone, theredcasing the Keronite processing
system which involved a 160 kW pulsed bipolar AC power source and an alkaline
electrolyte bath. General parameters of the PEO process are presérabteBi4. The

PEO coating waspplied for both materials to a nominal thickness eb@Qum which

was confirmed using an induction thickeggmuge and optical microscope.
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Table 3.4: Typical process parameters during Keronite PEO coatingdr AA6082

and AMC640XA.

Parameter

PEO process

Parameter

PEO process

Coating rate

Pre-treatment Degrease only _ 1-4
(Mm/min)
Proprietary alkaling
Electrolyte free of Cr, V or Voltage (V) 200900
other heavy metalg
Total salt content
<4 Process temy°C) 12-30
(%)
) Coating formation Plasma
Typical pH 7-12 o
method oxidation
Nominal thickness Grey to
1560 Surface appearance

(Lm)

charcoal black

3.2.5 Brake pad material

All rotor materials were tested against a proprietary pad material manufactured by TMD
Friction. This pad material was developed specifically to rub against an alumina coating
but was also found to produce acceptable levels of friction performance against the
standard cast iron and uncoated aluminium rotor brakes. The main elements in the brake

pads & carbon, iron, copper magnesium and other elements in the form of particles,

fibbers and binder material as discussed in detaChapter 8.Figure 3.1 shows a

Scanning Electron Microscopy (SEM) image of theae of the brake pad used in the

current study.
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Figure 3.1: EDX image of the brake pad before the brake testing

3.3 Sample preparation and metallographic preparation of samples

The coating surface and crogsonal view of the samples was prepared by cutting a
specified section of the disc after the brake testing was finished and then using the
automatic press machiné-igure 3.2) to mount the sample in Bakelite mnesiThe
automatic press machine was used to avoid any gaps between the coating, the resin and
the sampld€Figure3.3), and also to help in grinding and polishing the sample so that it

would be easyatanalyse usinthe microscope.
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Figure 3.2: Automatic mounting press machine

Disc sectioned sargpli

Bakelite resi

Figure 3.3: Preparing the coating and crosssectional view samples

On the other hand, the disc brake rotor rubbing surface was prepared by using a hack
saw to cut the disc in order to avoid any contamination from the cooling fluids in the
cutting machinedrigure 3.4 shows how th disc brake rotors were cut after the braking
test. Each quarter was then used in the various material characterisation tests, without
applying anything to the rubbing surface, in order to analyse the transfer layer and the

&s wormsurface texture.
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Figure 3.4: Preparing the small scale brake rotor rubbing surface samplefor
material characterisation analysis

Metallographic processes (mechanical grinding and polishing) were carried out for the
cross sewvnal surface only. The coating samples did not go through the metallographic
processesso asdo avoid any damage to the coating surfaces. The cross sectional sample
was ground using SIiC paper with graduallgcreasinggrain size, beginning at paper

240 and ending with grade 1200. The grinding rotation speed was kept constant, at 300
rpm, for all paper grades and the sample was rotated 90° after each paper type. After
grinding, the sample went through a polishing process where 3 pum pile based diamond
suspasion was used until a mirrike surface was obtained. This procedure was
achieved in accordance with guidelines given in Metallographic Techniques for
Aluminium and its Alloys[10]]. Figure 3.5 shows the complete procedure adopted to

prepare the samples.
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Specimen ready to analyse Polishing

Figure 3.5: Complete procedure used to prepare the sample

3.4 Experimental techniques

This section explains how various experimental techniqgues and machines were used to
characterise the disc and brake pads before and after the braking test. The experiments
are explainedn detail, including the saip, procedures, parameters and machines used

to carry out the tests. The structure of the substrate and coating were investigated using
Scanning Electron Microscopy (SEM) and optical microscopic analysis. In addition, the
elemental compositionvas evaluated using Energyispersive Xray Analysis (EDX).

The mechanical properties of the coating and substrate were obtainedmising
indentation analysis, as explained in this section. Furthermore, the roughness analysis of
the dix brake rubbing surface was evaluated using an optitaiferometer. Finally,

the overall geometry of the disc brake rotors was measured using a CNC coordinate

measurement machine in order to evaluate the wear volume after the braking test.
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3.4.1 Optical microscopy of materials

The surface morphologies and their structures were investigated by using a Leica
microscopgLEICA CTR6000 and LEICA DM600M)as shown irFigure 3.6. Optical

images were captured for all samgl which include the PEO coating and the brake
rotor substrates, before and after the braking tests. Also, cross sectional images of the
discs were taken to study the structure, coating thickness and uniformity of the coating.
Furthermore, the optical igas were used to investigate the level of porosity inside the

coating in order to evaluate the coating adhesion and durability.

Figure 3.6: Leica microscope(LEICA CTR6000 and LEICA DM600M) .

3.4.2 Scanning Electon Microscopy (SEM) and EnergyDispersive Xray
analysis (EDX)

3.4.2.1SEM and EDX fundamentals

Scanning Electron Microscopy (SEM) provides high resolution images of the desired
sample by using a focused beam of electrons across the surface of the samplé& scan t

surface topography. The images are produced due to the interactions of the electrons
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with the sample surface. The detailed microstructure of the materials can be investigated
using the SEM technique with high magnification of up to 500,000 times. iticagd

the elemental chemical composition of the material can be obtained using Energy
Dispersive Xray analysis (EDX) which involves the interaction of theay beam and

the targeted sample. SEM analysis can be used for differphtatpns and analyse

such asobtaining high resolution images, identifying chemical compositions of
materials, characterisation of materials, examining grain structures and measuring

coating thicknesses by using polished cesions

In the current research, SEM was usednvestigate the aluminium substrates and the
PEO coatings. All of the SEM and EDX analyses were undertaken in the Electron
Microscopy and Spectroscopy centre at Leeds University. The equipment used for the
current analyses was the Carl Zeiss EVO MA1®/S&achine with integrated Oxford
Instrument INCA 250 EDX system, as shownHRigure 3.7. Different samples were

used in the SEM and EDX analysis which are as follows: cross sectional $agyrke
3.8aand disc brake rotor sectiéiigure3.8b.

Figure 3.7: The Scanning Electron Microscopy machine with the integrated
Energy-DispersiveX-ray system(Carl Zeiss EVO MA15 SEM machine with
integrated Oxford Instrument INCA 250 EDX system)
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3.4.2.2SEM and EDX sample preparation

In the current study, various techniques and procedures were needed in order to capture
images using SEM techniques. Theface of the sample should be conductive, so in

the case of ceramic layers the coating surface needs to be coated with a conductive
material such as carbon or gold. In this section the detailed procedure for preparing the

sample for SEM analysis is explath

There were two types of sample used in the SEM and EDX analysis; the first using resin
to hold the sample, as shownkigure 3.8a, and the second using the sample from the
brake disc rotor without resin, asosim in Figure3.8b. The reason for using the second

type of sample was to make sure that the rubbing surface would not be damaged by the
preparation process and the transfer layer could be identified correctty typets of
sample should be kept completely dry (meaning that it should not outgéme

commencing SEM analysis.

() (b)

Figure 3.8: Types of sample used in the SEM analysis

To perfom the SEM analysis, each sample should be mounted into a sample holder. In
this project double coated conductive carbon tape was used to mount the samples and
sometimes two pieces were used for bigger samples. Double coated conductive tape is
commonly usedo mount samples to the holder. Carbon paint was then applied to the
contact area between the sample and holder, and alsoBakk&teresin to make sure

it was conductive, aBakelite resin is a nenonductive materialFigure 3.9 shows the
various components used in preparing the sample for the SEM analysis. In this case, the
sample does not have Bakelite resin, and carbon paint is applied to the edge of the

material.
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Figure 3.9: Main components used in preparing the sample for the SEM analysis

As explained previously, the sample surface should be conductive in order to perform
the SEM analysis. In this project both gold coating arthan coating were used to coat

the samples in order to make sure that the surface of the sample was conductive. The
gold coating was used to obtain good SEM images, and also for the aluminium metal
matrix compositesince thiscontained carbon and so wasotdifficult to performa
reliable EDX analysis with a carbon coating. The carbon coating was used mainly to
analyse the chemical composition of the material. In addition, the cross sectional sample
was coated with gold in order to measure the coatindiribgs and find the level of
porosity. The carbon coating was applied using EMSCOPETB500 SEM Carbon
Coater shown irFigure 3.10 and the gold coating was applied using EMSCOPE
SC500 Gold Sputter Coater shownFigure3.11. The surface of a sample before and
after coating is shown iRigure 3.12. After the sample has been coated it is ready for
SEM and EDX analysis. In the e¢ent study most of the samples were coated, even the

conductive materials.
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Figure 3.11: EMSCOPE SC500 Gold Sputter Coater
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Gold coating Carbon coating

Before

After

Figure 3.12: Sample surface before and after coating
3.4.3 Micro-Hardness tests

A Micro Vickers Hardness Test mackinMitutoyo HM-122 Hardness testing
machine) Figure 3.13, was used to obtain the mechanical properties of the disc brake
rotor substrates and coatings. The test was carried out in a controlled environment using
Vickers indenter a load of 1 kg The hardness value of the coating and substrate was
evaluated using the current analysis and the measurements were taken from different
places of the tested surface. The coating surface was polished in order to evaluate th
hardness and to see the indentation on the suirfiadéis analysis, the samples were
clamp by resin in order to make sure that it will not move and also to make sure that the
surface is horizontal. The test machine was calibrated before testing b&ng t
calibration kit with wellknown hardnessThe micro hardness of the coating and
substrate was evaluated using standard analysis technique and the measurements were
taken from at least four different places on the tested surface. The variation of the
hardness value was evaluated using standard deviation analysis, which measures the

amount of variation of the hardness value from the average fealaach material
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Figure 3.13: Micro Vickers Hardness Testing MachingMitutoyo HM -122

Hardness testing machine)
3.4.4 Roughness analysis

The roughness, wear profile and transfer layer thickness of the discs were measured and
analysed using ahlP Flex optical interferometer (Bruker NPFLEXtmal profiling

system) as shown irFigure 3.14. The texture of a surface is defined by its roughness
parametes and this test was carried out in order to evaluate the effect of surface
roughness on the frictionebaviour. In addition, the same equipment was used to
measure the transfer layer thickness and the wear profile of the rubbing surface after the
braking test. The test parameters used for scanning the samples will be explained in

Chapter 8. The current tedoes not require any special preparation for the sample.

The roughness analysis wasarried out in order to evaluatte Ra value at four
different positionsacross the wear scar as showrFigure 3.15. The trae length was

22mm across wear scar at position 1, 2, 3 andhé. analysis was perfoemeging
GUASSIAN Filter with 0.8mm cut OFF antD0:1 Band Width Leassquares Fit: L.S.

line. The variation of the Ra value was evaluated using standard deviationignalys
which measures the amount of variation of the roughness value (Ra) from the average

measured valu®r each line profile
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Figure 3.14: NP Hex optical interferometer (Bruker NPFLEX optical profiling
system).

Figure 3.15: Trace positions for roughness analysis on the small scale disc brake

rotor.
3.4.5 Geometry measurement

The three dimensional geometry of the brake rotors was datsirhefore and after the
braking test using a coordinate measurement machine (CMM; Kemco 400), as shown in
Figure3.16. The measurements of disc brake geometry were taken to help evaluate the
wear volumes and aldbe variation in disc brake thickness after the tests. The CMM
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machine was set up to measure the geometry of the solid disc brake rotors; a reference
point was selected on the disc brake in order to perform the measurement in the same
way before and aftethe braking tests. The machine resolution is 0.001 mm which is
sufficiently accurate for the current application. The machine was calibrated before use

in order to minimse any errors in the measurement.

Figure 3.16: Kemco 400 CNC coordinate measurement (CMM) machine
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3.5 Summary

This Chapter has outlined the experimental methodology for the material
characterisation analysis. It explains the testupetthe procedure, the test gomient

and the test parameters. Overall descriptions of sample preparation for each analysis
were given followed by descriptions of the various tests performed in order to evaluate
and characterise the disc brake rotors before and after the braking tests.

The material characterisation of the substrates and coatings were performed using SEM
and optical microscopic examinaticand their elemental compositions wenealuated

using EDX techniquesThe mechanical properties of the substrate and coating were
measwued usingmicro indentation analysis as outlined in ti@hapter. The overall
geometries of the disc brake rotors before and after the braking test were evaluated
using a CNC coordinate measurement machine. The experimental results of the material
charactesation analysis performed on the prepared samples, before and after the

braking testsaredescribed irChapter 8.



CHAPTER 4:
ONE-DIMENSIONAL THERMAL MODELS

4.1 Introduction

The theories and principles of methods for the one dimensional models that have been
used n this research are explained and presented inGhapter. A detailed one
dimensional heat transfer model was constructed using Matlab to provide a powerful
tool to predict the thermal performance of disc brakes during various braking tests. The
comprehasive one dimensional model is capable of predicting the temperature
distribution for the disc and pad brake with different material properties, braking
conditions and coating layers. In addition, rotating heat source, radiation and convection
effects areexplained and addressed in the -olmaensional model in order to simulate a

real braking event. The omkmensional Matlab model is investigated and validated

with an Abaqus 1D finite element model and literature results.

In order to achieve the main aiof replacingthe cast iron disc with a lightight
alternatives (e.g. coated aluminium allogarbon/carbon and carbon reinforced
ceramig, there are many issues to resolve. One of the issues is modelling the thin
coating layer in the Abaqus finite elemgrgoftware; this issue was investigated by
using the thermal resistance approach, including a mesh sensitivity study and sub
modelling technique which is explained in tkikapter. Furthermore, a novel approach

to the execution of disc brake finite elemenbdels using both Abaqus and Matlab
software for different braking events is presented. This approach gives the user the
power of using the Matlab optimisation toolbox in conjunction with the Abaqus solver.
Also it reduces the computation time and menrequired for such an analysis. Finally,

the effects of various parameters on disc brake thermal behaviour were investigated in

order to understand the thermal performance of the disc brake.
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4.2

Heat transfer can be defined as any chandee temperature distribution in the form of

Background and theories

thermal energy transfer. There are three different modes of heat transfer which are as

follows: conduction, convection and radiation, déigure 4.1. The first mode g

conduction which is the transfer of helatough materiaht different temperatures, in a

stationary medium whether solid or fluid. The second mode is convection which is

defined as the heat transfer between fluid and a solid surface when they aflerextdif

temperatures. The last mode is radiation which is defined as heat transfer due to

electromagnetic radiation. The thermal analysis presented iCliaipter was carried

out included all three modes with reference to Incropera EtG#} and Limper{103.

Conduction through a solid
or a stationary fluid

Convection from a surface
to a moving fluid

Net radiation heat exchange
between two surfaces

T,

T, >T,

; &8

=

Moving fluid, 7,

—_—
i

q
—_—
—_—

Figure 4.1: The three modes of hat transfer [107].
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It was explained above that heat transfer by conduction involves heat transfer between

solids or stationary fluids: in this reselrthe solid is the rotor and pads of the brake.

The rate equation is used to compute the amount of energy transferred per unit time

which is the welk n o wn
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As explained in section 4.2, heat transfer between a surface and moving fluid is called
heat transfer by convection, as showrFigure4.1. The rate equation for convective

heat transfer is defined as:
Uéonv = h(Ts - Tg ) (4.2)

where Gjjony is the convective heat flux iw /m?, T is the surface temperaturg, is
the fluid temperature (in this resehrthe fluid is air) andh is the convective heat

transfer coefficient ifW/m?.K . This equation is known as

The heat transfer coefficient for a solid disc in an air flow parallel to the swfdbe

disc may be approximated as follows:

€ _ak, 0 .
107 —""§Re0'55 For Re< =243 10°(laminar flow)
he=i €07 (4.3)
7 aka 0 038 5
AI 0.04% =§Re For Re>2.43 10°(turbulent flow)
¢do =

where d,, is the outer diameter of the disk, is the thermal conductivity of the air in

W/mK and Re is the Reynolds number:

Vr gl
my

Re=

(4.4)

whereV is the vehicle speed im/s, r 5 is the density of the air ilkg/ms, | is the

characteristic surface rigth (assumed to be the diameter of the disc) agds the

viscosity of the air inkg/ms. All the air properties are assumed to be at ambient

temperature in the present work.



Chapter 40nedimensional thermal models 66

4.2.3 Radiation heat transfer

As discussed in s&on 4.2, the last mode of heat transfer is radiation, as shown in
Figure 4.1. The rate of radiation heat transfer from the surface per unit area is as

follows:

Qg = € Ty - Ta) (4.5)

where Qji,g is the heat transfer rate by radiati@nis the emissivity of the surfacs, is
the StefarBoltzmann constant5:672 10 8w /m?K 4, Tsyris the absolute temperature

of the surface i CandT, is the ambient temperature?@ .

4.2.4 Thermal contact resistance

There have been many studies regarding thermal contact resistance (TCR). TCR occurs
between any two faces in contact because thé gentact surface is just a small
proportion of the actual contact afd®4, 105. This occurs because of the rougbs of

the two surfaces which can only be seen on the microscopic scale. Contact pressure has
a large effect on thermal contact resistance; TCR is reduced with increased surface
contact pressurfgl04]. The resistance to conductive heat transfer through the interface

of two solid surfaces in contact is knowas the thermal contact resistand&.d,q)-

TCR is suitable for describing the phenomena but in order to calculate the conductive

heat transfer, the thermal contact conductatgg,) is more appropriate. The thermal

contact conductance is the inverse of thermal contact resistance which is defined as
follows [104]:

1
I:‘)':ond

Neond = (4.6)

4.2.5 Braking energy and power of the vehicle

The potential and kinetic energy of a moving vehicle is transferred to thermal energy by

frictional work during braking. The braking enerdy, for a vehicle travelling from
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velocity v; to velocity vi where there is no change in potential energy (ground height

above sea level) is given lyre slip andair resistances were neglected)

amg > o). ald

Eh,=2-av - v )+a&&w2 Wz) 4.7

b c2+ ! f c2+ ! f (4.7)
where m is the vehicle mass ikg, | is the mass moment of inertia of rotating

elements in the drive train ihgmz, W is the agular velocity of rotating elements at
the start of braking inrad/s, w; angular velocity of rotating objects at the end of
braking in rad/s, Vv; is the velocity at the start of brag in m/s, and v¢ is the

velocity at the end of braking im/s. If the vehicle comes to a complete stop, which

meansv¢ =0and ws =0, then equation (4.7) becomes:

amg 2) al g
Ep = )+ e
b ge§+V.) geé+ .) (4.8)

When comparing the kinetic energy of the rotating elements with the kinetic energy of
the whole vehicle, it was found that the former is very small compared with the latter,

and the braking energy in equation (4.8) can thenridieen[103 :

g, = MY (4.9)

whereK is the correction factor for rotating masses is given by:

Ko1+
Rzm

(4.10)

where R is the tyre radius inm. A typical value for the correction factdk for
passenger cars is between 1.05 to[1(5. In order to study the thermal analysis for a
single disc brake using equation (4.9), the braking energy for a single front wheel

station is given by:
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Ep; = Kmy? (4.11)
2 2

where Xt is the ratio of braikg energy on the front axle to the total braking energy of

the vehicle. So the braking powé},; on a single front wheel of the vehicle can be

derived by differentiating the braking energy for a single front wheel in equation (4.11)

d
with respect to time, i.eR, :d_Etb , and then:

Xt
R :7Km\43_ (4.12)

wherea is the deceleration of the vehicle in/ s2.

The previous derivation covered the braking power for a constant deicelestatp. In

the case of a drag brake event or when there are changes in the potential energy, the

same procedure can be used but with the adjustmentaofd w; .

4.3 One-dimensional thermal model theory

The main aim ofhis Chapter is to develop an understanding of the thermal performance
of the solid disc brake using a one dimensional thermal model. In this section the one
dimensional thermal model was derived and developed. The derived equatiens wer

solved using Matla software.
4.3.1 Assumption

In order to predict the temperature distribution of the brake disc and brake pad, the heat
flux generated by friction between the pad and disc is required. hElae¢ flux
distribution between the disc and the padllustrated inFigure 4.2 In this study the

thermal analysis is carried out according to the following assumptions:

1 The kinetic energy changes to thermal energy without any other form of energy

loss during braking.
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1 The frictional lkeat between the pad and the disc transfers uniformly to the
friction surface during braking.

1 The heat flux generated through friction between the pad and the disc is
transferred from the friction interface to the brake parts by conduction.

1 Heat transfer byadiation from the disc is included in this study along with heat
transfer by convection and conduction.

1 All brake parts are assumed to be at steady state conditions and constant
temperature before braking.

AIR AIR

Pad
Pad

Rotor

Outer
Inner

To Caliper > =2

AR A A A AR A A T AR A A To Piston

Figure 4.2: Heat flux distribution between the disc and pad

4.3.2 Formulation

The one dimensional working layout model of the solid disc brake is illustrated in
Figure 4.3. This model was used to derive the finitéfatience equation required to
evaluate the thermal performance of a disc brake. There are two different approaches to
defining the heat flux: the first approach assumes that the heat flux is distributed equally
over the rubbing surfaces. The second appraaapplying the heat flux on an arbitrary
fixed point on the mean rubbing radius. This fixed point rotates with the disc and the

heat flux is applied to that point.
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Figure 4.3: One dimensional thermal moel for a brake disc

The heat diffusion equation or heat equation with constant thermal conductivity is as

follows:

T
2

WoT |, ot
UXZ WZ

L8
k

Q|

2

.

+H B (4.13)
Yz Mt

where a :F is known as the thermal diffusivity. This equation provides the
p

temperature disbution T(x, y,z) as a function of time, which will help in deriving the
transient one dimensional numerical analysis for the brake. Considering the one
dimensional system irFigure 4.3 under transiet conditions with no internal heat

generation and constant properties, Equation (4.13) becomes:

2
% - ‘:IX_I (4.14)

Q |
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The central difference approximation to the spatial derivative is as follows:

2 -
uT i Tm+in ¥ Tm-1n - ZTmn (4.15)

2 Dx2

Then by using theamntral difference approximation to the spatial derivative equation
(4.15) and substitutg it into equation (4.14)nis used to designate the location of the
nodal point irx, the subscripin is used to designate the location of the nodal point in

y and the superscripp is used to define the time dependencéd efhere:

t = pDt (4.16)

Then the equation for the finite déffence approximation to time derivative in equation
(4.15) can be expressed as:

+1

HT) o Tm - Tm (4.17)

pt Dt
Utilizing equation (4.17) and (4.15) in equation (4.14):

Tpriz 1 (Tp +TP )+% 28 p
m Tpimlt m-1 c B ME m (4.18)
where
2
=— and N :hg
a Kk

Equation (4.18) is validdr the interior nodes. This equation may be used for the node

on the symmetry adiabatic, wih,, =T.P ..
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o

1
Tp+l:—(2Tp )+%-
N N-1
M C

.|. O—Pl
Zo

(4.19)

4IN

For the surface node with convection and radiation heat loss, the numerical analysis can

be derived usinghe energy equation as follows:
E%n + ég - Etout = ést

KA _p Tp+1_-|-p (4.20)
hA(Tu 'Top)"'&(-rl 'TOp)+qiiA' qﬁadA:rCA 9 Dt 2

where é*st is the rate of stored energy (mechanical and therr@js the rate of the

thermal energy generation arﬂn and E*Om are the rates of the energy entering and

leaving the control surface (inflow and outflow enerddgarranging equation (4.20) for

p+1.
To :

. . p ) .
g, Mr2g Mo T DG DGk iz
VI M M kM kM

The mathematical stability conditioshould be satisfied in order to have a stable

system, which requires choosihyto satisfy the following condition:
M2 2N +2 (4.22)

The above equations are valid for a solid disc brake. In the case of coated solid disc
brakes the same procedure was carried ligure 4.4 represents the one dimensional

thermal model of the coatdudlake disc.
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Figure 4.4: One dimensional thermal moa!| for a coated brake disc
The finite difference equations for the coated disc can be written as follows:

For the interior node of the disc and coating, the temperature is defined as follows:

For the disc:
1 a 20
Tp+1=—(TF’ )+ = 4.23
m MR m+1 ? MR ( )
For the coating:
11 a 20
T* _M_(THI?+l +T P )+§- -8 o (4.24)
C C C~
For the centre point where the symmetry line is
1 & 20
TP+ ——(ZT 3 )+ - L grP (4.25)
Np Mg ON-1 é@ Mg ONG
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For the point between the coated material and the substrate (disc), the temperature is

defined as follows:

(kercee )1/2T,\ﬁ) Lt (kgr rer) AT P

T oY= c - Ne ™ (4.26)
1 1
C (kercee)” “ +(krrrer)
For thedisc surface node (coating surface):
o ~ T p w .
T0p+1 :%_ 2N¢c +2§rop N 2N Ty LA 2DXc i ) 2DXc Yjiadc 4.27)
¢ Mc = Mc  Mc  keMc kcMc
where
2
Dx hrDx k
Mg = . Ng= RXR ag = R
arDt kR fRCpR
Mg 2 2Ng +2
2 he Dx K
MC _ DXC ’ NC — C C ’ aC — C
acbt kC chpC
MC 2 2NC +2

4.3.3 Initial condition parameters and initialization

The onedimensional Matlab model was simulated for different tisske materials as
presented inTable 4.1. In addition, the initial conditions and parametesedi in
simulations are presentedTiable4.2, unless otherwise specified. The partition ratio for
most of the simulations was assumed constant as showabla4.2, but in reality this

value depends on the material of the brake and madeszribed in section 4.3.4.2.
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Table 4.1: Thermal properties for different solid materials [13, 17, 25, 106, 107] at
room temperature (20°C).

Materials Density } Specific heatc, | Conductivity k

[kg/m?] [J/kg.K] [W/m.K]
Aluminium Alloy (6082T6) 2700 895 180
Steel 7854 434 60.5
Grey Cast Iron (GCI) 7200 649 53
Al-MMC (AMC640XA) 2900 800 130
Alumina coating 3030 828 1.6

Pad Material 2596 827 0.736

Table 4.2: Initial conditions and parameters used for the simulation[13, 10§ .

Parameter Value Parameter Value
Disc thicknessts 0.02 m Proportion of braking at fron 0.7
axle,x
Rate of deceleration] 079 Pad areaA 4100 mnd
Number of nods 100 Pad arc angle, 60°
Heat Partition ratiop 0.17 Initial speedy; 100 km/h
_ _ Final speedy: 0 km/h
Surrounding air
30 °C
temperature]p _ _
Vehicle wheel diameted; 0.6m
Vehicle massm 1400 kg Brake disc diameted, 257 mm

In order to stve the finite difference approximation presented in the previous section,
the following equations were used to calculate some quantities as shoained.3.
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Table 4.3: Initiali zation parameters used for the simulation.
Parameter Expression
Deceleration force (N) F =9.82md
Brake force at each front wheel (N) . xs F
=
Stop time (s) Vi - V¢
S~ 9.82d
Disc rotational speed (rad/s) Vi ¢
Wirs =
d;
Average angular deceleration of the disc (r3d/s W - W
aq =
d ts
Disc mean rubbing radius (m) _do(@+d;)
4
Disc circumference at mean rubbing radius (m) Cq =204
Circumferential distance covered bgdhalong mean rubbing GpCd
p =
radius (m) 360
Radial pad thickness (m) _do(d+d;)
P2
Number of nodal points N Dx
h ==
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4.3.4 Solution procedure

In order to replicate the real braking scenario, a rotating heat source avassad in

the onedimensional model. In the model, a fixed point was chosen at the disc surface in
order to examine the different cases where the point is under the pad, or exposed to the
environment. In the time where the point of interest rotates eutdithe pad, then no

heat goes into the disc which implies that the heat is transferred to the surroundings by
convection and radiation. On the other hand, when the point of interest is underneath the
pad, then the frictional heat generated will dissifgveen the disc and the pad and
there is no heat transfer by convection and radiation to the surroundings. In order to
apply this method, the rotational speed of the specified point of interest is calculated and
tracked at each time step. In additionnstant heat flux can be applied on the rubbing
surface which eliminates the effect of convective heat loss between the rubbing surface

and the environment where the point is under the pad.

The heat flux distribution and the portioning ratio were deriveg@rasented later in
order to solve the finite difference equations. The relation between the temperature and

heat flux using the heat transfer formula for a simnite solid is given byf109:

P = qu 'kjt ierfca

e X
J _ =&
aj gz/k,t+

o

T (4.28)

o

where the functiomerfc (integral of the complementary error function) is given by:

ierfc(x) = %p[exp(— XZ) - X(1- erf(x)]
2 X2 (4.29)
erf(x) = Tp fie dx
0

Using equation (4.28) at=0, the heat flux between the frictional surface of the pad and
disc can be calculated, because the temperature on the frictional surface is the same for

both surfaces:
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TR(O1) =Tp(0,t) (4.30)

where Tg is the temperature of the rotor aifig is the temperature of the pad. Solving

equations (4.28) and (4.29) with (4.30), the ratio of heat flux into the pad to the total
heat flux can be defined §03:

G 4. 1

g9=— T
dp +qR 1+ prpkp (431)
I RCRKR

where g is the ratio of heat flux into the pad to the total heat flyj, is the pad heda

flux, qj is the disc heat fluxgcp is the specific heat of the padg is the specific heat
of the disc,kp is the thermal conductivity of the pakir is the thermal conductivity of
the discyp is the pad density, andg is the disc density. Utilising equations (4.28)
and (4.31) and the frictional surface afeathe pad and disc heat flux can kefided

as:

) X¢ Km
aQp =9 oA via (4.32)
) X¢ Km
i = (- 9)— —Via (4.33)

Equations (4.32) and (4.33) are valid for short brake applications in the case of
negligible cooling of the brake. In the case of repetitive or continuous braking,
equations (4.31),4(32) and (4.33) cannot be used because of the convective heat
transfer and the thermal contact resistance between the pad and the disc at higher brake
temperature$103 110. This problem can be s@d by using a heat flux correction

factorx, which is the ratio of the real input heat flux into the brake system to the

maximum total heat flux. Then equations (4.32) and (4.34) befbhik
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Xt km (4.34)
ib =X Via .
ap gj i
1- g Xk (4.35)
i =X(1- Via .
ik = x(1- g) T

Equations (4.34) and (4.35) are valid for repetitive or continuous braking, and are also

valid for a single braking event.
4.3.5 Matlab model structure

The above equations were embedded within a bespoke Matféb tm investigate the
temperature distribution through the disc brake. The overall Matlab model structure is
shown inFigure4.5. In the model, the first step is to calculate the time step and mesh
size from the input parameter using the stability equation. Then the heat flux profile,
convective heat transfer coefficient, radiation heat loss aationél speed of the disc

at each time step are calculated together. After that, the calculated parameters were
utilized to solve the finite difference equations to find the temperature distribution
through the disc at each time step. The rotational sgeedch time step is required to
evaluate the rotating heat source effect during each revolution of the disc. The
temperature rise at the friction interface node and the other nodes are determined by the
amount of energy dissipated at the surface.
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Figure 4.5: The overall Matlab model structure.
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4.3.6 Sensitivity analysis

In order to have confidence in the results from the-dimeensional model, sensitivity
analysis was carried obasedon Fourier number stability condition (equation 4.82)
investigate the effect of the number of nodes on the accuracy of the results. In addition,
the sensitivity analysis was carried out to investigate convergence of the governing
equations. Using the rtexial properties, iniéil conditions and parametersTable4.1
andTable4.2, the maximum surface temperature difference versus number of nodes for
a cast iron disc brakrelative to a 100 nodes reference relative model is presented in
Figure 4.5. It was found that, as the number of nodes increasedtethperature
difference relative to the 100 nodes model decreased. Furtheraiguee 4.6 shows

that the number of nodes has significant effect on the surface temperature, especially
when the number of nodes is below 60. As a result the 100 nodes model was chosen to
carry out all the simulains in this study, except for the coating simulation as discussed
below.

1.6\
1.4 \
|
|
0.8 \
0.6 \

0.4

0.2

Maximum temperature difference relative to 100 nodes °C

I S S S

of _
10 20 30 40 50 60 70 80 90 100
Number of nodes inside the disc

Figure 4.6 Sensitivity analysis simulation.
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The above sensitivity analysis is valid for the normal disc without coating; in $keota
a coated disc 100 nodes will not be sufficient to give an accurate result. According to
the numerical equations in section 4.3.2, there are two stability conditions that should be

met in order to have a stable system, which are as follows:
MR2 2NR+2 and MC 2 ZNC +2

In order to satisfy these two conditions, three parameters should be found, namely the
number of nodes inside the disc, the number of nodes inside the coating and the time
step; the time step should be constant foth cases. In order to find these three
parameters, it is necessary to assume the number of nodes for the disc or the coating and
then find the other two parameters. In the case of 100 nodes inside the disc, it was found
that the number of nodes insideet coating is not an integer, which leads to an
approximate value. The best way to solve this problem is to assume the number of
nodes inside the coating and then to find the number of nodes inside the disc: it was
found that for every 10 nodes inside t@ating, 227 nodes were required inside the
substrate to give accurate results. It was concluded that there is-affradeveen the
number of nodes and the simulation run time. In the case of a coating disc, it was found

that 10 nodes inside the coatigige excellent results.
4.3.7 Limitations

There were some limitations due to assumptions which have an effect on the accuracy
of the model results. These limitations could be reduced with the help of experimental
results. One of the major assumptions made aseat partitioning ratio between pad

and disc. Most researchers in the literature used a constant partitioning ratio but a few
researchers investigated the effect of partitioning ratio on the thermal performance of a
disc brake. Experimental analysis difc brakes could be the key to obtaining more
accurate partitioning ratio. Furthermore, the convective heat transfer coefficient was
estimated by assuming that the disc is a flat plate and air streams over the whole surface
of the disc with a constant \aaity. This assumption neglects the effect of interaction of
the air flow with other components and surfaces, such as the wheel hub, caliper, wheel,
and so on. Finally a number of parameters were taken from the literature or were

estimated which may havdimited range of applicability and might affect the results.
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4.4  Abaqus One Dimensional Model

The performance of the disc brake was also analysed using Abaqus finite element
analysis (FEA) software. A 1D FEA model was first validated against the Matlab model
and then used as a guide to develop the 2D and 3D FEA models. Also the 1D FEA
model was used to investigate different approaches to including the effect of a coating
layer with or without explicitly modelling it. The 1D transient heat transfer FEA model
was meshed using-Aode linear axisymmetric heat transfer quadrilateral elements
(DCAX4). The same boundary conditions as for the 1D Matlab model (see section 4.3)
were applied in the 1D Abaqus model as showrrigure 4.7. The overall Abaqus
model structure is shown Figure4.8[117.

<« I outer Symmetry

|

ﬁ e . Finner &~ :
X Heat flux Convection and radiation

Figure 4.7: One dimensional FE model of brake dis in Abaqus.
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Figure 4.8: The overall Abagus model structure

In order to ensure an accurate temperature distribution across the disc brake in the 1D

Abaqus model a mesh sensityvanalysis was conducted. It is very important to make
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sure that the mesh is dense enough through the thickness of the disc to account for the
changes in temperature in this dominant direction of heat conduction. The maximum
temperatures at the surfacedacentral nodes of the disc were compared for different
mesh densities. As explained abottee 1D transient heat transfer model of the disc
brake was meshed usingndde linear axisymmetric heat transfer quadrilateral elements
(DCAX4) with the same initlaand boundary conditions as for the Matlab modéke

material properties for the cast iron disc used in the mesh convergence study simulation
are shown irmable4.1 and the braking scenario parameters and camditare shown in
Table4.2.

Table4.4 andFigure 4.9 show the maximum temperatures at the disc surface and disc
centre for differat mesh densities (number of nodes). From the results it was concluded
that the number of nodes has only a small effect on the temperature distribution. It was
found that the maximum temperature of the disc was stable at 64 nodes. On the other
hand, as thenumber of nodes increased beyond 64, the simulation time increased
significantly so there is a traddf between the mesh density and the simulation time.
According to the mesh convergence study, 64 nodes will be sufffoetite 1D heat

transfer model.

Table 4.4: Mesh sensitivity analysis for the one dimensional Abaqus model

Nodes Surface temp[°C] Central temp [°C]
2 103.6 66.1
4 104.3 67.9
8 104.3 68.4
16 104.3 68.5
32 104.3 68.5
64 104.3 68.5
128 104.3 68.5
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Figure 4.9: Mesh density sensitivity analysis for 1D Abaqus model.

4.5 Validation of the One-dimensional Matlab model

The 1D Matlab model was validated against the 1D Abaqus model and liteesults
in order to make sure that the 1D Matlab model is robust and can be used to carry out

the investigation of various disc brake materials with different braking conditions.
4.5.1 Validation of the 1D model against literature

The onedimensional Matlab modievas validated against the results from the literature
[10]. The material properties used in this simulation are for steel, as shown in the
secondline of Table 4.1. In addition, the speciation of the disc brake modelled is

presented iTable4.5.
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Table 4.5: Parameters of automotive brake application15, 17].

Inner disc diameter 132 mm
Outer disc diameter 227 mm
Disc thickness 11 mm
Mean sliding radius 94.5 mm
Convection coefficient 60 Wmi*K™*
Vehicle mass 1800 kg

Using the data iMable4.1 and Table4.5, the disc surface temperature was evaluated
using the one dimensional Matlab thermal model, based on a braking duration of 4
seconds, an initial vehicle speed of 100 km/h and a constant deceleration &f The/s
results wee compared with the published results (Newcomb, 1960) as shawiguire

4.10. The calculated results show very good agreement withublesped experimental

results.
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Figure 4.10: Disc surface temperature comparison between the current model and
Newcomb[10Q].
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4.5.2 Validation of the 1D Matlab model with 1D Abaqus model

The 1D Matlab model was validated against the 1D Abaqus cast iron disc moglel. Th
material properties, initial condition and braking parameters are shovabla4.1 and
Table 4.2. The results derived from the Matlab show very good agreement with the

results obtained from Abaqus model as showFigure4.11.
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Figure 4.11: Validation of the Matlab numerical model with the Abaqus model

4.6 Coating layer study

The man problem of modelling a thin coating layer on the surface of the brake disc in
Abaqus using an explicit or implicit algorithm is the thickness of the coating which is
typically in the order ofm; this potentially requires a much denseesh than for the
substrate and causes high computation tifilne. thermal performance of a coated disc
brake was therefore investigated using three different approaches: implicitly using a
thermal contact resistance to regenerate the coating, explicitielimg the coating

with a very fine mesh and using sub modelling technique.
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4.6.1 Thermal resistance modelling

The standard Abaqus software was used to solve two different transient one
dimensional heat transfer models. The first model consists of two bdidezsdly in
contact in the form of an aluminium metal matrix compositeNMMC) disc and pad

brake modelled using 4 node heat transfer elements as shokiguire 4.12a. The
second model consists of the same twali®® but with an alumina coating layer
explicitly modelled on the AMMC disc brake as shown iRigure 4.12b. The axial
thickness of the disc is 7 mm which is the same as the radius in the 1D model. The
radial widh of the disc and pad included in the model is also 7 mm although this is
arbitrarily chosen as no heat flow occurs in the radial direction in this 1D model. In

reality the coating thickness is on the scalemf[113 but, in order to investigate the

heat flow and temperature distrtimn through the coating layer, it was assumed that the
coating thickness was 0.gbn. This coating thickness was chosen to reduce the model
size and computational time. The material properties for the disc, pad and coating used
in thisanalysis are shown ihable4.1.

Convection

Pad

Heat flux
applied on
the pad

Disc

Convection
(a) Thermal resistance (b) Coating explicitly modelled

Figure 4.12. One dimensional transient models.
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The two transient models were constructed and solved) usbaqus, one with the
coating modelled as a thermal resistance on the disc rubbing siigeee@.12a) and

one with the coating modelled explicitly with finite elemerigy(re4.12b). A 4 second
transient heat transfer analysis with 0.01 second time step was performed in both cases,
using a 4 node heat transfer element (DC2D4). At the contact interfaces, surface contact
with small sliding motion was chosen. The megte svas chosen so that the distance

between the nodes is 0.125 mm in the heat flow direction. A heat flux of either

1310° W/m?2 or 5310° W/m2 was applied on the rubbing surface to represent both

moderate and extreme braking eventsatHtransfer by convection was considered from

the nonaconductive surfaces of the models with a heat transfer convection coefficient of

30 W/m?K for both models, and the component initial temperature was set . 20

In the thermal resistance modélgure4.12a, thermal resistance or conductance needs

to be defined between the different bodies. The highest thermal conductance allowed by
Abaqus, which igz 10° w/m?K , was used when there is no gap between the surfaces,

in order to exclude the effect of thermal contact resistance between the physical coating
layer and the disc and pad bodies in mdeigure 4.12b. This procedure rpduced a

zero contact resistance between the surfaces which is essential when aiming to focus on
the effect of coating and avoid any other type of losses. The thermal resistance for the
implicit coating model shown inFigure 4.12a was obtained using the thermal

conductivity, thickness and cresectional area of the coating as follows:

Reond = & _ %225: 0.000156M°K /W (4.36)
Abaqus uses a thermal conductance rather than a resistance, which is equal

t01/ Rypng = 6400W/ m?K , and this was applied to the rubbing surface of the brake disc.

A heat flux of 5310° w/m? was used to evaluate the temperature across the disc and
pad for both models. The temperature distributibthe end of the simulation (&s) is
shownin Figure4.13. The xaxis shows the distance from the bottom block (disc) to the
top block (pad). In order to compare both results the temperature distribution of the

thermal resistance model should be shifte@ 2pmmr to the right (coating thickness).
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The results inFigure 4.13 show that the thermal resistance approach can be used to
model the effect of the coating layer with some limitations, theirmam surface
temperatures for both models are similar but there is a relatively small difference in the
temperature across the disc itself with the temperatures being art@ihiyBer for the

thermal resistance model. This is because the higher therewilirfrc,) of the

coating compared to the substrate is not included in the thermal resistance model. The
effect of this is to cause a lower proportion of the frictiongiyerated heat to be

transferred to the disc as can be seen ftwrsimple heat partition equation (4.31):

g= ar =1- 1
Qi + AR I pCpkp
1+ [—F——
I RCRKR
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Figure 4.13: Temperature distribution across the disc and pad without tuning.

The thermal resistance model was then tuned through andagrror process by raising

the convection coefficient on the disc exposed surface. This increased the amount of
heat that is transferred to the disegure 4.14 shows the temperature across the disc,
coating ancrake pad for the two different models after tuning of the thermal resistance
modelat the end of simulation (t=4 sedgain the xaxis shows the distance from the
bottom block (disc) to the top block (pad). Note that in order to compare both results the
temperature of the thermal resistance model should be shifted by®.&bthe right to
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account for the coating thickness. The results show that the use of the thermal resistance
model instead of explicitly modelling the coating laydth finite elements can give
good accuracy if the model is tuned to account for the higher thermal inertia of the

coating.
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Figure 4.14: Temperature distribution across the disc and pad with convection

tuning.
4.6.2 Mesh density analysis

In this section a mesh density study was carried out in order to find the effect of
different numbers of nodes inside the coating with respect to the temperature
distribution. The one dimensional finite element model showkignre 4.12b with the

coating explicitly modelled was used in this analysis with the same conditions as

explained in section 4.3. A heat flux & 10° w/m? was applied on the rubbing

surface. The 1D finitelement models were solved for three different mesh densities

through the coating, as follows: 1, 2, or 4 nodes respectively.

Figure 4.15 andFigure4.16 show thespatialtemperature distribution across the model
and the temperature between the disibstrateand coatingas a function of time
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respectively. The results show that there megligibleeffect of the mesh density on the
temperature distribution, which sugget$ts use ofi smaller numbersf nodes inside the
coating with good resolution results. In this study, one node inside the coating was

chosen to carry out theubsequensimulations, which reduces the memory and time
required to conduct such an analysis.
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Figure 4.15: Temperature across the disc and pad brake for different mesh density

through the coating.
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Figure 4.16: Temperature between the disc and coating faifferent mesh density.
4.6.3 Sub-modelling analysis

Submodelling is an effective technique used in Abaqus to analyse aréopahwith a
refined mesh establishé&y interpolation of the solution from an initial global model. In
order to investigate the tgrarature distribution through the thin coating and disc
substrate a submodelling technique was used. The first step is to create the global
model which is the complete 1D thermal modettw# disc brake as shown iRigure

4.17. The global model was solved using Abaqus to create the input data and boundary
condition for the sutmodels,with no need fora fine mesh in the global model. Sub
models carsubsequentipe created and linked to the global model in ordelefine the
various parameters such as heat flux, contact algorithm and partitioning ratio. In the
submodel a refined mesh was used in order to investigate de¢ailedtemperature
distribution across the model. In this section three different sobdels were

investigated which are the pad, dsdstrateand coating as shown Figure4.17.



Chapter 40nedimensional thermal models 95

Global Model Refine mesh Local Models
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Coating
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Figure 4.17: Global and local 1D thermal modelof disc brake

The same braking parameters, boundaryditmms and materials properties used in

section 4.6.1 was used in this analysis with heat fluse@6® w/m?2. The global model

used in this study is exthg the same modeds describeth section 4.6.1 with different
mesh size as shown iRigure 4.18. The model was solved in Abaqus and the
temperature distribution after 4 s is showrFigure4.18. The tenperature distribution

of the global modelvas compareavith the temperature distribution of the same model
with thefine meshdescribed in section 4.6.1. Themparisordemonstratethat there is
only a small difference betwedhe results from the twmodels which also was shown
in the mestsensitivity study in section 4.6.2. Usiripe fine mesh to solve the global
model will require large CPU time and memory.
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Figure 4.18: Temperature distribution of the global 1D thermal models at t =4.

The thermalistributionof the coating witha fine mesh was investigated usiting sub
modelling technique as shown kigure 4.19. The coating model vgalinked withthe
global model using twdoundaryconditiors at the contact surfaces in order to define
the contactlgorithmand the thermadlistribution Furthermore, the same analysis was
used to investigate thtemperaturalistribution of the disc angad 1D thermal model

with the result@s shown irFigure4.20 andFigure4.21 respectively.

Finally, the temperature distribution across the full model was compared foglobgl
and localmodelsas shown inFigure 4.22. The results showthat there is a small
improvement in the results ing the submodelling techniquealso it was found that

using the sutmodelling techniqueansaveCPU timeand memory.
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Figure 4.20: Temperature distribution of the local substrate thermal models at t
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4.7 Controlling the Abaqus model through Matlab code
4.7.1 Problem definition

Abaqus is a powerfdinite element softwaravith which to sudy and analyse the brake

disc thermal problem. In the current research, disc brakes were investigated using both
Matlab and Abaqus software. Matlab and Abaqus models showed very good agreement
in the predicted temperature but with limitations. The marameter in the braking
event is the heat flux. Heat flux was calculated using both Matlab and Abaqus software,
and it was found that Abaqus required long computational time and a great deal of
memory to perform such calculations. The main problem asedcwith Abaqus was

the time and memory usage for the Abaqus/Matlab coupled thermal analysis. In this
section, Matlab code was developed to calculate the heat flux profile and then
communicate with the Abaqus model to utilize a finite element solver iddidqus to
perform thermal analysis. This then enables 2D axisymmetric and potentially3Bven

analysis to be carried out.
4.7.2 Solution procedure

Both Matlab and Abaqus have their own advantages and disadvantages. In this research,
in order to investigate th@eérmal performance of solid disc brakes for different braking
scenarios, both Abaqus and Matlab were utilized to carry out the analysis. The main
problem with Abaqus modelling was the time and memory usage for coupled thermal
analysis. This problem was sel by using uncoupled analysis with the help of Matlab
code in order to calculate the heat flux profile (braking scendigire4.23 shows the

overall structure of the code used to interact between Abaqus atidbMAnother
advantage of using this code is the potential to utilize the optimization toolbox in

Matlab with Abagus modelling power.
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Figure 4.23: The overall Matlab/Abaqus model structure.
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4.7.3 Benefits
Controlling the Abaqus model using Matlab has many benefits, including the ability to:

1 Carry out different braking scenarios such as: drag braking, repetitive
brake application, Alpine test, and so on.

1 Perform optimization on thaisc brake by utilizing the optimization
toolbox in Matlab.

1 Investigate the wear rate in the disc brake by changing the surface profile
of the disc and pad.

1 Investigate the contact pressure between the disc and pad surfaces.
Minimizing output volume of theesults and better results processing.

Direct control of input and output parameters via Matlab.

4.8 Parametric study

A parametric study is essential in analysing the different brake design parameters
because it helps to: define the different parametersviduation, define the parameter
range, identify the design constraints, and analyse the results for each parameter. In this
section, the simulation results for the 1D transient heat transfer model are presented and
discussed, as various model parameteesvaried around their nominal values, as
defined in section 4.3.3. The various parameters that are investigated in this section are
the disc material, convection coefficient, disc thickness, pad materials, initial vehicle
velocity, vehicle mass, rotatingeat source and coating thickness. The braking
parameters, material properties and conditions uséldese simulations are shown in

Table4.1 andTable4.2 unless otherwisspecified.
4.8.1 Effects of disc materials

Material thermal properties are very important factors that have an impact on the
thermal performance of disc brakes. Although it is easy to find the optimum thermal
properties for any desired application, it is hasddesign and produce the optimum
material. In this section three different materials were investigated. These are: grey cast
iron (GCI), aluminium alloy (AlAlloy, 6082T6) and aluminium metal matrix
composite (AIMMC, AMCG640XA).
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Figure4.24 shows the temperature distribution through the disc for different disc brake
materials. It was found that both-Alloy and AI-MMC experience higher temperatures
than the GCI disc, which was expected based on the themopéties of the discs
shown inTable4.1. Furthermore, the temperature of theMMC is higher than that of

the Al-alloy which also was expected becausealdy has a higher thermal inertia than
the AFMMC.
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Figure 4.24: Disc brake temperature distribution for different disc materials.
4.8.2 Effects of convectve heat loss

At the beginning of thi€hapter, heat transfer by convection was explained; in order to
find the effectof convection heat loss on the disc brake temperature, different
convection coefficients were used with the results simulated as shdvigunme4.25. It

was demonstrated that the convection coefficients have ya sreall effect on the
temperature distribution for this particular braking event. The effect may be more

significant for larger duration event such as Alpine decent.
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transfer coefficients.

4.8.3 Effects of disc thickness

The weight of the disc depends on the disc geometry and material density. One of the

Figure 4.25: Disc brake temperature distibution for different convective heat

parameters that influence disc geometry is the disc thickness, which also hgmein im

on the total weight of the disc. Various studies have been made in the area of reducing

the weight of disc brakes in order to reduce emissions and fuel consufi&a] .

In this section, temperature distribution through a GCI disc brake for different disc

brake thicknesses was simulated, as shoviigare4.26. It was concluded that the disc

thickness has only a sthaffect on the surface temperature, but has a large effect on the

central plane temperature.
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Figure 4.26: Disc brake temperature distribution for different disc thicknesses.

4.8.4 Effects of pad material

Automaive industries have investigated and developed different pad materials in order

to improve the performance of braking systems. Pad materials properties may have
large effects on the thermal performance of braking systems, because they have an
influence onthe proportion of the frictionallgenerated heat to be transferred to the

disc as can be seen from the simple heat partition equation (4.31):

g= ..qﬁ) —=1- L
aip + iR 1+ r pCpkp
I RCRKR

In this section different pad materials were specified as shown in Table 3.6, to

investgate the effect of pad material on the thermal performance of solid cast iron disc
as shown irFigure4.27. It was found that the pad materials do indeed have large effects
on the temperature distribution of thesa brake, as expected. The temperature
distribution depends on the partition ratio as showmahle 4.6; it was found that the

disc with the lower partition ratio has the highest temperature, as expected.
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Table 4.6: Thermal properties for different pad materials [13, 15, 114].

Pad Number | Density} Specific heatc, | Conductivity k | Partition  ratio
[kg/m?] [J/kg.K] [W/m.K] (Pad:Disc),p
1 2596 827 0.736 0.0740
2 2500 900 12 0.2482
3 2595 1465 1.212 0.1200
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Figure 4.27: Disc brake temperature distribution for different pad materials.
4.8.5 Effects of initial vehicle velocity

In order to investigate and understand disc brake thermal performance, initial vehicle
velocity was investigated. Three different initial vehicle velocities were used to

investigate th thermal performance of grey cast iron discs as showigure4.28. It
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was concluded that as the initial vehicle velocity increased the disc temperature
increased. This trend was expected because as the wetigle velocity increases the

power required to stop the vehicle also increases which causes more heat to be

generated and transferred to both the disc and pad.
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Figure 4.28: Disc brake temperature distribution for different initial velocities.

4.8.6 Effects of vehicle mass

The weight of the vehicle is influenced by many factors: passengers, fuel, cargo, etc.
The automotive industry uses the gross vehicle mass (GVM), which is the maximum
operating mass of a veh&;lto investigate the thermal performance of disc brakes. In

this study, the thermal performance of a solid grey cast iron disc was carried out using

different vehicle masses in orderunderstandhe effect of vehicle mass on the thermal

performance of idc brakes.

The results inFigure 4.29 show that the vehicle mass has a large effect on the disc
temperature. It shows that as the vehicle mass increases the temperature significantly

increases, which was expected.
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Figure 4.29: Disc brake temperature distribution for different vehicle masses.

4.8.7 Effect of rotating heat source

Many researchers assume that the heat flux is distributed uniformly over the rubbing
surface ofthe disc which neglects the effect of convection. In this section, a rotating
heat was addressed in order to find the effect of this more accurate method of evaluating

the thermal performance of disc brakes.

Figure 4.30 shows the effect of a rotating heat source on solid cast iron disc
temperatures. It was found that the rotating heat has an effect on the surface temperature
of the disc only, as the temperature at temtre of the disc is almostinaffected
Accordng to the results, the mean surface temperature with rotating heat follows
approximately the surface temperature with heat fliistributed over the rubbing

surface. However the maximum temperature reached inreaohutionare higher by

about 26C.
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Figure 4.30: Effect of rotating heat on the temperature distribution of the disc

brake.
4.8.8 Effect of coating thickness

In the current research the main aim is to replace the conventional cast iron disc with
lighter materials and one of the best candidates #1MIC. Although AFMMC has

very good thermal properties, the main problem is its maximum operating temperature.
In order to solve the maximum operating temperature problem, Plasma Electrolytic
Oxidation (PEOXxoating has been proposed in the literature to protect the disc from the

high operating temperature and to work as a thermal barrier.

Using data contained ihable4.1 and Table4.2, the effect of coating thickness on the
temperature distribution within an MMC disc was predicted using the 1D Matlab
thermal model (seBigure4.31). As the coating thickness increased, the temperai

the surface increased because of the increased thermal barrier effect. Conversely, the
temperature at the centre of the disc and between the coating and the substrate
decreased. The increase in the surface temperature is much higher than the decrease

the centre of the disc and between the coating and substrate. It was concluded that
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higher coating thickness can cause problems for the pad material as it has a large effect
on the surface temperature of the coating. On the other hand, a thicknessnoh @r

less does not cause a very significant increase in disc surface temperature. These results
provide the basis from which to develop guidelines for the selection of ctlaitkgess

in the future.
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Figure 4.31: Effect of coating thickness on the temperature distribution of the disc

brake.

4.9 Summary

In this Chapter, the derivation of detailed one dimensional heat transfer models was
presented. One dimensional thermal models of an automotive disc brake we
developed using both Matlab and Abaqus. The 1D Matlab thermal models were
validated and compared with the results obtained from the literature and Abaqus.
Overall it was found that the Matlab results showed good agreement with Abaqus and
the experimentditerature results. Abaqus was also used to model the coating layer in
different ways. The thermal resistance modelling approach without explicitly modelling

the thin coating layer reduces the analysis time by up 4520 and also reduces the
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computer nremory needed for such analysis. This approach could be of importance
when modelling a coated three dimensional disc in Abaqus because it will save much
time and reduce the model size. Despite the thermal resistance approach to modelling a
thin coating layegiving very good results, particularly when using convection tuning, it
needs more investigation before it can be implemented with confidence. The mesh study
analysis was carried out to find the effect of the coating mesh density on the
temperature digtoution; it was found that there is a small effect of coating mesh on the
temperature distribution. In addition, soibdelling technique was used to investigate

the temperature distribution through the disc, pad and coating. It was noticed that using
submodelling could improve the temperature distribution and also save the CPU time
and memory usage. This technique will be very valuable when dealing with 2D and 3D

models.

Furthermore, the Abaqg\datlab interaction approach for solving the disc brake thermal
performance was developed which has several advantages. For example, the new
approach to analysis is significantly faster. The time required to perform a typical brake
disc analysis has been reduced by up t&®%. The capabilities of modelling various
braking events, such as drag braking, repetitive braking, Alpine test... etc, are apparent
with the combined approach. In addition the interaction approach will be used in future
to perform optimization analysis utilizing the optimization toolbox in Matlab.
Furthermore, different braking analysis will be carried out using different disc and pad
materials in order to investigate the possibility of replacing the conventional cast iron
with a lighter disc material. Finally, parametric studies were carriedoomivestigate

the effect of different parameters on the thermal performance of solid disc brakes. This
approach will help to progress the design of experiments and subsequent sensitivity

analyses.



CHAPTER 5:
SCALING METHODOLOGIE S AND TEST
RIG DESIGN

5.1 Introduction

The thermal behaviour of disc brakes is a critical factor that demands to be
consideration in the design phase. Although thermal modelling is useful at this stage,
the brake system ultimately needs to go through a series of vehicle or real road tests
befae it can be released as a commercial product. Most researchers utilise the full brake
dynamometer or the pion-disc rig to evaluate the performance of a disc brake. In this
Chapter, a scaling methodology is proposed, to evaluate the thermal perforrhance o
disc brake using a small scale brake dynamometer which is capable of replicating the
same braking conditions and scenarios as the full brake dynamometer (real conditions).
The small scale rig has the advantages of low cost and short operating tindesigme

detail and practical considerations of the small scale test rig are discussed and presented
in detail and include the selection of various components that control and monitor the
test rig. The small scale test rig was designed using scaling mktgpdmoposed in

the curreniChapter. The selection of the small scale disc brake geometry and materials
that will be used in the experiment and numerical analysis are also presented. An
existing full scale brake dynamometer was used in the current reseaorder to
validate the scaling methodology and investigate the thermal behaviour of the
lightweight brake rotor under different braking conditions. A description of the full
scale brake dynamometer is given. A comparison is made between the full @hd sm
scale brake dynamometefie procedure used to calibrate the sensors and actuator for
both rigs is explained. The commissioning of the newly developed small scale
dynamometer is also explained in this Chaplére experimental results and the test

matrix which was used with the test rigs are presentéthapter?.
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5.2 Scaling methodologies
5.2.1 Scaling method

The main aim of the scaling methodology is to develop a small scale rig that can
replicate real world conditions accurately. There are many differeaimesers that

need to be monitored and measured during the tests. One of the main parameters to be
measured is the friction coefficient as a function of temperature, brake pressure and
sliding velocity and it is very important t0 mai nt a i -to-on¢ htationship e
between these parameters when comparing the small and full scale dynamdbreters

way to achieve the desired goal is to scale the parameters by the pad area and maintain a
constant relationship, including constant energy density.

5.2.2 Scaling principle

The scaling factor is the fundamental quantity used to develop the scaling methodology.
The physical specification of the small scale test rig was developed by applying the
scaling factor to the full scale rotational inertia and disc mass as explmsied. The
sliding velocity at the interface is preserved between the full and small scale rotors. In
the following sections the detailed derivation of the scaling methodalisgg to
develop a small scale test rig which is capable of replicating reald wareking

conditions is presented.

5.2.2.1Rotational inertia

The main parameter for the proposed scaling process is the scaling &tarhich is
defined as the ratio between the full scale and small scale pad areas. If full scale
paramegrs are denoted by a subscriptand small scale parameters are denoted by a

subscriptS, then:

S=— (5.1)

where Ag is the full scale pad area ad; is the small scale pad area.
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The vehicle corner inertia £ ) for full scale is defined as:
lr =MeREe (5.2)

where M is the vehicle corner mass for the full scale caseldgd is the radis of

gyration for the full scale case. Assuming that the energy density (energy per unit area)
at the padlisc interface is constant between the small scale case and the full scale case
leads to finding the scaling of the rotational inertia. The energypearea is defined

as:

1 2
Er =———Mpv

where Eg is the total energy for the full scale case agds the sliding velocity which

Is assumed to be the same for both full and small scale. SubstiMiindrom equation

(5.2) into equation (5.3) leads to:

e av 62
EF: F S

(5.4)
2A¢ (%?GF 8

The corresponding energy density for the small scale case is similarity defined as:
Eg = (5.5)

where Eg is the toal energy for the small scale cad®.g is the corresponding radius

of gyration andlg is the equivalentehicle corner inertia. Equating the full scale

energy density equation (5.4) with the small scale density iequdb.5) and
simplifying the relation for the inertial ratio leads to:
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Qo
&
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(5.6)

The radius of gyration is a linear quantity and thus scales 8ftA. Substituting the
scaling factor equation (5.1) and the radiugwfation scaling factor in equation (5.6)

leads to:

(5.7)

5.2.2.2Disc mass

The disc mass was scaled by using the energy balance equation as follows:
Q=myc,DT (5.8)

where Q is the heat flow from or to theisc, my is the disc mass;,, is the specific

heat andDT is the difference between the final and initial temperatures. As it was
assumed earlier that the energy density in the full and smadl sasés should be equal,
this leads to:

QF _Qsy QF _Ar _

(5.9)
Ar As Qs As
Substituting equation (5.8) into equation (5.9) leads to:
(mgc,DT)
P F=s (5.10)

‘depDT ,S

One of the main aims of the small scale test rig is to replicate the same conditions as for
the full scale case and this means tBAtshould remain constant. Then equation (5.10)

reduces to:
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(mdcp)p

=S 5.11
ool 1)

5.2.2.3Brake torque

The brake torque was calculated using the following equation:
t =Fry (5.12)

where F;is the tangential force at mean rubbing radiys The contact pressure for

small and full scale was assumed constant in the current scaling methodology, which

can be defined as follows:

_ Fpe _F
Pr =PsY ﬁ:f (5.13)

where Fe is the normal force for the full scale pad alRgk is the normal force for the

small scale pad. The normal force for the small and full scale is given by:
Frrrs = MrE)s (5.14)

where mis the coefficient of friction.Substitutingequation (5.14) and (5.12) into

equation (5.13) leads to:

te ts (5.15)
Actge  Aslds

Substituting the scaling factor in equation (5.1) and the mean rubbing radius in equation
(5.15) leads to:
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3 (5.16)
tF = S/Zfs

5.2.2.4Functional parameter

In order to find the small scale rig rotational speed, the full scale sliding velocity is

required as follows:

_
VsF =TdF 5~ (5.17)
t
where rye is the full scale mean rubbing radiugg is the full scale sliding velocity,

v; the velocity initial forward speed and; is the road wheel rolling diameter. The

rotational speed of the small scale rig is given by:

wg = 55 (5.18)
fds
in which wg is the initial rig rotational speedyg is the mean rubbing radius for the

small scale case andg is the sliding velocity for the small scale case. Equating the

sliding velocity in equations (5.17) and (5.18), leads to:

Qo

2v; ar
wg = =1 dF

! (5.19)
dy ETgs -

|-CO0O

O

Equation (5.19) defines the initial rig rotational speed as a function of the vehicle wheel
rolling diameter, initial vehicle speed and mean rubbing rafdiusmall and fullscale

rigs. In the conventional braking system the contact pressure is a function of hydraulic
pressure on the brake calliper piston, or is the load on the master cylinder. In order to
maintain the contact pressure at the-gatt interface, it is necesyato derive the
relationship between the load on the master cylinder and the contact pressure, taking

into account the various parameters. Assuming that the full scale contact pressure is
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known and equal td= , then the hydraulic preare in the small scale case is defined

as follows:

P A
Pg = (5.20)
piston

where Ps is the small scale hydraulic pressumpsion is the calliper piston cross

sectional area andg is the smdlscale pad area. Therefore, the force required on the

master cylinder is defined as:

Ak §
Feyi = PF ASaeA N (5.21)
o piston =

where A, is the master cylinder crosgctional area ané is the master cylinder

force. Equationg5.20) and (5.21) are used to find the force required at the master
cylinder. Finally, Table5.1 and Table 5.2 summarize the constant parameters and the

scaling relationsespectively.

Table 5.1: Scaling constant parameterg37].

Variable Symbol
Sliding velocity A
Deceleration g
Pad pressure P
Energy density E.,
Disc tenperature T
Stop time t,
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Table 5.2: Scaling relations[37].

Variable Symbol
Pad area A =AS
Effective radius loe =r,sS"?
Rolling radius Re =R S"?
Linear velocity Ve =V,SY?
Torque te :[853/2
Inertia lp =15

The proposed scaling methodology was developed based on the constant energy
density. There are a number of factors that were not considered in the deveélopmen
the current methodology which might have an impact on the results. Some of these

factors are as follows:

1 Convective cooling was not considered in the scaling methodology which will
have an effect on the overall thermal performance of the disc brp&eiasy in
the repeated constant G stop.

1 The brake pad geometry (aspect ratio) was not included in the current model but
needs to be investigated in order to identify its influence on the overall thermal
performance of small scale discs.

1 The full scale c brake rotor geometry was not considered in the current
scaling methodology as the thermal mass was scaled based on the scaling factor.
This needs to be investigated as different brake geometries will also affect the
convective cooling efficiency.

1 The wmating thickness was not considered in the scaling methodology for the
lightweight disc brake rotor which might influence the overall thermal

performance of the disc brake rotor.
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5.2.3 Selection of vehicle for scaling

The thermal performance analysis of a lighight brake rotor, using the proposed
scaling methodology, was carried out onFet Punto 188 1.4 hatchback for the

following reasons:

1 The main problem with lightweight aluminiubased brake rotors is the low
melting temperate which is of the order ofs€°C. A small sized vehicle is best
for investigating the possibility of using lightweight disc brake rotors in

passenger vehicles as the small sized vehicle generates less energy input to the

disc brake. On the other hand, using a medium or large sizddleveavill

generate high energy input to the disc brake which might be too aggressive for

the lightweight disc brake rotor.

M The Fiat Punto 188 1.4 hatchback vehicle has solid disc brakes which are easier

to investigate than ventilated disc brakes whichracge complex to produce

and more problematic from a scaling prospective.

1 In addition, the automotive industry needs to meet 2015 EU vehicle emission

standards which means that they are required to reduce vehicle emissions by an

average of 10%l1].

In this studythe main motivation was to investigate the possibility of replacing the

conventional disc brake rotor with a lightweight disc brake rotor beginning with an easy

to work with, small sized vehicle, as explained above. The disc brake geometry for the

selectedvehicle is shown irFigure 5.1. In addition, the Fiat Punto specifications and

parameters are shownTiable5.3.
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Figure 5.1: Fiat Punto disc brake rotor geometry.

Table 5.3: Full scale parameterg[115|.

Vehicle Parameter Value Vehicle Parameter Value
Pad area (mf) 2736 Maximum speed (km/h) 205
Mean rubbing radius (mm] 95 Disc inside diameter (mm) 120
Disc outside diameter (mn] 240 Wheel rims size (mm) R15

_ Acceleration from standstill to
Disc mass (kg) 3.57 13.2s
100 km/h

Disc thicknesgmm) 11 Vehicle weight (kg) 1400

5.2.4 Scaling summary

The scaling process can be coetptl over a series of steps which provide a small scale
brake test for a given set of data and vehicle parameters. In order to quantify the scaling
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parameters the following full scale parameters are required: pad area, vehicle mass,
material heat capacitylisc brake mass, initial vehicle speed, wheel rolling diameter,
mean rubbing radius and pad contact pressure. Then the scaling parameters can be
derived using the scaling methodology equations in section 5.2.2. In this section, the
scaling methodology waapplied to the selected vehicle, which was a Fiat Punto. Using
the scaling methodology proposed, the scaled parameters are as shabie 4.

Table 5.4: Full and small scale parameters.

Vehicle parameter Full scale Small scale Relation
Scaling factor 1 3
S= i
As
Pad area (mf) 2736 900
Mean rubbing radius
95 54 fqe = rgsS 2
(mm)
Inertia (kg ) 44.1 4.9 g =155
Disc ouside diameter
240 125
(mm)
(me)F -3
Disc mass (kg) 3.57 1.2 (me )S
Disc thickness st(mm) 11 14
: Mg
Corner weight (kg) 490 163 Mg = Y
: Wt _ 05
Rotational speed (rpm) 350 620 ” S
S
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5.3 Testrig design and development

The brale dynamometer is one of the most important pieces of equipment in the design
process of any disc brake. It is used to find the optimum disc brake design that meets
the desired objectives. In the current research two brake dynamometers were used to
investigate the thermal performance of a lightweight brake rotor and to validate the
scaling methodology. The first was an existing full scale brake dynamometer and the
second a small scale one which was developed based on the scaling methodology
proposed in thi€hapter. In this section the general layout and specification of both full
and small scale brake dynamometers are discussed and presented. In addition, the
design and selection of various components for the small scale brake dynamometers are
explained. Thelata acquisition and sensor-sgt for both dynamometers are explained

in detail. Finally, comparisons between the results from the full and small brake

dynamometers are presented.
5.3.1 Small scale brake dynamometer

The small scale brake dynamometer was d@ezldbased on the scaling methodology
presented above and the understanding from the one dimensional thermal model in
Chapter 4. The general design and layout of the developed rig was based on an existing
small scale dynamometer which was available indbeak the University of Leeds. The

main reasons for developing a new small scale dynamometer and not using the existing

rig were as follows:

1 The existing rig design was found to conflict with the scaling methodology that
was based on constant energy densit

1 There was no information available about the theoretical foundations and
practical operation of the existing rig.

1 The existing rig used dead weight to apply the braking pressure which limits the
braking condition to drag braking only, and made it tofficdilt to apply
constant g stopping or repetitive braking conditions.

1 The overall setup of the existing rig is similar to a-pmdisc configuration and

this is not the same loading arrangement as for a real brake caliper.
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For the above reasons it wassential to develop a new test rig that is capable of
replicating full scale vehicle and real world conditions. Also it was important to have
full control over the test rig and to be able to apply different braking conditions such as

constant g stops andagy braking.

5.3.1.1General layout

The general layout of the new small scale wgs based on, and used various
components which wer e .aAvnamberatdesgn duidelinest h e

were considered in the new rig which were as follows:

Using the eisting 2 kW DC motor.
Utilizing the same base (support table) as the original rig.

Limiting shaft misalignment by using two bearings.

= =/ =4 =4

Restricting the disc brake location to the end of the rig to simplify the assembly

and toallow the use ofhermal imaging

1 Minimizing the axial distance between the disc and flywheel in order to
eliminate the deformation of the shaft under high load.

1 Positioningthe bearings as close as possible to rian loads, such as the

flywheel and clutch unit, to minimize the stressthe shaft.

1 Using an automated system to control the test rig especially the brake pressure.

According to these general design guidelines, the layout of the developed small scale rig
consists of a DC motor driving a main shaft through a shaft mountézh alait with

the brake disc located at the end of the shaft as shoWwigume 5.2. In addition, two
bearings were placed close to the flywheel in order to limit the stress magnitude on the
main shaft and to prode stability. The design and selection of the main components of

the rig are covered in subsequent sections.
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Encoder disc Brake
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DC Motor Cjﬂfh J/ l I
Bearing Bearing
Flywheel

Figure 5.2: General layout of the small scale brake dynamometer

5.3.1.2Load calculations and design

The design and selection of various components for the small scale test rig needed to be
carefully considered. Identifying the major loads on the system was key to commencing
the design and to selecting the major components ofesteriy. The major loading
magnitudes in the proposed layout are: motor drive torque, brake torque and flywheel
weight.

The existing DC motor was used for the developed rig as mentioned above, and the
motor specifications were as follows: Maximum rotatiospeed of 4000 rpm and
power of 2 kW. According to the motor specification the torque was calculated for 2
kW power at 4000 rpm which indicates a torque of 4.8 Nm. The motor was modified so
that the user could control it by varying the voltage throughViek software. The
detailed control of the DC motor is explained in the data acquisition section. In the
current study, a Fiat Punto was chosen for the scaling methodology and to test the
thermal performance of a lightweight disc brake rotor, but the dpedlsmall scale rig

will be used for different vehicles in the future. The brake torque was calculated for the
worst case scenario: Range Rover Ill 4.4 (05/0p was chosen for calculating the
maximum brake torque. The Range Rover data is as follows apgsoximately 2500

kg slowing from 160 km/h at 0.9 g, a brake disc diameter of 360 mm, pad height of

58mm and a tyre size of 255/60R18. The brake torque was calculated based on the
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available data and the maximum brake torque for the test rig which \laes ander of

290 Nm.

The last loading factor is the flywheel weight, and according to the scaling methodology
the moment of inertia of the small scale rig depends on the moment of inertia of the real
vehicle (Full scale) and the scaling factor. In oraecdlculate the maximum weight of

the flywheel, the inertia of different vehicles with different scaling factors needed to be
investigated. The vehicle corner masses for typical passenger vehicles are in the range
250 to 800 kg. The existing flywheel wetgk 26.7 kg, the diameter and thickness of

the existing flywheel are 325 mm and 43.5 mm respectively. The flywheel mass against
vehicle corner mass was calculated for different scaling factors as shéuguie5.3.

It shows that as the vehicle size increases (corner mass) the flywheel weight also
increases, which was as expected. In addition, larger scaling factors will reduce the
weight of the flywheel. In the current study, the existing flywheel was used sntak

scale test rig in order to make sure that the rig was fully function before designing
another flywheel, but the design of the test rig was based on a worst caseflgvass

of approximately 55 kg.
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Figure 5.3: Flywheel mass against scaling factor for different vehicle sizes.
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5.3.1.3Clutch and actuator selection

In the design process of the small scale test rig, two important features were considered
in order to assess the thermal performance of the snaé disc brake rotor under
different braking conditions. The first feature was the ability to apply drag braking and
the second feature was to apply the brake pressure as fast as possible using LabView
software (constant g stop). In order to achieve ttg §oal it was necessary to find a
mechanism that was capable of coupling the motor outlet to the main shaft. It was found
that a shaft mounted clutch unit would be the best approach to achieving the desired
goal. The selection of the clutch unit was lwase the knowledge of the worst case
design load from section 5.3.1.2. The general guidelines for clutch unit selection were
as follows: electric or pneumatic actuation with decoupling mechanism, maximum
torque of at least 10 Nm and bore diameter of 28&anm for main shaft and motor
output shaft. In accordance with the general layout and guidelines, -anpilwit clutch

was selected as shownkigure5.4.

[x] Outpuyt Mount

Input shaft

Figure 5.4: Nexen L600 clutch unit schemati¢11q.

The clutch unit was located on the main shaft and the jaw type coupling of the existing
rig, which was driven by the motomnas coupled to the output mount by a developed
adapter. The selected clutch unit was the Nexé0Q, catalogue number 9501801 6.

The main characteristics of the unit were: bore size 25 mm,nmaxistatic torque 44
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Nm, maximum rotational speed 3600 rom, mass of 7 kg and the actuation/return by
pneumatic/spring. The torque capacity of the chosen clutch unit was greater than the
assumed load of 10 Nm which provides a safety factor against motdoaneThe
maximum rotational speed of the clutehit waslower than themaximum speed of the
existing DCmotor (4000 rpm)Therefore the maximum speed of the motor was limited

to 3000 rpm t@uaranteehat the clutch unit would not be damaged.

The secod main feature was to apply the brake pressure as fast as possible in order to
achieve the constant g stop. The main guidelines for the selection of the brake pressure
mechanism were: maximum load on the master cylinder 340 N, the speed of the
actuation neded to be as fast as possible and controlled using LabView. In accordance
with the general guidelines, a linear actuator was selected which was capable of
applying the desired braking pressure at the fastest speed by using the existing data
acquisition (labView). The chosen linear actuator was #WEME Screw Linear
Actuator (LMR 01) as shown iRigure5.5 [117]. The main characteristics of the unit

are: maximumoad of 1300 N and linear speed up to 52 mas/shown ifFigure5.6.

Figure 5.5: ACME Screw Linear Actuator (LMR 01) [117].
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Figure 5.6: ACME Screw Linear Actuator (LMR 01) performance[117].

5.3.1.4Main shaft design

The critical part in thenew small scale test rig is the main shaft because it needs to
withstand worst case dynamic loads and accommodate the different components while
sustaining a series of practical and manufacturing considerations. The main guidelines
for the main shaft wereensure that practical and manufacturing considerations are
satisfied at all times;provide sufficient static location and support for various
components at rotational speed up to 3000 rpm; provide mounting point for bolt; and to
offer appropriate keywayfor transfer of drive torque and to make sure that the material
yield stresses are not exceeded under the worst case loads. The detailed design of the
main shaft was carried out by an MSc student at the University of Leeds, including the

detailed stress afysis based on the worst case logds§. The final design of the main
shaft is shown ifrigure5.7.
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Figure 5.7: Main shaft layout

5.3.1.5Brake system selection and design

One of the main advantages of the small scale test rig is that it allows us to use a real
braking system in order to replicate real world conditions. The main proksmin

finding a small scale caliper that would fit the selected small scale disc brake. It was
discovered that the Wilwood PS1 brake caliper (part no-:8B2@)[119 would fit the

small scale disc brake rotor and the small scale test rig. The PS1 caliper is lightweight
and compact, made out of aluminium, as showRigure5.8. The caliper consists of

two opposed pistons with a diameter of 28.6 mm, and is designed to accept brake discs
between 3.8 and 5 mm in thickness. In accordance with the scaling methodology the
thickness of the small scalesdibrake rotor was calculated and it varied up tangd

based on the scaling factorhe limitation of the disc thickness was overcome by
designing a spacer to obtain the desired thickness; also the spacer was used to provide
mounting points for a pivotedrm arrangement. The pivoted arm arrangement was
designed to enable torque measurement using a conventional lodRIEfeltransducer,

type TC4) as shown iRigure5.9.
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Figure 5.8: Wilwood PS1 caliper[119.

Figure 5.9: 3D model of PS1 Caliper support arrangement

The stress analysis of the pivot arm arrangement was carried out based on the maximum
brake torque. The support arm arrangement gavestethe ability to move the caliper

in the vertical and horizontal directions in order to adjust the mean rubbing radius. The
load cell was attached to the pivoted arm by using a tapered hole which allowed for fine

adjustment of the vertical height.

A further attentionin the brake system was the brake pads, and the Wilwood PS1
Caliper accepts Wilwood part no. 28091k brake pads as shownRigure5.10. The
commercial Wilwood brake pads have a contact area ofozjppately 1260 mr
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whereas the pad area for the small scale pads are 57&ma800 mnf as shown in
Figure5.11. The first area (575 mihwas used to investigate tHeetmal performance

of the lightveight disc bake and the second area (900 Fhto validate the scaling
methodology. There were two methods of achieving the desired brake pad areas: 1.)
remove or cut away part of the pad material to achieve the desired area; or 2.) produce
the back plate and desighet pad material according to the required dimensions. The
first approach was used to achieve the first pad area, and the second to produce the
brake pads for the thermal performance analysis. The second approach was achieved
with the help of TMDfriction Cmpany as they provide pad material for specific areas
with special compositions to suit thghtweight disc brake rotor.

The pad shape was designed based on the pad to disc rubbing surface area ratio while
maintaining constant sliding velocity between thkk and small scale disc brake rotors.

In addition, the practicality of, removing or producitige pad shape was taken into
consideration in the developed pad.

2.66 (67.6) — — .30
I~ (7.6)

]

1.00(25,4)

Figure 5.10: Wilw ood brake pads[119.
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Figure 5.11: Small scale brake pad geometry

The final consideration in the brake system design was the hydraulic pressure, which is
required to actuate the caliper piston. The method of generating the required pressure is
by using a master tgder. The Wilwood Go Kart master cylinder (part no. Z520)

[119, as shown irFigure5.12, was chosen for the small scale brake system in order to
generate the desired braking pressure. The Wilwood master cylinder was chosen due to
its appropriateness for use with the PS1 caliper. A suppockdtravas designed to
secure the master cylinder to the test rig bench as showigume 5.12. The stress
analysis was carried out for the developed design based on the maximum loads

calculated.
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(a) Master Cylindér" 4 (b) Support bracket

Figure 5.12: Wilwood master cylinder and support arrangement[119.

5.3.1.6Data acquisition and sensors

One of the main objectives for the developed small scale test rig was to monitor and
control the braking event remotely using LabView software. There were a number of

variables which neextl to be monitored and controlled during the test. These included:

The rotational speed of the rig.

The surface temperature of the disc brake rotor.
The hydraulic pressure in the brake system.
The disc brake surface temperature.

Brake pad temperature.

Thebrake torque generated during braking, and

= =4 4 -4 -—a -—a -

The linear actuator to control the brake hydraulic pressure.

The data acquisition system adopted was based on National Instrument hardware and
software. The hardware used in the small scale test rig was the2BMCadapter

[12Q, shown inFigure5.13, which consists of 22 BNC connectors #oralog digital

and timing signals. In addition there are 28 spring terminals for digital and timing

signals. The software used in the developed rig was LabView software which has the
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ability to control ad monitor the various components in the test rig and is compatible

with the selected hardware.

Figure 5.13: National instrument BNC-2090 adapter[12(Q.

The general data acquisition configuration of thek scale test rig is shown Figure

5.14 which indicates that the user is in controttioé braking pressure, motor speed and
clutch unit while monitoring the temperature, braking pressure, motor speed and
braking torque. LabView software can be modifiedwork with a different braking

scenari o depending on the usero6és require.l
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Computer
Thermocouples
Pressure Linear actuator
transducer
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Foeed encoder clutch

Small scale brake dynamometer

Input Output

Figure 5.14: General data acquisition configuration of the small scale test rig

The rotational speeaf the small scale test rig was measured using the same

configuration as the existing rig. The speed encoder system consists of a solid disc with
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80 holes around its circumference located on the developed main shaft by a single grub
screw ancan infrared mitting diode facing an Optoschmitt detector encased in a black
thermoplastic housingHOA2001) [121], as shown inFigure 5.15. The HOA2001
sensor logic provides a high output when the optical path is clear, and a low output
when the path is interrupted. The rotational speed of the test sigal@ulated based on

the knowledge of the number of holes in the disc and the output signal of $he sen

Speed sensor]

Speed encodedisc

Figure 5.15: Speedsensorconfiguration.

The hydraulic pressure of theake system was monitored during the test by using a
pressure transducer (RS TYPE 46127. The location of the pressure transducer was
chosen to be as close as possible to the caliper in order to measure the actual pressure
without any loss, as shown kgure5.16. The chosen pressure tsalucer can measure
pressure up to 25 bar. Braided hose and CGulNiokel (Kunifer) pipe was used to
connect the braking system together. The flexible braided hose was used to capture any
movement of the caliper arm. In addition, the Kunifer pipe was usetbke sure that

the pressure was constant and the pipe will not expand with the time.
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Braided hose Pressure transducer Kunifer pipe

Figure 5.16: Pressure transducer setup

One of the main parameters which needed to be mreditduring the tests was the
surface temperature of the disc brake rotor and the temperature of the brake pad. The
surface temperature of the disc was monitored using a rubbing thermocouple (K type,
HTA1001A) [123, the temperatureange of which was betweeA(’C and 120€C,

with accuracyof 1.5°C. The configuration and location of the thermocouples is shown

in Figure 5.17. The sliding thermocouple was placed before and after braking at the
mean rubbing radius. The location of the rubbing thermocouples is very important in
order to obtain good comparisons and for usehenrtumerical analysis. Furthermore,

the location of the disc at the end of the shaft was planned to allow thermal imaging of
the disc. In addition, an embedded thermocouple was used to monitor the temperature of
the brake pad; it was located 3 mm from thiebing surface of the brake pad, as shown

in Figure5.18.
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Figure 5.17: Rubbing thermocouple configuration.

A

Figure 5.18: Brake pad embedded thermocouple location

Figure5.18 shows the location of the embedded thermocouple inside the brake pad. It
was fixed using Epoxy structural adhesive which dagry good thermal conductivity

and high temperature resistance. The surface of the back plate was ground to remove the
excess Epoxy and to make sure that the back plate surface was flat, as shaurein

5.19.

The surface temperatuoé the rotorwas also monitored by usiraghigh speed thermal
imaging system (FLIR X6540SC) as showrFigure5.20, which showsanoverviewof
the setup of the camera on the small scalg The main advantages of using such a

system are tde able toassess the temperature distribution across the whole rubbing
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surface and to obtain the temperature response as fast as possible. The main feature of

this thermal camera ardfast frame rate ugo 4300 Hz, highresolution °1°C,

temperaturerange up to 3000°C, auto exposure, ultrasonic smart lenses, nesori

filter wheel and configuration management.

Thermal

camera

Figure 5.20: Thermal imaging system configuration on the small scale rig.
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The brake torque is one of the important parametergribatbe monitored during the

test in order to calculate the heat flux inthat is requiredn the numerical validation.
Also, it was used to evaluate the coefficient of friction and the partition ratio which was
used in the numerical simulations. The brakeue was measured using a conventional
load cell REP transducer, type TC4), and the brake torque hardware configuration is
shown inFigure5.21. The brake torque was calculated based on knowledge of the force

at aknown position.

The brake hydraulic pressure was controlled using the linear actuator chosen in section
5.3.1.3 The control of the hydraulic pressure is processed based on a closed loop
feedback systerthat was developed in LabView. The control algoritiion the brake
pressure was based on knowledge of the pressure inside the brake line which was
measured using the pressure transducer. The linear actuator was attached at the far end
of the master cylinder lever in order to make sure that the maximumdqaoted was

as low as possible; the linear actuator configuration is shoWwigiume5.22.

Pivoted arm

Caliper

Load cell Adjusted

Figure 5.21: Load cell configuration.
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Actuator

Master

cylinder

Master
cylinder

lever

Figure 5.22: Linear actuator configuration.

The pneumatic actuateclutch unit was used to engage and disengage the motor output
from the main shaft; the clutch unit was controllechgsa control unit which consists of

the following: Filter, regulator, 3 way valve, exhaust valve and lubricator, as shown in
Figure5.23. The clutch control unit was used to engagd disengagef the clutch unit

through the 3 way valvélhe actuation pressure of thie was between 1 and 5.5 bar.

Clutch unit Clutch control unit

Exhaust valve 3 way valve Filter and regulator

TN\

Figure 5.23: Pneumatic clutch setup configuration.
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LabView software was used to communicdietween the user and the various

components in the system. Also it was used to record all the required data in order to
analyse the results and use the data for numerical validation. The LabView user
interface window is shown irFigure 5.24. It provides the user with all the key

parameters, including disc surface temperature, brake pressure, load cell force, motor
speed and brake pad temperature. In addition, the user can change the following: the
motor speed, theonstant g stop brake pressure and the drag brake pressure. This code
was developed to provide the desired output of data from the small scale test rig but it

can be modified to work with any braking scenario.

Braking parameters control

Set Mcter speed (rpm) Set drag brake prevsure (bar)
|

Beoke Pad Temp (13) o€ vorsge) @Y | Brake line Pressure (bar)

Brake Pad Temp (T3) oC

Disc Temp (T2) oC

Disc Temp (TL) oC

Load cell force (kg)

Figure 5.24: LabView user interface window.
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5.3.1.7Test rig specification and limitation

The small scale test rig was developed in order to investigate the scaling methodology
and to investigate the thermal performance of lighgivebrake rotors under different
braking conditions. The developed test rig can replicate different braking conditions and
scenarios. The major characteristics of the small scale test rig are listed below:

1 Scaling factors 32 were chosen. A lower scalifgctor would limit the use of
constant g stopping because it would be difficult to replicate the required inertia.
Scaling factors above 7 are preferable because they make it easy to replicate the
desired inertia.

1 Pad equivalent diameter: the value andpshaf the pad depends on the scaling
factor and the full scale pad area.

7 Disc outer diameter 125 mm: the diameter of the disc was selected based on the
brake system specification and the space limitation.

T Maximum flywheel thickness was 90 mm, based on thaximum load
calculation and the space available. In addition, the maximum flywheas$
was estimated as 55 kg.

1 A disc thickness of between 5 and 35 mm was considered in the design and
selection of the braking system.

1 The maximum rotational speed of theotar was limited to 3000 rpm which
allows for a wide range of vehicle speeds

1 The maximum brake torque for the rig was calculated as 290 Nm.

The developed test rig met all the objectives but there were some limitations that need
to be addressed in the fuéu One of the main limitations is the DC motor torque which

is 2 kW; this torque would not be sufficient to apply a drag braking with high brake
torque. The motor issues were solved by using the full scale dynamometer with an
adapter as will be explained the next section to take the small scale brake rotor. The
full brake dynamometer is capable of performing a drag brake under high torque. The
detailed design and configuration of the full scale brake dynamometer will be explained

in the next section.
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The calibration of the various components, namely load cell, thermocouples, pressure
transducer, speed encoder and linear actuator, are presei@bdpier7. In addition,
the commissioning process of the small scale test rig is explained in d&thgjer 7.

The assembly and disassembly of the small scale rig are shown in Appendix A.
5.3.2 Full scale brake dynamometer

The University of Leeds full scale brake dynamometer was used to validate the scaling
methodology and also to investigate the possibility ofigishe lightweight brake rotor

in a passenger car. In this section the general layout of the existing full scale brake
dynamometer is explained, also the main features and parameters of the current test rig
are highlighted. Furthermore, the design of alsstale adaptor for use with the full

scale brake dynamometer is presented in detail. Finally, the data acquisition

configuration and test rig limitations are discussed in detail.

5.3.2.1General layout

The general layout of the existing full scale rig consista digh torque DC motor
driving a main shaft through a drive belt unit with the brake disc located at the end of
the shaft, as shown Figure5.25. The existing rig consists of two bearings which were
placed ash®own inFigure5.25. The speed and torque sensors wégiequl between the

two bearings.

The existing full scale brake dynamometer is capable of applying drag braking
conditions only, as there is no inertia involvedthe current setup. The full brake
dynamometer has a 45 kW motor which is very important when applying a drag brake
stop. The main components of the full scale brake dynamometer were as follows: motor,
linear actuator, caliper, master cylinder, torquensducer, speed encoder and sliding
thermocouples, as shown kgure 5.26. The brake dynamometer was controlled and

monitored using the LabView based data acquisition system
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Brake

Bearing

Bearing

Drive Belt

DC Motor

Figure 5.25: General layout of the full scale brake dynamometer

Disc and caliper

Torque and speed sens Motor

Sliding thérmocouples

Linear actuator

Master cylinder

Figure 5.26: Full brake dynamometer.
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5.3.2.2Small scale disc adapter

In the deviopment of the small scale test rig an issue was identified with the low torque

DC motor and in order to overcome this problem it was decided to use the full scale

brake dynamometer to carry on with drag brake scenarios for the small scale discs. The
full scale brake dynamometer had a 45 kW motor which was more than enough to drive
the small scale disc to its thermal limits. A special adapter was designed and developed
to fit the small scale disc and brake system onto the full brake dynamometer, as shown
in Figureb.27. A stress analysis was carried out to make sure that the developed adapter

was capable of taking the maximum desired torque.

Developed adaptor

Figure 5.27: Small scale adaptor

5.3.2.3Data acquisition and sensors

The general hardware configurations of the full scale brake dynamometer for full and
small scale dynamometer are showrrigure’5.28. The user contie the test rig using

in house LabView software that has been developed in order to give full control over
the braking conditions. The user controls the braking pressure through the linear

actuator and the speed of the motor while measuring the tempeoétire disc and
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pad, braking pressure, braking torque and motor speed. In addition, the LabView

software can be modified to replicate different braking scenarios.

The surface temperature of the small and full scale disc brake rotor was monitored using
sliding thermocouples, as shown iRigure 5.29. The location of the sliding
thermocouples was fixed for both small and full scale discs in order to facilitate accurate
comparison; also thermocouples results were usedhe validation between the
experimental and numerical results. The sliding thermocouples were placed, after
braking, at the mean rubbing radius. The brake pad geometry for the full scale disc

brake rotor is shown iRigure5.30.

)
e

cC
8
L
Z1
S

Computer

Thermocouples =

Pressure || Linear actuator
transducer
Torque
transducer
Motor speed

Seed encoder

Full scale brake dynamometer

Input Output:

Figure 5.28: Experimental setup of small scale brake dynamometer
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Figure 5.29: Full and small scale disc brake rotor thermocouple positian

xl

Figure 5.30: Full scale brake pad geometry

The actuation system for the full brake dynamometer was modified in order to produce
a quick response. Theame linear actuator used in the small scale test rig was used for
the full scale rig, the system configuration is shownFigure 5.31. The pressure
transducer was located as close as possible to the brake ealipgplained earlier in
this Chapter. The maximum load required for the master cylinder was calculated to

make sure that the linear actuator was suitable.
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Figure 5.31: Full scale brake system configuration

The in house LabView software for the full scale brake dynamometer is similar to the
small scale software with minor modifications. The changes were the removal of the
constant g stop control as the full scale rig cannot parfuch an analysis and other
changes regarding motor control and brake torque measurement.

5.3.2.4Test rig specification and limitation

The existing full scale brake dynamometer is a powerful test rig for the evaluation of the
thermal performance of disc braketars under different drag brake conditions. The
high torque motor is one of the key components in the full test rig which provide a wide
range of braking conditions. The general specification of the full brake dynamometer at
the University of Leeds is dellows: direct drive no inertia; inline torque measurement

up to 500 Nm; can hold both disc and drum brakes; 20:1 reduction gearbox; can mount
small and full scale disc brake rotors; controlled by LabView. On the other hand, the
main issue with the fullcale rig is that it only executes drag brake tests which limits its
application. The motor speed of the full rig is limited to 1500 rpm which also restricts

the braking conditions it can simul ated.
5.3.3 Comparison between full and small scale rigs

The full andsmall scale test rigs are valuable testing machines that can be used to

evaluate the thermal performance of disc brakes, both are controlled by in house
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LabView software that can be modified to simulate the desired braking scenario. There
are many advanggs and disadvantages to the full and small scale test rigs which are
summarised imMable4.5. The main advantages of the small scale rig are as follows: it
can conduct drag, constant g and repetitive braking stbps the full scale equipment

can only replicate drag brake scenarios. The main advantage of the full scale rig is that
it has a high torque motor which is capable of performing high torque drag braking. The
maximum hydraulic pressure for both rigs wamited to 25 bar because of the

limitation placed on the pressure transducer by the scaling calculation

Table 5.5: Full and small scale comparison

Parameter Full scale Small scale Remark
Motor maximum speed(rpm) 1500 4000
Motor maximum torque (kW) 45 2
Inertia (kg.m?) na Up to 55 kg

flywheel

Maximum hydraulic pressure 25 25 Limited by the
(bar) pressure
Constant g stop No Yes
Drag brake Yes Yes
Repetitive braking No Yes
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5.4 Calibration and commissioning of test rigs

The general layout and the design of the various components of the small scale
dynamometer were explained in detail. In this section the small and full scale
dynamometer configuration and sgt to complete the test matrixfoleed in section 7.2

are explained. The control software used to control and record the data is presented
above. In addition, the safety procedure carried out to make sure that the tests were
conducted in a safe environment is discussed. The commissianthgalibration of

both small and full scale brake dynamometers, in order to make sure that the results
from the experiment were accurate and representative, are explained in section 5.4.2 and
5.4.3. The commissioning of the test rigs to ensure that tieey functioning as desired

is also covered in this section. Finally, the outcome of the commissioning process is

presented and discussed.
5.4.1 Testrig setup and configuration

The detailed design process for the small scale test rig was covered earliert Tige tes
was fitted with various control and measurement instruments, as shdwgune5.32.

The rig main shaft was driven by a 2 kW DC motor, controlled by LabView code which
changed the input voltage to the motbiver in order to vary the shaft speed. The
actuation of the pressure was controlled using a linear actuator which determined the
movement of the piston within the master cylinder; the linear actuator itself was
controlled by changing the input voltageth® system. A pneumatic clutch was used to
connect the motor to the main shaft. The surface temperature of the disc was monitored
using K-type sliding thermocouples and the pad temperature was measured with an
embedded thermocouple; the thermocouple dstmas measured by a 4 channel signal
conditioning unit. The speed of the main shaft was monitored and recorded during the
test by using an optical shaft encoder system. In the new rig, a load cell was used to
evaluate the braking torque by measuring thred acting on a specified point on the
pivoted arm which is 17 cm away from the centre of the disc. In order to change the

braking conditions, the brake line pressure was monitored and recorded during the test.
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The brake pressure was measured using aymesransducer which was connected to a

12 V power supply through a signal condition box.

The main features of the developed software were that both drag braking and constant g
stop could be applied during any test. The user needed to specify the abispieed of

the motor, the drag brake pressure (if required) and the constant g stop pressure (if
required). The rig was designed to accommodate different braking events and conditions

in a safe environment.

The working area for both brake dynamometenssigied of two separate sections, the
control area which contained the monitoring and control station, and the testing area
which included the brake dynamometers themself. The testing areas were separated by a
safety door which had to be closed before grenfng any test. In addition, an electric

stepper motor controller was available for turning off the motor in case of emergency.

The configuration of the full scale brake dynamometer allowed the user to simulate drag
braking events only, while the smallase brake version was capable of simulating both
drag braking and constant g stopping events. An overview of the full scale brake
dynamometer setup and configuration is showRigure5.33. The rig main shaft was

driven by a 45 kW DC motor, the speed of which was controlled by changing the input
voltage through LabView code. The brake pressure was controlled by using the same
linear actuator system operating on the master cylinder as the small scale brake
dynamometr. In addition, the surface temperature of the disc and the temperature of the
pads were recorded using theyke thermocouples previously mentioned. During each
test, all controlled and measurement parameters were recorded for use in the analysis of
theresults. In the full scale brake dynamometer, the brake torque was recorded using an
inline torque meter. The same torque meter was used to measure the speed of the motor

as it had a bu#in speed encoder.
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In-house software similar to thdeveloped for the small scale dynamometer was used

in the full scale dynamometer with some modifications. The software developed for the
small scale equipment was capable of performing two different tests, which were drag
braking and constant g stop biradx In the modified software for the full size rig, drag
braking events were the only braking events which could be performed. Also, in the full
size rig there is no clutch unit to engage and disengage the main drive shaft. In the
modified software the @s needed to specify the rotational speed of the motor and the
drag brake pressure. The rig was designed to accommodate different braking conditions
in a safe environment. Safety procedures used in the small scale rig were adopted for the
full scale rig tomake sure that all the tests were conducted in a safe environment.

5.4.2 Sensor calibration

Sensors and actuators played a crucial role in operating the test rig. There were four
types of sensor used in the test rigs; namely a load cell, pressure transcross th

camera, thermocouples and shaft encoder. In addition, there were two actuators used in
the small scale rig: the linear actuator and pneumatic clutch. The same linear actuator

was used for the full size rig to control the braking pressure.
a. Brake torque

The brake torque of the small scale brake dynamometer was recorded using a load cell
system, as explaine€arlier The load cell REP transducer, type TC4) was used to
estimate the brake torque by measuring the transmitted force through the cakper le
arm shown irFigure5.21. The load cell was calibrated by applying known dead weight
loads to the load cell over the low load region in compression only. For calibration over
the higher load region the weiglttalds were applied using a manual mechanical press,
manufactured in 1963 (Desnison Universal Testing machine), shoRigure 5.34. In

both cases, the load was applied and removed several times in order to @heck th
consistency of the data.
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Figure 5.34: Manual mechanical press arrangement for compression loads.

The mechanical setp for the load cell calibration is shownkigure5.34. The values

of the output voltage were recorded using LabView code. Linear regression was used to
find the linear relation between the applied load and the voltage output in compression,
as shown irFigure 5.35. The linear regression equation was used in the LabView code
to evaluate the braking force and then use this value to find the brake torque by

multiplying the force by the distance to the centre of the disc brake.
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Figure 5.35: Linear regression between output voltage and applied load for load

cell calibration.

In the case of the full scale brake dynamometer, the brake torque was recorded using an
inline torque meter. Theurrent torque meter is capable of measuring both the inline
torque and speed of the motor. The torque and speed sensor was calibrated by the

manufacturer. A detailed specification for the torque meter is givéahie5.6.

Table 5.6: Torque meter (TORQUEMASTER TM 213)

Nominal torque Maximum ~ 500 Nm

Rotational speed Minimum: 10 rpm

Maximum: 10000 rpm

Bearing lifetime 5000 hours
Torsional stiffness 95800 Nm/rad
Resistance 500Y

Voltage 20 to 30 VDC
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b. Brake pressure

The inline brake pressure for both full and small scale brake dynamometers was
recorded using a pressure transdu@@& TYPE 461)[127. It was important to
calibrate the pressure transducer for use in the full and small scale rigs in order to ensure
reliable test results for the calculatiasf friction coefficient in particular. The
calibration of any pressure transducer or pressure gauge is achieved by connecting it to
a well know pressure source and recording the output voltage. A hydraulic dead weight
tester (shown irFigure 5.36) was used to calibrate the pressure transducer by varying

the dead weight applied to the hydraulic system.

| Pressuréransducer

Hydraulic dead weight teste

Figure 5.36: Hydraulic dead weight tester for calibrating the pressure transducer.

The setup of the pressure transducer calibration is showRigare 5.36; the output

voltage was recorded using LabView code. According to the pressure transducer data
sheet, the output voltage was 0 to 5 Volts. The pressure transducer range was between 0
and 25 bar, this implies that for every 1 bar pressure the output voltage was 0.25 Volts.
The calibration process was carried out using the hydraulic dead weightiriestder

to ensure the measured data was reliable pressure was applied several times in

upward and backward directions in order to check the consistency of the data. Linear
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regression was used to find the linear relation between the hydraulicrpressuthe
output voltage, as shown kigure5.37. The linear regression equation was used in the
LabView code to evaluate the brake line pressure during theBastsd on the pressure

transducer data sheet thecuracy of the output voltage is £0.25%.

y =0.1994x + 0.0581
R?*=0.9997
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Figure 5.37: Linear regression between output voltage and hydraulic pressure for

pressure transducer calibration.
c. Calibration of thermocouples and thermal camera

In the current research, -tgpe thermocouples were used to record the surface
temperature of the disc brake rotor and the temperature inside the brake pad for both full
and small scale brake dynamometers. The thermocouples were composed of two
different netals which generate a small voltage when joined together, and in the current
research they were calibrated using two different methods: using a series of fixed
points; and comparison with reference thermocouples in stabilised baths. A water bath
was usedo generate the different fixed temperature points and a standard thermocouple
was utilized as a reference. Linear regression was used to define the relation between
the temperature and the output voltage, as shovigure 5.38. The linear regression

equation was used in the LabView code to evaluate the temperature of the various
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thermocouples in the small scale test fidie accuracy of thermocouple output is
+1.5°C based on the thermocouples data shEe¢. highspeed thermal camera was
calibrated by the manufacturer using a calibration process called ENW8is process

provides stable measurement and beautiful imagery.
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Figure 5.38: Linear regression between otput voltage and temperature for
thermocouple calibration.

d. Shaft encoder calibration for small scale rig

The shaft encoder system was used in the current research to evaluate the speed of the
small scale rig shaftThe rotational speed of the test rigsvcalculated based on the
knowledge of the number of holes in the disc and the output signal of the senor; a detail
description of the system was givensiection 5.3.1.6The shaft encoder was calibrated
based on knowledge of the motor speed as the nspt®d is a function of the input
voltage, and by varying the input voltage the motor speed can be changed accordingly.
The accuracy of the shaft encoder system depends on the number of holes around the
encoder disc. In the current setup, an average spaedalculated in order to determine

a more precise value of the rotational speed. The DC motor was calibrated by the
manufacturer, so the calibration of the encoder was carried out based on the motor

calibration. In addition, a tachometer was used todagdi the accuracy of the shaft
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encoder. It was found that the error in measuring rotational speed of the test rig was *
20 rpm; this error was due to the efficiency of the motor and the number of holes in the

encoder disc.
e. Linear actuator calibration

The linear actuator used in the current study to control the hydraulic pressure of the
brake was calibrated by the manufacturer. Different approaches were investigated to
control the hydraulic pressure. It was found that using a-Ugokable approach with

closed loop feedback was the best method. The-Ulgotable approach reduces both the
overshoot in the system and the time needed to reach the desired pressure. The main
problems with the other types of control were the overshoot and the pressure ascillatio
around the desired value. In order to apply theHopkable approach, the input voltage

of the linear actuator needed to be evaluated against the hydraulic pressure to find the
relation between the voltage and the pressure. The calibrated presssdedearwas

used to find the pressure at different actuator input voltage. Polynonfiabr¢ir)
regression was used to evaluate the relation between the brake hydraulic pressure and

the input voltagekigure5.39, for use in the control algorithm.
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Figure 5.39: Polynomial regression between actuator input voltage and brake line
pressure for linear actuator.
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5.4.3 Test rig commissioning

The small scale brake dynamometersveemmissioned and validated with a series of
tests in order to make sure that the rig was working as desired without any issues. Many
parameters were monitored during the commissioning, such as: the vibration noise, the
alignment, data recording and rigreeral performance. It was noticed that the surface
temperature of the two bearings increased, especially that of the bearing close to the
flywheel. Bearing temperatures were monitored using thermocouptpse 5.40, and

it was found that they reached a steady state after some time, at an acceptable value.
Figure5.41 shows the surface temperature of the bearings without applying any braking

conditions.

Another issue obseed during the commissioning process was a delay in the recording
of braking force by the load cell. This has an impact on the evaluation of the coefficient
of friction. Further investigation was carried out to address the load cell reading
problem and tgrovide a possible solution. It was found that the load cell amplifier has

a built in filter which delayed recording of the signal by the LabView code. In order to
overcome this, two possible solutions were suggested as follows: design another
amplifier without the filter, or connect the load cell directly to theDMiQ card. The
second approach was chosen, and although the output signal was small and noisy, it was
possible to resolve this issue during the data analysis. A simple test was carried out in
order to evaluate the load cell response with and without the filter using the suggested
approach. It showed that this method improved the response speed of the load cell

signal by about 0.5 s.

All the major and minor issues in the small scale test rig weselved and the
parameters tuned to make sure that the recorded data were reliable and comparable. The
test rig was then used to replicate different braking conditions to make sure it

functioned as desired.

A summary of the commissioning test output paetn which includes the surface
temperature of the disc, the temperature inside the pad, the speed of the motor, the

coefficient of friction, the brake pressure, and the brake torque are shown in Appendix
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B. The results show that the test rig could evaluhfferent braking conditions and the
data were recorded at a sufficient rate to make sure that the output results were reliable.

All the issues specified earlier were resolved as shown in the commissioning results.

The full scale brake dynamometer wasmeooissioned using the same procedures
followed for the small scale dynamometer. The output data from the full scale version
shows stable results as shown in Appendix B.

]
{ UCP208 UCP209 \
Figure 5.40: Position of the thermocouples on the bearings.
60
# UCP208 (Back) EUCP209 (Front)
o
Z
z
g
o
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0 5 10 15 20 25 30 35 40
Time [min]

Figure 5.41: Bearing surface temperature without braking condition at 1500 rpm.
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5.5 Requisition of test samples

In this research the main aim is to investigae use of a lightweight disc brake instead

of the conventional cast iron disc brake. It was found from the literature that the best
candidates to use in this brake application woul@dlbeinium metal matrix composite
(AI-MMC) and aluminium alloy because their properties which were previously
mentioned in the literature revie@hapter. In this research, aluminium metal matrix
composite (AMC640XA) and aluminium alloy (6082) were used for the small scale disc
brake in order to investigate the possibilifyusing such materials in the automotive
industry. In addition, PEO coating was applied to bothMIC and AlAlloy discs to
improve the wear and corrosion resistance. The coating also provides a low thermal

conductivity which acts as a thermal barriertfor substrate material.

Five small scale solid brake rotors were investigated: grey cast iron, forged aluminium
alloy (6082), the same 6082 alloy but with an alumina surface layer applied by plasma
electrolytic oxidation (PEO), cast aluminium MMC (AMC64AX and the same MMC
again with a PEO alumina surface layleigure 5.42 shows the CAD representation of

the small scale discs.

Figure 5.42: CAD representation of the reduced scale disc brake

The brake pads were provided by TMDfriction Company and the material was designed
specifically for use against aluminium discs with ceramic surfaces. It was an organic

based friction material containing a low amount of metathimpounds (LowMet).
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5.6 Summary

In this Chapter the scaling methodologies, based on constant enengytydeare
explained in detailThe selection of a vehicle for experimental investigation of the
scaling methodology and thermal performance of lightweight drake rotors is
described. The way in which the scaling methodology was used to design and develop
the small scale brake dynamometer i s exp
of the small scale brake dynamometer is presented in detail. Matodment of the

data acquisition facilities of the small scale test rig, based on LabView software, is
described. The way in which an existing full scale brake dynamometer was modified in
order to utilize the high torque motor and drive the disc brale temperature to the
extreme is set out. The layout of the full scale brake dynamometer is presented in detail.
A general comparison between the developed small scale brake dynamometer and the
full scale brake dynamometer is madEhe small scale and 1{ulscale brake
dynamometers were calibrated and commissioned in order to make sure that the output
data was reliable. During commissioning, many limitations and difficulties were
identified and addressed in order to achieve the desiredraially, the idatification

and sourcing of test samples for use in the experimental and numerical analyses is

presentedo.
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CHAPTER 6:
THERMAL ANALYSIS USIN G FINITE
ELEMENT MODELS

6.1 Introduction

The thermal analysis of solid disc brakes was investigated using the methivotef
Element analysis. Two different models were developed and investigated in this
Chapter; the first is a two dimensional (2D) axisymmetric transient heat transfer model
and the second is a three dimensional (3D) coupled temperature model. The 2D model
was usedo provide confidence that the correct conditions can be established in the 3D
FE simulation. It also provides an opportunity to use Abagqudicit FEA software.
Furthermore, a 3D coupled temperature FE model that replicates the small scale test rig
was ceated. The 3D model takes into account the thermal boundary conditions as well
as the contact interface definition used in the small scale rig. Comparisons b#te/een
three different models (1D (developedGhapter 4), 2D and 3D) are presented in detail

in order to choose the model that best reproduces the thermal performance of a solid
disc brake rotor. The nominated model will be validagainsthe experimental results

and to carry forward the investigation of the thermal performance of lightweigtt

brake rotorsFigure 6.1 shows theoverall methodology used in thi§hapter tochoose

the preferred model.
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1D (Chapter 4) 2D (Chapter 6, 6.2)
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and investigation of the thermal
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Validation of the scaling methodology

performance of lightweight brake

Figure 6.1: Finite element model selection
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6.2 Two dimensional axisymmetric transient thermal model for small scale

discs

In this section a 2D axisymmetric transient madedescribedn detail using the small
scale disc brake rotaas an exampleThe model setup, boundary comaliis, mesh
sensitivity and simulation stease allpresented. The small scale disc brake geometry
and boundary conditions used in this model are given in Chapter 5. The disc brake
materialareused in this analysis is grey cast iron, the properties afhwdnie presented

in Chapter 4.
6.2.1 Model setup and boundary conditions

In the 2D axisymmetric model the heat flux was applied directly to the surface of the
pad as shown ifrigure 6.2, where the top (smaller) blockmesents the pad and has
dimensions 5x16 mm, and the disc is represented by the bottom (larger) block with
dimensions 7x52.5 mnsymmetry condibns were specified so that only one pad and

half the disc needed to be included in the model.

Highlighted edges have convection coolil

AXxis of rotationof disc

v Line of symmetry

Heat flux

Figure 6.2: 2D axisymmetric thermal model setup and conditions

Uniform heat flux at the rubbing surface was applied in the 2D model. Convective heat
transfer was considered in the 2D model asvshim Figure6.2. DC2D four node linear
heat transfer quadrilateral elememére selectedrom the Abaqus library112. The

contact interface interaction between the disc and pad was defined afee dar
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surface contact. Abaqus software defines the thermal conductance between the surfaces
as a function of the gap and the clearance value for zero thermal conductahbe mus
specified[112. In this model it was assumed that there iggap between the surfaces

and both the pad and disc are always in full contact which means thatrth@igh

thermal conductance used in this analysis was applicable for zero clearance (no gap)
between the surfaces (1¥10V/m’K).

6.2.2 Mesh sensitivity analyss

A mesh sensitivity analysis was carried out using a constant heat flux in order to find
the minimum number of elements in the 2D model. A heat flux of 5¥/én? over the
pad/disc interfacevas used to investigate mesh sensitivity. An avecageectiveheat

transfer coefficient of 3@v/m’K wasapplied to all free surfaces of the model the

component initial temperature was set t& @0 The simulation time for the analysis
was 10 s and the incremental time step fibr2® models was set to 0.01 s. The
maximum temperature at mean rubbing radius was monitored for different element sizes

and the results are shownTiable6.1.

The results show that thglobal element size has small effect on the temperature
distribution, especially below 0.5 mm. On the other hand, there is adffadetween

the number of elements (element size) and the simulation time, an element size of 0.5
mm was chosen for all the subsequent 2D axisymangtnulations. Although a smaller
element size would slightly more accurate results, it would take much longer to

complete the analysis.
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Table 6.1: 2D axisymmetric model mesh sensitivity analysis
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6.3 Three dimensional coupled temperature model for small scale discs

In this section, a 3D cqled temperature model that replicates the small scale test rig
investigated in detail. The model setup, boundary conditions and simulatiomsegils
presented. The small scale disc brake geometry and boundary conditions used in this
model are obtaied fromChapter 5. The disc brake material used in this analysis is grey
cast iron, the properties of which are presentechiapter 4.

6.3.1 Model setup

The 3D FE model was setup to replicate a drag brake application. This model is a
coupled temperature modehich consides only the heat tinsfer between the pad and
disc In this model the pad was kept stationary in space whilst the disc was allowed to
rotate. The FE model was composed of a disc and pad, as shéiguie6.3. Due to
symmetry, only one padnd half the disc thickness were includedthe model.To

avoid complexity, the caliper and back plate were not considered in this model.

In order to replicate the experimental conditions, forced cooling was dpplibe free
surfaces as shown Figure6.4. The disc was treated adiabatic so no heat transfer was
allowed. The surrounding air temperature was assumed constarfCab&€ed on the

lab ambient temperature. Thenvective cooling coefficient on the disc rubbing surface
was calculated in accordance with empirical equations 4.3, which were based on the

rotor dimension, air properties and rotating speed of f&@f.
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77
Jrttens
\Q‘Q‘!\""’"".

Pad

Disc

Figure 6.3: 3D FE model assembly

Disc front (cooling)

Disc back (adiabatic)

Figure 6.4: Thermal boundary conditions.
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In the 3D FE model there are two steps, the initial step and the braking step. The initial
step is when the pad is pressed against the disc aritakieg step is when the disc
rotates. The disc inner radius was coupled with a reference point in order to apply the
boundary conditions to the solid disc. The rotational and translational boundary
conditions involved in replicating a drag brake appiaratvere as follows;

I. Initial step

In this step the pad is pressed against the drsyringthat there is full contact between
the two. This stemctivatesthe heat transfer between the pad and disc. In order to
simulate this step all théisplacemenboundary conditions were constrained for both
the disc and pad, except the Z directidisplacementfor the padwhich was
unconstrained asdicatedin Figure6.5.

Direction | Pad Constrained | Disc Constrained
Ul (X) Yes Yes
U2 (Y) Yes Yes
U3 (2) No Yes
UR1 Yes Yes
UR2 Yes Yes
UR3 Yes Yes

Figure 6.5: Disc and pad boundary condition before braking
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ii. Braking step

As explainedabove in this step the disc rotates against the pad in order to simulate drag
braking. The translational and rotational boundary conditionthéodisc and pad were
constrained in all directions except URS3 (rotation around z) for the digagliaatedin

Figure 6.6. In this step the disc will rotate against the pad and the heat will transfer
between thalisc and pad depending on the thermal resistance between the elements.
The overall view of the 3D model steps is showRigure6.7

Direction | Pad Constrained | Disc Constrained
Ul (X) Yes Yes
U2 (Y) Yes Yes
U3 (2) Yes Yes
UR1 Yes Yes
UR2 Yes Yes
UR3 Yes No

Figure 6.6: Disc and pad boundary conditions during braking
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Displacement analysis
Step 1 »

Coupled displacemenémperature analysis

Step 2 1
Disc rotate and pad fixed (heat flux applied on the

surface of the pad)

Figure 6.7: 3D model steps overview.

6.3.2 Mesh sensitivity analysis

A constant heat flux was used to find the minimum numbeteoments in the coupled

3D model which would provide a stable temperature. A heat flise 06° W/m? was

applied to the surface of the pad. An averagavectiveheat transfer coefficient of

30 W/m2K was considered and appliatthe surface and circumference of the disc

for the 2D modeland thanodelinitial temperature was set to 20. In this analysis the

disc was rotated at a constant speed of 6 revolutions per second (drag brake, vehicle
speed 20 kitn). The simulation time for the mesensitivity analysis was 10 s. The
maximum temperature #te mean rubbing radius was monitored for different element

sizes and the results are showi T able6.2.
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Table 6.2: Coupled 3D model mesh sensitivity analysis
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The results show that the element size baly a small effect on the temperature
distribution On the other hand, there is a tradebetween the number of elements
(element size) and the simulation time. Althouginalle element size will give better
results, it will take longer to simulate. In order to compare the 2D axisymmetric model
and tre 3D model, a 2 mm element size was chosen for the 3D nodmiovide

accurate estimation of surfatmperature

6.4 Comparison between the finite element models

In the current research, three different models were developed, namely the 1D thermal
model Chapter 4), the 2D axisymmetric thermal model, and the 3D coupled
temperature model. These were investigated in detail and the temperature distributions
through the disc for each model were examined. It was noticed that there wasadftrade
between the CPWunning time and the element size for each model, and also between
the CPU time and the model complexity. One of the objectives of the current research is
to validate thenumericalresults by comparison with thexperimentalresults with a

view to using termal modelling to investigate different braking scenario which are hard
to implement in the lab. In this section the thermal performance of the different models
(1D, 2D and 3D) is investigated in order to identify the one which achieves the closest
fit to experiment This will then be used to further investigate thkernative

lightweight brake disc rotors.

A constant heat flux (drag brake) was used to investigate the thermal performance of
different disc brake models. In the current analysis the dedcelmaterial is grey cast

iron, the properties of which are presentecChapter 4, the vehicle speed is 40/Rm

and the brake torque is 80nN An average heat transfer convection coefficient of

30 W/m?K was considered and applied to thefate and circumference of the disc,

as shown earlier, and the component initial temperature was set°tw. Zthe
simulation time for the current analysis was 4 s and the time step 0.001 dis€he
maximum surfacetemperature athe mean rubbing radiugpredicted for the three

different models are shown kgure6.8.
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Figure 6.8: Surface temperature at mean rubbing radius for different disc brake
models

It can be seethat the three responses have the same trends but different magynitude
the meantemperaturefor the 2D and 3D models are very close. On the other hand, the
meantemperatureise for the 1D model is higher than for the 2D and Biddels The
temperature trend was expected because in the 1D model the thermal lmass tisan

that in the 2D and 3D models. In addition, the CPU time was monitored for the three
models, as shown ihable6.3 . It was found that there is a huge difference between the
1D, 2D and 3D models with respect to the CPU time. Although thesalysa small
difference in the temperature magnitude between the 2D and 3D models, there is a big
difference in the computationahte. The 2D axisymmetric model weeereforechosen

for further use with the experimental validation and the lightweight disc brake analysis.

Table 6.3;: CPU time for different thermal models.

Model 1D 2D 3D
CPU Time
00:30:20 02:52:33 65:21:05
(hh:mm:ss)
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6.5 Two dimensional axisymmetric model for full scale disc

Based on the above competitive studyywo dimensional axisymmetric transient heat
transfer model for the full scale disc brake was developed in Abagudento validate

the scaling methodology experimentally and numerically. The disc brake geometry and
dimensions are presented@mapter 5. The same boundary conditions and techniques
used in section 6.2 were applied in this model except that the heatvéls directly

applied toboth rubbingsurface of the discsince symmetry conditions no longer can be
applied duleattdoo stthreu chittuorpe. Figure6.9 shavs theumodlel s i z

setup and conditions.

Centr(i of rotation
Highlighted edgs have

/ convection cooling

Heat flux

Figure 6.9: 2D axisymmetric thermal model setup and conditions for full scale disc

In addition, the mesh sensitivity analysis was carried out for the current model and it
was faind that an element size of 1 mm gave very good results. Also the computational
time was within the desired limits. This model will be used in the @epter to
validate the experimental results and also to carry out a numerical comparison between

the ful and small scale disc brakes.
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6.6 Two dimensional axisymmetric model for a small scale disc with coating

The two dimensional model developed in section 6.2 is valid for a small scale disc
without coating. In the current research, a coated lightweight dige izrinvestigated,
anda finite elenent thermal model was developkxd the coated small scale disc based
on the 2Daxisymmetricmodel describedin section 6.2. The heat flux was applied
directly to therubbingsurface of the coated dis@ased on the astated heapartition

ratio. The 2D model setup and boundary conditions are shoviigure 6.10. The

coating thickness and material properties veergiven inrChapters 4 and 5.

Centre,of rotation

. Line of symmetry

/ Heat flux

Highlighted edges have convection coolil

Figure 6.10: 2D axisymmetric thermal model setup and conditions for a coated
small scale disc

A mesh sensitivity analysis was carried out and it was found that in order to achieve
good temperature distribution ary fine mesh is required. The element size in the

current model is 50 um which igjeal to the coating thickness.

6.7 Summary

The 2D and 3D finite element modelsvelopedor the small and full scale disdsave
been presented in thisChapter. The model bodary conditions and setup were
explained in detail; also a mesh sensitivity analysis for each model was carried out in

order to simulate the thermal performance of the disc brake. The surface temperatures
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predicted bythree different disc brake models (12D and 3D) were investigated. It
wasfoundthat the computational time for the 3D model is much higher than that of the
1D and 2D models. Furthermore, theeragesurface temperature of the 2D model is
very close to the surface temperature of the 3D madeich makes the 2D
axisymmetric model the best candidate fiather numerical analysis ¢he small and

full scale disc brakesA 2D axisymmetric model for the full scale disc widmen
developed to validate the scaling methodology numericaihally, a2D axisymmetric

model for the coated lightweight disc brake was developed based on the coating layer

studyreportedn Chapter 4.



CHAPTER 7:
EXPERIMENTAL AND NUME RICAL
RESULTS

7.1 Introduction

In this Chapter, the experimental and numericaalgsis used to validate the scaling
methodology and to evaluate the thermal performance of the different solid disc brake
rotors, is explained. The experimental test matrix which was utilized iCkiaipter was
developed based on the SAE J2521 and SAR 3fandards. Two test rigs were used in

the current research. The first was a small scale dynamometer and the second a full
scale dynamometer. The two rigs were used for the thermal performance evaluation and
the scaling methodology validation. The maurgnses of the testing are to investigate

the coated and uncoated solid disc brake rotors in terms of surface temperature
distribution and also to validate the numerical models with the experimental results in
order to investigate the temperature distitrutof the solid disc brake rotor using the
FEM.

A general overview of the prese@hapter is given irFigure 7.1. The first section
includes the main objective of the curre@hapter, which was to use the brake
dynamometers and the developed test matrix to investigate the thermal performance of
lightweight disc brake rotors. The second objective was to validate the scaling
methodology proposed in Chapter 5. The main objectives are satisfied by using the
University of Leeds test rigs, including sep, calibration and commissioning. The
experimental results for the various applications were obtained and used to validate the
numerical model developed in Chapter 6. Numerical analysis of the scaling

methodology issues explained in detail irhie numerical analysis sections.
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- Test matrix based on SAE
standards.
- Thermal performance test.

Experimental test

Experimental hardware and
software (Chapter 5).

Experimenal ApparatusH - Experimental setip.
- Sensors and actuator

calibration.
- Test rigs commissioning.

- Thermal performance of
lightweight brake rotors.

- Small and full scale disc
brake validationthermal
validation).

Y

Experiment results

- Numerical validation of the
scaling methodology.

- Numerical analysis of scaling
issues.

Numerical analysis anc
validation

- Numerical validation of the
experimental results.

Figure 7.1: Overview of experimental work using brake dynamometer.
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7.2 Test matrix development

In order to evaluate thenérmal performance of lightweight disc brake rotors, an
appropriate test matrix should be developed. In the current research, the test matrix
shown inTable 7.1 was derived from the Society of Automotive Enginegr{®AE)
standards. It is based on SAE J2521 and SAE P42 125, although there is a big
difference between the number of stops in the current test matrix and the SAE standards

for the following reasons:

 The main aim of this research is to assess the brake rotor material not the friction
pair.

§ The initial temperature for most of the tests WAE’C, and this was achieved by
applying hundreds of braking pulses in order to reach the desired start
temperature.

1 The coefficient of friction was monitored for all the tests and showed good
consistency whiclgave the researchers confidence that thés meatrix was

appropriate even though the number of stops was far lower than in SAE J212
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Table 7.1: Test matrix for all brake rotors.
NoO Simulation | Rotational Brake Initial
No. | Test Name Sto 'S time for speed pressure | Temp. Rig used
PST each stop (rpm) (bar) °C

1 | No-pressurg —-- - 900 - 20 Small
Scale rig

2 Preburnish 10 Braking 900 25 20 Small
check time Scale rig

5 Braking | 900&1500 1.2 100 Small
time Scale rig

5 Braking | 900 &1500 25 100 Small
time Scale rig

First (pre 5 Braking | 900 &1500 | 38 100 Small
3 burnish) time Scale rig

effectiveness Braking | 900 &1500 5 100 Small
check time Scale rig

5 Braking | 900 &1500 6.1 100 Small
time Scale rig

5 Braking | 900 &1500 7.3 100 Small
time Scale rig

4 Burnish 25 Braking 1300 3 100 Small
time Scale rig

5 High speed | 10 Braking 1850 6.4 100 Small
stop test time Scale rig

6 | Dragbrake | .. 1 hour 900 Variable | Room Small
(low) temp Scale rig

7 | Dragbrake | __ 1 hour 1500 Variable | Room Small
(moderate) temp Scale rig

g | Dragbrake | __ 1 hour 1850 Variable | Room Small
(high) temp | Scale rig
9 Drag brake - Variable 620 Constant| Room | Full scale

(high) up to 3 temp rig
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7.3 Experimental and numerical results

In this section the experimental and numédriesults for different small scale disc
brake materials are presented and analysed in detail in order to characterise the thermal
performance of the trial lightweight discs. In addition, the full scale Fiat Punto disc was
investigated numerically and expaentally in order to validate the developed scaling
methodology. The coefficient of friction for the different discs was monitored and
evaluated during the braking tests for the full and small scale disc brake rotors. The
experimental results for full @nsmall scale disc brake rotors were validated using the

2D axisymmetric model from Chapter 6.
7.3.1 Characteristics of thermal results for small scale discs

The small and full scale brake dynamometers were used to complete the test matrix
shown inTable 7.1 for the five small scale brake rotors. The results showed that the
aluminium alloy (6082 T6) disc could not withstand the braking conditions specified

in Table 7.1 and scratices started to appear on the rubbing surface at relatively low
temperatures (around 2, as shown ifFigure7.2. This is becauseluring a friction
process, there are many small asperities that createstmtateas of high pressure, and

at these microscopically small locations the temperature becomes very high. This
temperature can exceed the melting point of thallsly, which means that the disc will

melt at these spots thereby creating a rough disc suifaese peaks on the rough disc
surface can then lead to further losatl melting of the disc material which eventually

results in complete disruption of the disc surface.
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xl

Figure 7.2: Uncoated aluminium alloy rotor after test showing degraded rubbing
surface.
The uncoated aluminium MMC disc showed more resilience than the uncoated
aluminium wrought alloy. Howevescratches didtartto appear on the rubbing surface
albeit at a higer temperature (around 3880°C) than for the aluminium alloy. The
detailed temperature responses for the plaHtMMC disc are shown ifrigure7.3. The

friction performance of the AMMC disc is discussed in threext section.

The coated Ablloy and the coated AMUMC showed better thermal performance than
the uncoated discs arasted throughout the test matrix without any signs of surface
disruption.The detailed temperature responses for the coatddMC disc and coated
Al-alloy disc are showimn Figure7.4 andFigure7.5 respectively, together with images
of the rotor before and after testing where no damage can be seenitionadd a
benchmark, the temperature responses of the grey cast iron are shogure?.6.

The coated wrought aluminium alloy disc brake rotor was further investigated using the
high speed thermal imaging sgst in order to assess the thermatformanceacross

the rotor surface as shown kiigure 7.7 for test 7. The thermal images show a similar
surface temperature to the sliditigermocouplesvith emissivity equal td.95 which

builds confidence in ththermocoupleeadings. The rubbing surface shows a uniform

temperature distribution across the radial direction which demadesthat the brake
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pad wadully beddedn against the rubbing surface of the disc brakerrdthis gives
confidence in the use of the proposest taatrix in the current study.

Test1- Al-MMC- No pressure Testd- Al-MMC- Burnish
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Figure 7.3: Temperature responses of the aluminium MMC disc.
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Figure 7.4. Temperature responses of the coated aluminium MMC disc.
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Figure 7.5: Temperature responses of the coated aluminium allogisc.
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Figure 7.6: Temperature responses of the GCI disc.
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The hgh speed thermal imaging systevas used to compare the surface tenapure
obtained from the slidinghermocoupledor a constant g stapFigure 7.8 shows the
suface temprature ofthe coated wrought aluminium alloy rotor usirgpth sliding
thermocoupleand high speed imaging systefwith emissivity = 0.95) fortest 5
(constant g stop) The results showed that there is a difference in the maximum surface
temperature between the sliditigermocouplesand the high speed thermal imaging
sysem; the latteris in the order of AT than the thermocouple readingghis shows
that the response ttiesliding thermocoupless slower tharthat ofthe imaging system.
Furthermore, the sane@mparisorwas carried out foa dragbraking event as shown in
Figure 7.9, which representshe surface temperature tfe grey cast irorrotor test9.
The resultsshow that the temperature obtained from the slidingrmocaiple in the
drag braking event igery similar tothat measured bthe high speed imaging system.
This is becausthe drag braking event deenot need a fagesponseneasuing system
as the temperatuhangds muchslowerthanfor the constant g stop ent.

130

125

120

115

[y
[
o

Temperature [°C]

=== =Thermocouple

High speed thermal imaging system

90

0 20 40 60 80 100 120
Time [s]

Figure 7.8. Comparison between the sliding thermocouples and high speed thermal

imaging system for coated wrought aluminium rotor (test 5).
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Figure 7.9: Comparison between the sliding thermocouples and high speed thermal

imaging system for grey cast iron rotor (test 9).

The disc and pad temperatureseasured by the@hermocouplesfor the different
lightweight small scale brake rotors are compared agdwestonventional grey cast

iron disc inFigure7.10for test 9 as defined ihable7.1. The results show that the grey
cast iron disc has the lowest surface temperaturdstwthie coated Ablloy has the
highest surface temperature for the same braking conditions. In fact it was found that
the coated discs always had a higher surface temperature than the corresponding
uncoated discs which was as expected due to the theamadrbeffect of the coating.
Although the coated Aalloy always had a higher surface temperature than the coated
Al-MMC, the friction performance of the coated-@éloy was much bettaasdiscussed

in the next section and in Chapter 8. The temperatsporse®f the brake pads were

in the samerelative order as the disc surface temperatusdth the coated Al rotor

achieving the highest temperature at the end of the test
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Figure 7.10: Temperature response of different disc brake materials.

The thermal performance of the small scale disc brake rotors manufactured from
different materials and both with and without a thin alumina coating was investigated
using an axisymmetric tngient heat transfer model developed in Absjasdard
(explained in Chapter 6). The boundary condition and model setup are shbigara

6.9. The rotors were meshed usingndde linear axisymmetric heat tramnsfe
quadrilateral elements (DC2D4). A mesh sensitigityalysiswas carried out in order to
choose the optimum element size, as explained in Chapter 6. The heat flux was applied

to the rubbing surface using a Matlab Mscript.

The experimentally obtained datsas used to validate the 2D axisymmetric FE model.
The heat flux was calculated based on the most extreme braking conditions (drag
braking at a vehicle speed of 35 km/h for a vehicle with an average brake torque of 35
Nm, test 9) and applied in the Abaguedel. Two FE models were used; the first
without coating and the second with a 30 pm alumina coating. The heat flux was
calculated based on the experimental data using equation (7.1):

Q=tw (7.1)
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where ¢ is the meas@d braking torque andvis the rig rotational speed (assumed
constant). However, only a certain proportion of this heat flux is transferred into the
disc, the remainder being transferred to the pad friction material. The proportieatof h
transferred to the disc (the partition ratio) can theoretically be calculated from the

respective thermal properties of the disc and pad materials using equation (7.2):

g:l_ ;
1+ |7 PCrKp (7.2)
I 4CqKg

From the published properties of the grey cast iisasdand estimated property of the

pad materials, Equation (7.2) predicts=0.87 . However this equation takes no

account of the transfer layer that can form on both rubbing surfaces and in practice a
higher proportion of heat is often fadito flow to the disc than suggested by equation
(7.2). In the present case good agreement was found between the measured and
predicted surface temperatures for a partition ratio of 95% which is similar to the value
typically used by other research¢fs3, 126]. Similar analysis was cardeout for the

coated AIMMC disc to evaluate the partition ratio. It was found that partition ration of

90% give a very good agreement with the experimental results.

Figure 7.11 shows that the numerical and expesital disc surface temperatures for
grey cast iron are in very good agreement. The numerical and experimental surface
temperatures for the coated-WIMC small scale disc are shown Kigure 7.12, and

again the nunmical results show good agreement with the experimental data.
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Figure 7.11: Numerical and experimental temperature response for the GCI disc.

Figure 7.12: Numerical and experimental temperature response for the coated Al
MMC disc.















































































































































































































































































































