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ABSTRACT

This thesis deals with simulation test of disc lréiinctionality by using computer
aided engineering software. The objective of thists is tdnvestigate and analyze
the stress distribution of disc brake during operatising CAE software. The thesis
describes the finite element analysis techniqugsrédict the failure region on the
brake disc and to identify the critical locationstile components. The disc brake
implemented on the front axle of Proton Wira 1998del with gray cast iron
materials were studied in this thesis which commarded in industry. Despite all
the stresses experience by the disc doesn’t dantegelisc due to high tensile
strength but the disc may fail under fatigue logdii is important to determine the
critical area of concentrated stress, so apprapmaddification can be made. The
structural three-dimensional solid modelling ofkealisc was developed using the
computer-aided drawing software. The strategy @flaion of finite element model
was developed. The finite element analysis was theriormed using ALGOR-
Fempro. The finite element model of the componevds analyzed using the static
stress with linear material model approaches. Bindie stress distribution obtain
from the result of analysis are employed as inputthie failure region. From the
results, it is observed that the analysis usinggfencan predict the failure region
under fatigue loading. The acquired results tedl thilure region occurred at the
outer radius for both side of the brake disc duedocentrated maximum stress in
these regions. Concentrated stress at these regiapgpromote conning effect. By
moving the contact area of the brake pads and hiiskeinside and away from the
edge, maximum stress at the outer radius of the @is be reduced or prevented.
The stress analysis results are significant to avgrthe component design at the
early developing stage. The results can also sogmifly reduce the cost and time to
market, and improve product reliability and custormnfidence.
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ABSTRAK

Tesis ini membentangkan simulasi penyelidikan @apabrek cakera menggunakan
perisian kejuruteraan bantuan komputer. Objeksisteni adalah untuk mengkaji

serakan tekanan terhadap brek cakera semasa opweagigunakan perisian
kejuruteraan bantuan komputer. Tesis ini menerangdanik kajian unsur terhingga
untuk menjangka kawasan cakera brek yang akan raenigkerosakan dan untuk
mengenalpasti lokasi-lokasi kritikal pada cakerakbrCakera brek yang terdapat
pada tayar hadapan kereta Proton wira model 1988amebahan yang digunakan
adalah besi kelabu acuan dikaji dalam tesis inaka&ria biasa digunakan dalam
industri automotif. Walaupun semua tekanan yandpuohinoleh cakera brek tidak

akan merosakkan, namun kerosakan akan berlakudaka lesu dikenakan. Jadi
sangat penting untuk menentukan dimana kawasaikakriyang ditumpu oleh

tekanan supaya ubahsuai yang sesuai dapat dilakildeaamodelan struktur pejal

tiga-dimensi bagi cakera brek dibangunkan dengansige lukisan bantuan

komputer. Strategi pengesahan model unsur terhiddgangunkan. Analisis unsur
terhingga dijalankan meggunakan Fempro yang tetda@am perisian ALGOR.

Model unsur terhingga tersebut dikaji meggunakandpkatan tekanan pegun
dengan model bahan linear. Akhir sekali, serak&anan yang didapati daripada
analisa kajian menggunakan Fempro boleh digunakdukumenjangka kawasan
yang akan mengalami kerosakan sekiranya tekanandigksanakan. Keputusan
yang diperoleh memberitahu kawasan yang akan memg&krosakan adalah pada
jejari luar cakera brek pada kedua-dua bahagiamydexan cakera brek disebabkan
oleh tekanan maksima yang tertumpu pada kawassebtgr Tekanan maksima pada
kawasan tersebut boleh menyebabkan kesan kon itefthgan mengalihkan

kawasan sentuhan pad brek dengan cakera brek diatpgung cakera brek, tekanan
maksima pada kawasan ini dapat dikurangkan atdak&sn. Keputusan penilaian

distribusi tekanan amat bermakna bagi memperbaka bentuk komponen diawal
tahap pembangunan. Keputusan juga berupaya meramuké&s dan masa ke

pasaran, memperbaiki kepercayaan produk dan kegrakielanggan.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Of all the systems that make car, the brake systeght just be the most
important. Its function determined the safety o€ ttriver, passenger and also
pedestrian. In the olden days it was also one of the simpl@ster the years as
improvements have been made, the system that loagedvisn't so simple anymore.
Brake system work as hard or harder than any othaergb the car, however much
energy it takes to get the car up a hill, it takekeast as much energy to stop it at the
bottom. In general, there are three main functioiha brake system, to maintain a
vehicle’s speed when driving downhill, to reduceehicle’s speed when necessary
and to hold a vehicle when in parking [W}hen the brakes were applied, the pads or
shoes that press against the brake drum or rotorecbkinetic energy into thermal
energy via friction. The cooling of the brakes ghases the heat and the vehicle
slows down. This is all to do with The First Law Bifiermodynamics, sometimes
known as the law of conservation of energy. Thig &dates that energy cannot be
created nor destroyed; it can only be convertech fome form to another. In the case

of brakes, it is converted from kinetic energytierimal energy.

Typically, there are two types of brake that wenplemented in today’s car,
drum brake and disc brake. Disc brake is widelydubecause its design is far
superior to that of drum brakes. Disc brakes usknadisc and small caliper to halt
wheel movement. Within the caliper are two brakésp@ane on each side of the disc,
that clamp together when the brake pedal is predded is used to transfer the

movement of the brake pedal into the movement efbitake pads. The disc used in



disc brakes is fully exposed to outside air. Thigasure works to constantly cool the
disc, greatly reducing its tendency to overheatause fading. The pad and disc
would wear gradually when in used [8]. It need ¢oréplaced when the pad reach its
limits or disc have problem like warped and thergrakck that leads to reduction of
braking efficiency. Friction between the contacaaof pad and disc during braking
process cause wear as the pad degraded graduailifprid pad and disc stress
distribution is essential to ensure uniform padmasal prolong the lifespan for both

pad and disc.

Uniform pad and disc wear and brake temperaturd, mare even friction
coefficient could only be achieved when pressusgridutions between the pads and
disc are uniform [3]. Uneven pressure distributioncontact area on disc and brake
pad can be predicted through simulation analysiseMdnness of the pressure
distribution causes uneven wear and consequentistests the life of disc rotor [3].
This might lead to more frequent tapered wear des@acement. The dynamic
contact pressure distribution in a disc brake systemains impossible to measure
through experimental methods. This makes numercallysis using the finite
element method an indispensable alternative tooltdoprediction. Simulation
analysis is used to predict the failure of the dwtor and help design improvement
on the production of disc rotor. This project pragbe systematic clarification of the
stress analysis of disc brake by analyzes in coenpaided engineering (CAE)
software. CAE or more specifically finite elememialysis (FEA) will analyzed the
stress distribution on the disc rotor during opgeraind prediction of failure regions

can be made.

1.2 PROBLEM STATEMENT

The disc brake is a device for slowing or stoppimg rotation of a wheel of
vehicles. To stop the wheel, friction material ire tftorm of brake pads is forced
mechanically, hydraulically, pneumatically, or étemagnetically against both sides
of the disc and cause the wheel to slow or stofd.[BY the First Law of
Thermodynamics, when brake pedal is pressed, thkebron vehicle heat up,

slowing it down. But if the brakes were used rapidhe discs and brake pads will



stay hot and get no chance to cool off. The bra@not absorb much more heat
because the brake components are already so h®tréking efficiency is reduced.

This malfunction of the brake system is called brédde. In every brake pad there is
the friction material which is held together witbnse sort of resin. Once brake pad
starts to get too hot, the resin holding the paderna together starts to vaporize
(forming gas). That gas can't stay between thegmatthe disc, so it forms a thin

layer between the brake pad and rotor trying t@escThe pads lose contact with
the disc, thus reducing the amount of friction [1dther than brake fade, disc rotor
also undergo cracking, coning, thermal judder, érakudder, high disc thickness
variation and high level of lateral runout (Appendi) because of poor design,

inappropriate materials and uneven stress distobuturing braking.

The usage of the brake may promote wear to dischaakie pad. Uniform
disc and pad wear, brake temperature, and more feegan coefficient could only
be achieved when pressure distributions betweempdls and disc are uniform. In
addition, unevenness of the pressure distributemses uneven stress distribution
that can lead to uneven wear and consequentlyesisothe life of disc and pad. The
design of the disc is important to determine thte td cooling and uniform wear of
disc and brake pad and thus affecting brakingiefiy.

This project will focus on the simulation analysfsdisc on typical disc brake
during operation when forces and moments generate braking is applied during
the static. The stress distribution of disc fromwdation result can be analyzed.

1.3 OBJECTIVES

Investigate and analyze the stress distributiodig¢ brake during operation

using CAE software.

1.4  SCOPES

Use CAE software to determine finite element strads disc on

general/common disc brake used in automotive img@gfira model year 1998).
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1.6  GANTT CHART

Table 1.2:Gantt chart for final year project 1
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Table 1.3:Gantt chart for final year project 2
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CHAPTER 2

LITERATURE REVIEW

2.1 BRAKE SYSTEM

A brake is a device for slowing or stopping thetioo of a machine or
vehicle, or alternatively a device to restrainr@rh starting to move again. Brakes of
some description are fitted to most wheeled vehbjdiecluding automobiles of all
kinds, trucks, trains, motorcycles, and bicycleag@age carts and shopping carts
may have them for use on a moving ramp. Some aeplare fitted with wheel
brakes on the undercarriage. Some aircraft alsimireair brakes designed to slow
them down in flight. Friction brakes on cars sttire heat in the rotating part (drum
brake or disc brake) during the brake applicatinod eelease it to the air gradually
[12]. The kinetic energy lost by the moving partusually translated to heat by
friction. Alternatively, in regenerative braking,uch of the energy is recovered and
stored in a flywheel, capacitor or turned into al&ging current by an alternator, then

rectified and stored in a battery for later use.

Kinetic energy increases with the square of thecity (E = (mv?)/2). This
means that if the speed of a vehicle doubles,stfbar times as much energy. The
brakes must therefore dissipate four times as reaelngy to stop it and consequently
the braking distance is four times as long. When lileke pedal is depressed, the
vehicle’s braking system transmits the force froouryfoot to its brakes through a
fluid. Since the actual brakes require a much grefairce than the leg could apply
with, vehicle must also multiply the force of fodt. does this in two ways;

mechanical advantage (leverage) and hydraulic foncdtiplication. The brakes



transmit the force to the tires using friction, aheé tires transmit that force to the

road using friction also [8].

The modern automotive brake system has been refiimexyer 100 years and
has become extremely dependable and efficienttylfheal brake system consists of
disk brakes in front and eithedisk or drum brakes in the rear connected by a
system oftubes and hosesthat link the brake at each wheel to theaster
cylinder. Other systems that are connected with the brakemsysnclude the
parking brakes, power brake booster and thanti-lock system. When the brake
pedal is pressed, it pushed against a plungerannthster cylinder which forces
hydraulic oil prake fluid) through a series of tubes and hoses to the lgakiit at
each wheel. Since hydraulic fluid (or any fluid tbat matter) cannot be compressed,
pushing fluid through a pipe is just like pushingtael bar through a pipe. Unlike a
steel bar, however, fluid can be directed througimyrtwists and turns on its way to
its destination, arriving with the exact same mot@and pressure that it started
with. It is very important that the fluid is puliguid and that there is no air bubbles
in it. Air can compress which causes sponginegtagoedal and severely reduced
braking efficiency. If air is suspected, then Hystem must be bled to remove the

air. There are "bleeder screws" at each wheeldgtiand caliper for this purpose.

HYDRAULIC UNIT

. valves
& actuators) e SPEED =
= SENSORS

DIAGNOSTIC
CONNECTOR

SENSORS "'

CALIPER.
‘ bt

ROTOR
OR DISC

OR DISC
TOOTHED RING

Figure 2.1: Modern automotive brakes system



2.2 DISC BRAKE

Disk brakes are used to stop everything from to locomotives and jumk
jets.Disk brakes wear longer, are less affected by \, are self adjusting, se
cleaning, less prone to grabbing or pulling andg dtetter than any other syst
around. On alisk brake, the fluid from the master cylinder is forced irgaalipet
where it presses against a piston. The pistc-turn, squeezs two brake pac
against the diskr¢tor) which is attached to the wheel, forcing it tovsldown or
stop. This process is similar to a bicycle brakemghtwo rubber pads rub against
wheelrim creating friction. A csc brake assembly consists of a drotates with the
whee), caliper assemblyattached to the steering knuckl@and riction material
(disc pads) mounted to the caliper assel[12].

Figure 2.2: Disc brake
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2.2.1 Brake Disc

Generally, the disc made of gray cast iron, anditiser solid or ventilated.
The ventilated type disc consists of a wider disih wooling fins cast through the
middle to ensure good cooling. Proper cooling pnévdading and ensures longer
pad life. Some ventilated disc has spiral fins \Wwhiceates more air flow and better
cooling. Spiral finned disc are directional and areunted on a specific side of the
vehicle. The solid type disc is found on the refdioar wheel disc brake systems and
on the front of earlier model vehicles. A thirdlstglisc can be either the ventilated
or solid type which incorporates a brake drum for iaternal parking brake
assembly. The disk is made of iron with highly maeld surfaces where the brake
pads contact it. Just as the brake pads wearvauttone, the disc also undergoes
some wear, usually in the form of ridges and gravksre the brake pad rubs against
it. This wear pattern exactly matches the weatepatof the pads as they seat

themselves to the disc.

The design of the disc varies somewhat. Some arplgisolid cast iron, but
others are hollowed out with fins joining togethibe disc's two contact surfaces
(usually included as part of a casting processis TWentilated" disc design helps to
dissipate the generated heat and is commonly usé¢ldeomore-heavily-loaded front
discs [13]. Many higher performance brakes havesdetilled through them. This is
known as cross-drilling and was originally donethe 1960s on racing cars. Brake
pads will outgas and under use may create bourldgey of gas between the pad
and the disc hurting braking performance. CrosHirdyiwas created to provide the
gas someplace to escape. Although modern brake paltkom suffer from
outgassing problems, water residue may build uer aftvehicle passes through a
puddle and impede braking performance. For thisaeaand for heat dissipation
purposes, Cross Drilling is still used on some imgkomponents, but is not favored
for racing or other hard use as the holes are ecemf stress cracks under severe

conditions.

Discs may also be slotted, where shallow chanmelsnachined into the disc

to aid in removing dust and gas. Slotting is thefgmred method in most racing
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environments to remove gas, water, and de-glazeehjpads. Some discs are both
drilled and slotted. Slotted discs are generallyyus®ed on standard vehicles because
they quickly wear down brake pads; however, thmaeal of material is beneficial
to race vehicles since it keeps the pads soft aodis vitrification of their surfaces.
On the road, drilled or slotted discs still haveasitive effect in wet conditions
because the holes or slots prevent a film of whatglding up between the disc and
the pads. Cross drilled discs will eventually cratkhe holes due to metal fatigue.
Cross-drilled brakes that are manufactured poarlgubjected to high stresses will

crack much sooner and more severely.

2.2.2 Disc Material

Brake disc are commonly manufactured out of a natealled grey iron due
to its superior heat handling and damping (vibratsorption) character. The SAE
(Society of Automotive Engineers) maintains a sfieation for the manufacture of
grey iron for various applications. This specifioat dictates the correct range of
hardness, chemical composition, tensile strengtid ather properties that are
necessary for the intended use. For normal calighdtruck applications, the SAE
specification is J431 G3000 (superseded to GAich has a Brinell hardness of
187-241, and a minimum tensile strength of 30,06i0(06,844kPa) with pearlitic

microstructure [1].

A casting meets both physical property and chemicamposition
requirement can still fail pre-maturely in brakepbgations due to its inferior
microstructure. Microstructure is the most impottamiteria dictating the rotor
performance under extreme heat. Microstructure iasplies is the matrix of the cast
iron which is visible only under microscope (100Xdicrostructure analysis involves
graphite distribution and matrix structure of ttastciron. A standard rotor cast iron

should have the following graphite formation: (A&TM A-247 classification).
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2.3 RELATED RESEARCHES
Journals from various researches were use asenekes and guardian to
perform the analysis. The parameter, properties fiadings from these journals can

be use as standardization of the analysis (bendnmggr

Table 2.1: Summarization of Researches

Research [llumination

Prediction Of Disc  « Analysis of the contact pressure distributionshatdisc/pad

Brake Contact interfaces using a detailed 3-dimensional finitenetnt

Pressure model of a real car disc brake.

Distributions By « Investigates different levels in modeling a disakar and

Finite Element simulating contact pressure distributions.

Analysis.[3] « Four levels in modeling and simulation of contatssure
distributions were carried out.

* When the disc is at rest, the pressure distribution
symmetric about the geometric centre line of the: pa

* When the disc slides, the pressure distributioasharlonger
symmetric and the highest pressure occurs at thding
side of the pads.

Modeling And * Predicting disc brake squeal by means of the comple

Simulation Of Disc eigenvalue method.

Brake Contact « Studies the disc brake squeal using a detailedn@ukional

Analysis And finite element (FE) model of a real disc brake.

Squeal. [4] « Studies the influence of contact pressure disiidbston the
squeal occurrence as a result of structural madibos.

» Partial connection and stiffer disc can eliminatestable
frequencies below 8000Hz, which are dominant in the
baseline model.

» Shifting the pressure towards the trailing edgenalas
insufficient to suppress unstable frequencies.

Disc Brake » Simulate the operation of a disc brake typicallyrfd on a
Simulation And car.
Analysis. [14] « The use of c++ program to solve the differentialaipns

associated with it.

 The coulomb material, with static friction largehan
dynamic, sticks to the disc initially as the braias support
deforms elastically. When the friction force is mame, the
displacement of the pad decreases rapidly until ghd
sticks again and oscillations are produced.

» The coulomb material could possibly cause violent
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oscillations to occur under certain circumstanegs} put a
lot of stress on the brake pad support, leadingreke
failure.

Wear Resistance Of
Cast Irons Used In
Brake Disc Rotors

Study and comparison of wear resistance of thréerent
types of gray cast iron used in brake disc rot(gsy iron
grade 250, high-carbon gray iron and titanium atbgray
iron).

The wear tests were carried out in a pin-on-disarvesting
machine.

The wear was measured by weighing discs and pddsebe
and after the test.

The results showed that compact graphite iron eshch
higher maximum temperatures and friction forcesvalh as
greater mass losses than the three gray ironsygtrassure
applied.

Wear Simulation
and Its Effect on
Contact Pressure
Distribution and
Squeal of a Disc
Brake. [5]

Wear over time at the pads interface is simulateidgua
modified wear rate formula.

The detailed 3-dimensional finite element modelaofeal
disc brake is developed and validated through apa®
analyses.

Investigates squeal generation in the braking eafins
using complex eigenvalue analysis that is availablea
commercial software package.

Predicted results are compared to the squeal evbstsved
in the experiments.

The results show that the contact area increaseseas
progresses.

Rhee’s wear formula can be used in the finite eldme
analysis in order to examine wear of the frictioatenial
and in turn to predict squeal generation.

Contact Analysis for
Drum Brakes and
disc Brakes using
ADINA. [6]

Drum and disc-brakes are modeled with finite eleen
using ADINA-IN.

The correct calculation of contact is essentialtha design

of friction brakes.

The sparse solver implemented in ADINA Version 7.1
reduces job duration time of large models.

Higher contact pressure at the outer radius oflibe

This analysis is the basis for dynamic calculatiarfs
friction-induced vibrations.

Thermal Cracking in
Disc Brakes. [7]

Disc failure is a consequence of low cycle thermo-
mechanical fatigue.

An analysis of the vehicle dynamics was used td frheat
flux equation related to braking forces.

Heat flux equation was then used in finite elenamlysis
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to determine the temperature profile in the brake.

* A simplified shrink fit analysis was used to estimdhe
stresses that arise during hard braking.

» Plastic deformation occurs due to the large therstiain
associated with high-g braking.

2.4 INTRODUCTION TO STRESS

Stress is a measure of the average amount of {)cexerted per unit area
(A). It is a measure of the intensity of the tdtdkrnal forces acting within a body
across imaginary internal surfaces, as a reactiaxternal applied forces and body
forces. It was introduced into the theory of eldstiby Cauchy around 1822. Stress
is a concept that is based on the concept of amntin In general, stress is expressed
as

wheree is the average stress, also called engineeringminal stress an# is the
force acting over the aréa The Sl unit for stress is the pascal (symbol ®a)ch is

a shorthand name for one newton (Force) per squatee (Unit Area). The unit for
stress is the same as that of pressure, whiclsesaaimeasure of Force per unit area.
Engineering quantities are usually measured in pegzals (MPa) or gigapascals
(GPa).

2.4.1 Von Mises stress yield criterion

The von Mises yield criteriosuggests that the yielding of materials begins
when the second deviatoric stress invarinteaches a critical valuke For this
reason, it is sometimes called thgplasticity or J, flow theory. It is part of a
plasticity theory that applies best to ductile mats, such as metals. Prior to yield,

material response is assumed to be elastic.

In material science and engineering the von Myselsl criterion can be also
formulated in terms of theon Mises stress?v , a scalar stress value that can be

computed from the stress tensor. In this case,tarahis said to start yielding when
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its von Mises stress reaches a critical value knasvthe yield strengtt?s . The von
Mises stress is used to predict yielding of matetuader any loading condition from
results of simple uniaxial tensile tests. The vaséd stress satisfies the property that
two stress states with equal distortion energy reweal von Mises stress. Because
the von Mises yield criterion is independent of firet stress invariantly, it is
applicable for the analysis of plastic deformationductile materials such as metals,
as the onset of yield for these materials does deygend on the hydrostatic

component of the stress tensor.
2.5 DISC BRAKE MECHANISM

When hydraulic pressure is applied to the calipstop, it forces the inside
pad to contact the disc. As pressure increasesalipeer moves to the right and cause
the outside pad to contact the disc. Braking fasagenerated by friction between the
disc pads and as they are squeezed against theothscSince disc brake do not use
friction between the lining and rotor to increasaking power as drum brakes do,
they are less likely to cause a pull. The frictsanface is constantly exposed to the
air, ensuring good heat dissipation, minimizingklerdade. It also allows for self-

cleaning as dust and water are throw off, redufiictjon differences.

Figure 2.3: Force path from the driver’s foot to the tire roatérface
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Symbol Description

f force applied by driver’s foot
Rp pedal lever ratio

Fb booster assist force

Am area of master cylinder

Aw area of the front caliper piston
VI coefficient of friction of lining
r effective radius of the caliper
R loaded radius of the tire

Braking force ' o< %x 2 xij—::lx (Rp X f + Fb)

Sourceilntroduction to Brake System, SAE Brake ColloquidinGritt,
DaimlerChrysler, 2002

Hydraulic pressure transferred from driver’s faoapplied to piston (A) and
thus presses the inner pad against the disc wditdine same time, an equal hydraulic
pressure (reaction force B) acts on the bottonmefclylinder. This causes the caliper
to move to the right, and presses the outer paatédcopposite the piston against the

disc rotor.

Cylinder

Piston

Figure 2.4: Piston and brake pad mechanism
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The effort or force exerted on the brake pedal aost with the output of
the booster and the diameter of the master cylipdgons determines the pressure in
a hydraulic brake system. The smaller the masténdgr bore diameter is, the
higher the pressure will be for a given force oa bihake pedal. However, a smaller
diameter master cylinder will require more travéklze piston to displace the same
amount of fluid as a large piston. The larger tremeter of the wheel cylinder or
caliper piston is, the higher the force will be Ipng on the brake shoes. It can
sometimes be very difficult to get accurate infotiora about the caliper effective
radius and/or the tire loaded radius.

26  SOFTWARE

Software is the core element in this project beeaals the modeling and
analysis were performed virtually by computer. Huétware that was involved in

the modeling and analysis were CAD and CAE.

2.6.1 Computer Aided Design (CAD)

Computer-aided design is the use of computer tdoggdo aid in the design
and especially the drafting (technical drawing andineering drawing) of a part or
product, including entire buildings. It is both iswal (or drawing) and symbol-based
method of communication whose conventions are qdati to a specific technical
field. Drafting can be done in two dimensions ("2Ddnd three dimensions
("3D").Drafting is the integral communication ofctenical or engineering drawings
and is the industrial arts sub-discipline that uhele all involved technical
endeavors. In representing complex, three-dimeasiohjects in two-dimensional
drawings, these objects have traditionally beemessmted by three projected views
at right anglesSolidWorks is one of the common CAD tools and widely use in
industry. This tool was used to model disc brake rotor arakdmpad. The models
and then imported to CAE tools for analysis.
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2.6.2 Computer Aided Engineering (CAE)

Computer-aided engineering is the use of infornmatiechnology for
supporting engineers in tasks such as analysisylaiion, design, manufacture,
planning, diagnosis and repair. Software tools thate been developed for
providing support to these activities are consideZAE tools. CAE tools are being
used, for example, to analyze the robustness arfdrpance of components and
assemblies. It encompasses simulation, validat@hagotimization of products and
manufacturing tools. In the future, CAE systemsl|viié major providers of
information to help support design teams in deaisizaking. CAE tools are very
widely used in the automotive industry. In fackgitruse has enabled the automakers
to reduce product development cost and time wilproving safety, comfort, and
durability of the vehicles they produce. The prade capability of CAE tools has
progressed to the point where much of the desigificagion is now done using
computer simulations rather than physical prototgsting. ALGOR is the CAE tool
that was used in this project. Models from CADngorted to this tools for failure

analysis.

2.7 INTRODUCTION TO SOLIDWORKS

SolidWorks is a 3D mechanical CAD program that rwors Microsoft
Windows and was developed by SolidWorks Corporatiamow a subsidiary of
Dassault Systemes, S. A. (Suresnes, France). Bgildi model in SolidWorks
usually starts with a 2D sketch (although 3D skeschre available for power users).
The sketch consists of geometry such as pointsg,liarcs, conics, and splines.
Dimensions are added to the sketch to define tree ad location of the geometry.
Relations are wused to define attributes such asgetary, parallelism,
perpendicularity, and concentricity. The parametature of SolidWorks means that
the dimensions and relations drive the geometry,the other way around. The
dimensions in the sketch can be controlled indepethygl or by relationships to other
parameters inside or outside of the sketch.
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SolidWorks pioneered the ability of a user to tmkck through the history of
the part in order to make changes, add additiaatufes, or change to sequence in
which operations are performed. Later feature-basédid modeling softwares also

copied this idea.

In an assembly, the analog to sketch relationsnaaées. Just as sketch
relations define conditions such as tangency, |edisah, and concentricity with
respect to sketch geometry, assembly mates defjneadent relations with respect
to the individual parts or components, allowing &asy construction of assemblies.
SolidWorks also includes additional advanced matesjures such as gear and cam
follower mates, which allow modeled gear assemhlieaccurately reproduce the
rotational movement of an actual gear train. Drawican be created either from
parts or assemblies. Views are automatically geeerbcom the solid model, and
notes, dimensions and tolerances can then be eakild to the drawing as needed.
The drawing module includes most paper sizes aaddatds (ANSI, ISO, DIN,
GOST, JIS, BSI and GB). It is currently one of thest popular products in the 3D
mechanical CAD market.

2.8 INTRODUCTION TO ALGOR

ALGOR is a general-purpose multiphysics finiteneémt analysis software
package developed by ALGOR Incorporated for us¢herMicrosoft Windows and
Linux computer operating systems. It is distributeda number of different core
packages to cater to specifics applications, sgamechanical event simulation and
computational fluid dynamics. ALGOR is used by masutyentists and engineers
worldwide. It has found application in aerospacel & has received many favorable
reviews. Algor typically used for bending; stredsais, mechanical contact, thermal
(conduction, convection, radiation), fluid dynami@nd coupled and uncoupled

multiphysics



CHAPTER 3

METHODOLOGY

3.1 ANALYSIS METHOD

Stress analysis contact area between brake desnd brake pac during
operation is théocus of the analysis. The disc that will beodelec is solid type disc
found on front axle of Prot(s car (Wira 1.5L, 1998 modelpisc Brake on Proto
Wira was chosebecause tls passenger car was widely used emahmon vehicle in
Malaysiaand cruising on the road for almost 20 y. The disc brak is modeled in
SolidWorks. Thedimension of the pe is exactly tle same with the actual dimensi
referred to ACDelco Disc Rotors Catalogue: Issui (General Motor’'s Delpk
Corporation).Analyses were doi with Algor-Fempro byconsidering the operatic

of disc braken static conditions

Figure 3.1: Free bodydiagram of disc with moment at the center of trse @dinc

applied pressure from the brake pads
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3.2 WORKS FLOW

ANALYSIS
(CAE)
3D Modeling
(CAD)
Import (IGES file)

\ 4 A\ 4
2D (Superdraw III) Mesh size select

v v )

Non-moment analysis Non-moment analysis

A 4 v <

Moment analysis Moment analysis

Un-satisfy

Result
verification

Satisfied previous
researc

Discussion

Figure 3.2: Works flow of modeling and analysis
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3.3 MODEL

The model consists of solid type disc. The shapk @operties of the disc
rotor was taken from the actual disc brake impleiesknin the proton Wira.
Dimension of disc rotor was referred to ACDelco’'ss®Rotors catalogue, Issue
number 2. ACDelco is the manufacturer of disc brakglemented in Wira
generation’s model. In that catalogue, dimensians the shape of disc rotor were
provided. All the parts were done three-dimensignial Solidworks version 2008.
The fundamental shape of the solid type disc ratas sketch in the Solidworks. The
sketch (Figure 3.3) then was sweep %36Dhe finish 3-Dimensional model was
shown in Figure 3.4. The model then was assembitdtive brake pad and save as

IGES format in order to be opened in Algor-Fempro.

Table 3.1: Dimensions of disc

Properties Dimension
Thickness, mm 18
Center Hole Diameter, mm 64
Height, mm 45
Number Bolt Hole 4
Outer diameter, mm 235

Source: ACDelco Disc Rotors Catalogue: Issue 2

— o

v

56.50 29

Figure 3.3: Sketch of fundamental shape of disc (all unitsitimeters)
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Figure 3.4: SolidWorks design of disc

3.4  ANALYSIS

Algor Fempro version 16 was used for finite elemanalysis of the disc
brake. Analysis was divided into 2-Dimensional (2&0alysis and 3-Dimensional
(3D) analysis as stated in Figure 3.2. 2D analysis done to examine the stress
distribution through the cross section of the digudle 3D analysis was done to
examine the stress distribution on the surfacehef disc. 2D model was locally
drawn in Algor Fempro by using Superdraw Ill meth8® model was imported
from CAD tool (SolidWorks). IGES (format of the assbly model from
SolidWorks) was imported to Algor Fempro for anaysAnalysis type is static
stress with linear material model.

The constraints were applied depending on the aisalondition whether
non-moment or moment. Non-moment analyses repréisermperation of disc brake
with no load applied to the disc; only pressure® @b 4MPa from brake pads are
applied. 2 to 4 MPa is the range of braking pressurder normal condition. For
moment analysis, moment of 5Nm is applied simubasewith the applied pressure
of 2 to 4 Mpa from the brake pad. Analysis resulii be verified with the existing
journal (A R A BakarPrediction of Disc Brake Contact Pressure Distribuibns
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by Finite Element Analysis Jurnal Teknologi, UTM, 2005) by applying 8MPa

pressure and SNm moment for non-moment and monmatysas.

Selected mesh size will be applied and was exglalmsgow. Pin joint is
created to represent the shaft at bottom of whelel The moment and constraint for
disc were applied at the center of the pin joinatéial for disc rotor is high carbon,
grey iron composition (SAE J431 Grade G10 (G30@®@TM A48M Class 30).
Source:Introduction to Gray Cast Iron Brake Rotor Metaliyyr Mark |hm, TRW
Automotive, SAE.

Table 3.2: Parameter of analysis

Parameter
P 2 -4 MPa
ressure 8MPa (verification of result)
Coefficient of friction 0.6
Moment 5 Nm
Disc: Iron, gray cast class 30
Material Pad: Dupon Kevlar Aramid fibre

Pin joint: Steel, ASTM A36
Analysis type Static Stress with Linear Material déb
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Disc rotor

Center of
pin joint

Figure 3.5: Pin Joint location at the assembly (red circle)

3.4.1 Mesh Size Analysis

A pre-analysis must be done to select the meshssitable and reliable for
the analysis. Mesh size of 30% to 100% solid angliegh to the imported IGES
assembly in Algor-Fempro on the ‘model mesh settatage. Pressure of 2MPa is
applied to the model on each of the meshing leWe®d constraint is applied to the
disc rotor while on the pads; all translation aathtion are fixed except translation
of y-axis (same as static analysis). The distridbuseress of the results will be
examined to find the best mesh size to furtheratiaysis. The best mesh size will

be determined base on the uniform stress distabwtnd maximum stress occurred.
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Figure 3.6: Model mesh size is set to 40%

3.4.2 2D Analysis

The purpose of 2-Dimensional analysis is to exartheestress distribution of
the cross sectional area of the disc. All analyam®sconsidering the car in static
condition on a flat surface; only clamping pressiuoen the brake pads are applied.
For 2D non-moment analysis, no loads from weighthef car or engine torque are
applied to the disc. The moment of 5Nm is appl@dhe disc due to engine torque
for moment analysis represent by the angular f@xeaxis direction) applied at the
tip of the disc (see Figure 3.8). Fixed constrairg applied to disc hub and z-axis
direction pressures of 2 to 4 MPa were appliechéodisc rotor through both of the
brake pads (brake pads were crimpled the disc synuailéy). The stress distribution
is examined and analyzed.



Fixed
constraint

Figure 3.7: Pressure and constraint of 2D nmioment analysi

Angular force
(x-axis)

Fixed
constraint

Figure 3.8 Pressure, force and constraint of 2Dment analys
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3.4.3 3D Analysis

Stress distribution on surfaces of disc can beyaedl with 3-Dimensional
analysis. The surfaces of disc are the contactlzee@een disc and brake pad where
the stress is generating in this region. The amatisided into 3D non-moment and
3D moment. For 3D non-moment analysis, fix constraias applied at the center of
the pin joint (Figure 3.4) while the pressure afo24 MPa are applied at the brake
pads. For 3D moment analysis, moment of 5SNm idiegh@t the center of the pin
joint simultaneous with the applied pressure ob2itMPa at the brake pads. The
contact between brake pads and disc is set tocguctantact with friction of 0.6. The

result of stress distribution is examined and azredy

Pressure

Fixed constraint

Figure 3.9: Constraints and pressures applied on 3D non-moamaiysis
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Moment

Figure 3.10:Moment and pressures applied on 3D moment analysis

3.5 RESULTS VERIFICATION

Verification of the result can be done by compatting certain results to the
existing research. The journal Prediction of Disak& Contact Pressure Distribution
by Finite Element Analysis by Mr. Abd Rahim Abu Bak{3] has been used as
benchmark to validate the obtain results. For ieiifon, 8MPa pressures are applied
to the 3D non-moment analysis and 3D moment aralJ$ie percentage difference
will be calculated between acquired data and data forevious research. For 2D

analysis, the region of concentrated stress wittdmapared to the previous research.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 RESULTS

The applied pressure on the brake pads is in MMatlaa resultant stress
taken from analysis is in N/nfnunits. MPa (Mega Pascal) used for pressure islequa
to N/mnt (Newton over millimeters square) which is the wfivon Mises stress (1
MPa = 1 N/mrf). Color gradient start with red and continue wittange, yellow,
and green until dark blue on top left of the anialyssult show the stress location.
Red spot is the highest von Mises stress localiba.dark blue shows the location of

near zero stress.

Brake disc

Edge/ end —»

i
I
i
L |
|
|
i
i

\
Brake pads
- P

Inner radiusl
|l |

Outer radius '

Figure 4.1: Cross section of the dispads and the terms that will be used in analysis
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4.1.1 Mesh Size Result

The results of varying mesh size from 30% to 100% as followed. The

pressures of 2 MPa were applied to the brake pads.

Stress
won Mises
M mm™E)

6169139
£.552471
4935204
4319137
2702460
2025302
2469135
1.852462
12358
0619133
0002465592

Load Case: 1.0f 1

Maximurn Value: 516914 NAmm*2)

winimurm Yalue: 0.00248563 Nfmm"2)

Figure 4.2: Stress distribution of 50% mesh level
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Strezz
wvon Mizes
A mmA2]

3219424
2807709
2576114
2254428
1922742
1611052
1280373
095TEa72
0646002
023243167
Q00252148

Load Case: 1071

Maximurm YWalue: 3.218438 N/Amm*2)
kinimurn Walue: 0.00268:3149 MAmm*2)

Figure 4.3: Stress distribution of 40% mesh level
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Table 4.1: Maximum von Mises stress of mesh level 30% to 100%

Max von
Mesh level Mises stress

(N/mm?)
30% 6.0946
40% 3.2195
50% 6.1691
60% 3.2715
70% 3.4162
80% 3.0788
90% 2.8075
100% 3.1375

Stress von Mises (N/mm?)

N/ N\

\V4 N

30% 40% 50%

60% 70% 80%

Mesh Size

90%

100%

Graph 4.1: Maximum von Mises stress versus mesh size graph




4.1.2 2D Analysis Result
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Figure 4.4: Stress distribution of 2D non-momemtalysis

| A

Figure 4.5: Stress distribution of 2D momeanalysis
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4.1.3 3D Analysis Result

Strass
wan hises
MNAmm"2]

3803381

o 477358
2091336
2705314
2319292
1933260
1547247
1181225
07752024
02294201
0003187788

Load Case: 1af 1 X

Maximurn Value: 3 86338 Nimm'2) {

Winimurm Yalue: 0.00315779 NAmm*2) =l a5

Figure 4.6: Stress distribution of 3D non-momemtalysis
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Table 4.2: Load versusnaximum von Mises stress for 3D non-moment analysis

Pressure Max von Mises stress

(MPa) (N/mm?)
2.0 3.2195
2.2 3.5414
2.4 3.8634
2.6 4.1853
2.8 4.5073
3.0 4.8292
3.2 5.1512
3.4 5.4731
3.6 5.7951
3.8 6.117
4.0 6.4389

6.5

5.5

4.5

Stress von Mises (N/mm?2)
(0]

3.5

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

Pressure (N/mm?)

Graph 4.2: Pressure versusaximum von Mises stress graph for 3D non-moment

analysis
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e Ay -+ 2] Ig - I.l . -
Load Case: 1 af 1 el L T XJ

Masimum Value: 2.98601 N{mm"“2)

Minimurm Value: 0.00207344 hi{mm"2)

Figure 4.7: Stress distribution of 3D momeanalysis

Table 4.3:Pressure versusaximum von Mises stress for 3D moment analysis

Pressure Max von Mises stress

(MPa) (N/mm?)
2.0 5.9594
2.2 6.1411
2.4 6.8431
2.6 7.1763
2.8 7.2785
3.0 7.3473
3.2 7.6869
3.4 8.5474
3.6 8.5841
3.8 9.0167

4.0 9.0283
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10

Maximum stress (N/mm?2)

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

Pressure (MPa)

Graph 4.3: Pressure versusaximum von Mises stress graph for 3D moment

analysis
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Maximum stress (N/mm?)

10

7 == Non-Moment

5 - |

== Moment

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

Pressure (MPa)

Graph 4.4: Maximum von Mises stress of 3D non-moment and madraealysis

versus applied pressure




4.1.4 Results verification

Table 4.4:Percentage difference of 3D non-moment analysis

40

Maximum stress Value difference Percentage
difference
2
Acquired data 8.5896 N/mm )
2 0.9886 N/mm 12.97%
Journal 7.6210 N/mm

Table 4.5:Percentage difference of 3D moment analysis

Maximum stress  Value difference Percentage
difference
2
Acquired data 15.2486 N/mm )
2 2.3014 N/mm 13.11%

Journal 17.550 N/mm
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4.2 DISCUSSIONS

The results obtain from analysis are discuss mghbction. The result divided
into mesh size, 2-Dimensional non-moment and moraedt 3-Dimensional non-
moment and moment. The graph trend will also beudised and appropriate

modification and improvement will be done.

42.1 Mesh Size

Figure 4.8: Mesh sizes of (a) 50% and (b) 40%

Mesh size of 40% is selected as the default mesh Sihis is due to the
uniformity of mesh distribution on the entire dis&rom Figure 4.8 (a) the size of
meshes is not even especially on the inner raditiseccontact area between the disc
and pads where the concentrated stress occurredp&e with the mesh size of
40%; Figure 4.8 (b), the size of the meshes andtitess distribution are even and
uniformly distribute on the contact area. The maximstress was occurred at this
area and the maximum value of 50% mesh size islddbb value of the maximum

stress that occurred on the 40% mesh.

The location of maximum stress is shown by red spotthe disc. These
phenomenons are only occurred for 30% and 50% rsigehwhile the other mesh
size shows maximum stress value around 3 Nin@amputational time is also under
consideration. Theoretically, the smaller the m&gh the result is more accurate but

constraint by the computational time for analysisun. This factor is more obvious
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when complex model is used with various loads amdstaints are applied. The

small mesh size is not practical when several aealyith differences parameter are

applied to the various models. So, 40% is the $astcted mesh size.

4.2.2 2D Analysis Result
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Figure 4.9: Stress distributions of 2D (a) non-moment andi{bjnentanalysis

The stress distribution is assumed uniform alomgdioss section of the disc

since the disc is rotating, but distribute unevemhythe surface of the disc. Stress

distribution pattern is same for all applied pressubut different magnitude. The

magnitude of the von Mises stress is not shown usecthe value is not reasonable

due to the dimensions of the disc and brake pagbedpto the 2D analysis (the

model type is plate with 1mm thickness). The stdisgibution is symmetrically the
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same about X-axis. These are due to same pressopéed at the both side of the

disc.

For figure 4.9 (a), the stress are distribute gvéoit entire disc except the
small region at the end of the disc. The highasisstoccurred at both edges of the
outer radius of the disc. The high stress also qgafes between these edges. The
maximum stress at this area is due to the locatidirake pads; above and bottoms
of the edges of the disc. So, when the brake peslsed against the disc, the edges

tend to deform with the shape of cone.

For figure 4.9 (b), highest stress also occurrethath edges of the outer
radius of the disc with high stress propagates éetwthese edges. But the
concentrated stresses become dense at the enel disth Green spot can be seen at
the center of the disc. The concentrated stressri@xt at the end of the because of
the location of brake pads and the result of agpiment. The green spot on the
center of the disc is due to applied moment repitedse applied forces at the end of

the disc that try to bend the end towards the caftdisc.
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4.2.3 3D Analysis Result
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Figure 4.10: Stress distributions of 3D (a) non-moment andhfbjnent analysis

Figure 4.10 (a) shows the stress distribution mmegtry about Y-axis. The
stress distribution is uniform at the contact akdisc and brake pads and reduces at
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the left and right sides of the brake pads (yelkpots). The uniform color at the
contact of disc and pad show the uniformity of tiyelraulic pressure applied to the
brake pad.

Figure 4.10 (b) shows the concentrated stress watat the outer radius of
the disc (orange and red spots). Right side of ig-&xthe leading edge of the pad
while the left side is trailing edge. Leading edgehe location of the first contact
with disc was occurred while trailing edge is labhis property explains why the
concentrated stress was far from the Y-axis atihgaddge but closer for trailing
edge. Location of the concentrated stress is noitnsstric due to the counter-
clockwise direction of the applied moment. The €hapthe concentrated stress is
influence by the shape of the brake pad. The maxirsiwess (indicated by red spots)
occurred at the outer edge of the disc; the arezoofact between brake pads and
disc.

The red and orange spots are the areas that defeotcurred. Continuous
maximum stress under fatigue condition may reduekibg efficiency and damage
the disc. The maximum stress distribution at théewowvadius will cause conning
effect and premature wear both to the disc and mamhsequently shorten the
lifespan. The concentrated stress can’t be avomedan be reduced. The surface

enhancement could be done at this critical aremtounter the concentrated stress.

4.2.4 Graph analysis

Graph 4.2 shows that the applied pressure is tirggbportional to the
maximum von Mises stress. Pressure of 2MPa that applied to the sides of the
disc producing maximum von Mises stress of 3.219&n¥ (1.2195MPa differ).
AMPa pressure was producing 6.4389 Nfmmaximum von Mises stress
(2.4389MPa differ). The value of differences betweapplied pressure and
maximum stress for 4MPa pressure is doubled thespre of 2MPa. This result
occurred due to the summation of stresses fronapipéed pressure to the brake pad
1 and 2.
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Graph 4.3 shows the pressure of 2 to 4 MPa arethirproportional to the
maximum von Mises stress. Even though the graghiéimot straight, the maximum
stress is still increase with the increase of thesgure. The trend line is due the
applied moments and almost proportional with the Ibf non-moment analysis with
approximate different magnitude of 3 N/mGraph 4.4). The magnitude difference
is affected by the applied moment and cause bydibe is attended to move but
doesn’t rotate. The variation of frictions betweba disc and pads also contribute to

the difference magnitude of the maximum von Midesss.

The proportional graph trends will continue untilet stresses reach the
ultimate tensile strength (UTS) of disc. At thismgpthe disc will deform but would
not occurred because the UTS value of disc is 21@MRile the typical applied

pressure during braking are between 2 to 4 MPa.
4.2.5 Result Verification

The journal Prediction of Disc Brake Contact Pues®Distribution by Finite
Element Analysis by Mr. Abd Rahim Abu Bakar [3] Haeen used as benchmark to
validate the obtain results. The maximum von Mstesss gain from 8MPa applied
pressure in the journal were compared with the inbtasult. The percentage

difference of 3D non-moment analysis is 12.97% hiloment analysis is 13.11%.

The percentage error is acceptable within the rafige— 15%. The error is
cause by the difference size applied to the modsémbly. This project model is
based on the implemented disc brake on front akleroton Wira (1998 model)
while the dimension of comparison journal doeshiws. The assembly model used
in this project contains only brake disc with 2Kegads while the journal include
full assembly of the caliper. The design and progerof the disc are same. The
journal use different type of CAE software. Frone trerification of the result, the

project result is trustworthy.
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4.3 MODIFICATION AND IMPROVEMENT

The maximum stress is concentrated at the eddeeddisc because the bre
pads touched the disc at these points. The maxistugs can be prevented if tl
location of the contact area is chancThe locations of the brake pads can be n
a little inside. The contact between brake pads thededge of the disc can
removed.This modification will slightly reduce the brakirigrce since the angular
forces are reduced with the reduction of the radiysads. Thechange in the size

pads isneeded to allow this modificatic

The change in size for p requires modification to the design of the cali
assemblyin order for the new pads to fit. This analysis is important in the ea

development stage in manufacturing the ¢

P—» «—P

Figure 4.11: Modification on the location of brake pads at tiex
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4.4 PROBLEMS AND ERRORS

A lot of assumptions have been made like surfacelisc is considered
perfect with no damage during manufactured but aal fife, this perfection is
impossible. There were other parameters that wiézetimg the stress distribution on
disc but cannot be applied for finite element. Ehg@arameters such as ambient
temperature and dust have major effect on theilligsion of the stress and yet, not
considered in the finite element analysis. Botlesidf pads is assume pressed the

disc at the same pressure but not theoretically.

Boundary condition must be correctly placed on #ssembly model for
analysis in order to get the correct result. Défdrboundary conditions will give
different result and different values. Try and e@pproach has been done to acquire
the correct result benchmarked with the statedn@luiThe analysis is successful if

the warning and error doesn’t occur.



CHAPTER 5

CONCLUSION

5.1 OVERALL CONCLUSIONS

Stress distribution of disc brake during operatlmas been analyzed and
investigated in this project. Analysis is considgrthe condition of car during static
with and without torque from the engine is applied disc simultaneous with
hydraulic pressure is clamped the brake pads to @& operation is in static with 5
Nm moment applied to the disc and pressure of2KtPa applied to the brake pads
that clamped the disc. From the analysis, it i®mheine that stress concentration
exist when the moment is applied. Moment is geedréity engine to move car and
generated by the weight of the car itself duringkbrg. The stress concentrated at
the outer radius of the disc where the defect cadcur like conning effect and
scratch if fatigue loading is applied. Modificati@an be made to this region to

sustain or at least reduce the rate of deformatidhe disc.

This project studies the stress distribution onc di§ disc brake during
operation on static by simulate in CAE softwareorfrthe analysis, the stress is
determined concentrated around the outer radiuthefdisc. For all the stresses
experienced by the disc during simulation were darhaging the disc because the
ultimate tensile strength is 210MPa while the maMimstress occurred is only
9.0283 N/mmA. The disc will start to deform gradually if fatigpressure is applied.
This work could help design engineers to designetieb disc to obtain a more
uniform pressure distribution and subsequentlys§attustomers’ needs by making

disc life longer.
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5.2 RECOMMENDATION

Based on the analysis result, several recommemsatian be issued to make
the analysis more reliable and reduce the percen&apr of the analysis. The

improvement of the properties of brake disc alsolmarecommended.

Analysis can be done with full 3-dimentional modgliinclude with full
caliper assembly. The result will be more accusaig less error will obtain. Another
CAE tools can be used that are specially madentalate the disc brake like Simulia
ABAQUS to get more reliable results.

Maximum stress is occurred at surface of brake base on the maximum
stress distribution occurred at this region. By@asing the surface hardness of brake
disc, the critical region can sustain more stremscentration and prolong the life

span.
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APPENDIX 1

Defect on Brake Disc




APPENDIX 2

Disc Drawing
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3 Dimensional View of Analysis

Load Case: 1 0of 1
Maximurm Value: 3.2715 Nimm®2)

Minimurm Value: 0.00350471 N/i{mm*2)

Load Case; 1of1
taximum Yalue; 341619 Ni(mm*2)

inimurm Value: 0.00287635 MNimm"2)

APPENDIX 3
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Stress
won Mises
NAmm™2)

3271497
2.044602
2617208
2281098
1.96432
16237504
1.310702
00230023
0.657 1021
0.3303039
0.003504702

246180
3.074355
2733527
2282195
2 050264
1709533
1268202
1.02627
052465300
02442076
0002276352



