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OZET

DIiSK FREN TASARIMI VE SONLU ELEMANLAR METHODU iLE ANALIZi

Ceylan E. Aydin Adnan Menderes Universitesi, Fen Bilimleri Enstitiisii, Makine
Miihendisligi Anabilim Dah Yiiksek Lisans Programi, Yiiksek Lisans Tezi, Damisman:
Prof. Dr. Ismail Bégrekci, Aydin, 2024.

Bu tez ile, fren sistemlerinde kullanilan disk frenin tasarimi ve bu tasarimin bilgisayar destekli
miithendislik hesaplama araglar1 kullanilarak  optimum tasarimin elde edilmesi
amaclanmaktadir. Optimum tasarim igin disk fren tasariminda hem disk geometrisi hem de

diskin malzeme kalitesi degistirilerek optimum tasarima ulagsmak hedeflenmektedir.

Bu tezde, tasarim ve optimizasyon igin bilgisayar destekli miihendislik hesaplama
araglar1 kullanilarak disk fren tasariminin verimliliginin arttirilmasi hedeflenmistir. Bu hedefe
ulagmak igin, tasarim olusturulmus ve sonlu elemanlar metodu ile analiz yontemleri

kullanilmagtir.

Bu tezde, tasarim geometrisi ve malzeme Kkalitesi degistirilerek, termal iletkenlik
kiyaslanmig, en verimli disk geometrisinin ve malzeme Kalitesinin belirlenmesi
amaclanmistir. Aliiminyum alasimli ¢elik, paslanmaz ¢elik ve yap1 ¢eligi kullanarak malzeme
kalitesi degistirilmistir. Bu farkli tasarimlar karsilastirilarak tasarim parametrelerinin

sonuclara etkileri degerlendirilmistir.

Bu ¢alismanin sonuglarinin, disk fren tasarimi ve malzeme kalitesi secimi ile termal

iletkenlik performansi arasindaki iliskiye dair 6nemli ongoriiler saglamasi beklenmektedir.

Anahtar Sozciikler: Disk, Fren, Balata, Kaliper, Disk geometrisi, Termal iletkenlik

verimliligi, FEA, Sonlu elemanlar metodu ile analiz, Optimizasyon
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ABSTRACT

DISC BRAKE DESIGN AND ANALYSIS WITH FINITE ELEMENT METHODS

Ceylan E. Aydin Adnan Menderes University, Graduate School of Natural and Applied
Sciences, Department of Mechanical Engineering Master’s Programme, Master’s
Thesis, Supervisor: Prof. Dr. Ismail BOGREKCI, Aydin, 2024.

The main objective of this thesis is aimed to design the disc brake used in braking
systems and to obtain the optimum design by using computer-aided engineering calculation
tools. For optimum design, it is aimed to reach the optimum design by changing both the disc
geometry and the material quality of the disc in disc brake design.

In this thesis, it is aimed to increase the efficiency of disc brake design by using
computer-aided engineering calculation tools for design and optimization. To achieve this

goal, the design was created, and the finite element method and analysis methods were used.

In this thesis, thermal conductivity was compared by changing the design geometry and
material quality and it was aimed to determine the most efficient disk geometry and material.
The material quality has been changed by using aluminum alloy steel, stainless steel and
structural steel. By comparing these different designs, the effects of the design parameters on

the results were evaluated.

The results of this study are expected to provide important insights into the relationship
between disc brake design and material quality selection and thermal conductivity

performance.

Keywords: Disc, Brake, Pad, Caliper, Disc geometry, Thermal conductivity efficiency,

FEA, Analysis with finite element method, Optimization
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1. INTRODUCTION

In the automotive industry, which grows day by day, competition and the performance
of vehicles gain great importance. Braking systems are also included among the performance
criteria. The brake system is also one of the most important systems in vehicles in terms of
safety. The main purpose of the braking system is to slow down or stop the rotation of the

wheel. The disc brake system is just one of these brake systems.

The disc brake system consists of brake disc, brake caliper, brake pads, brake piston and
sealing elements. The brake disc is mounted on the axle. The wheel is mounted on the axle.
Brake pads are used as friction plates. Brake pads are located inside the brake caliper. By
rubbing the brake disc on both surfaces through the pads, the brake disc is enabled to slow
down or stop the wheel. In this working principle, the brake pads inside the brake caliper can

be driven mechanically, hydraulically, pneumatically or electromagnetically.

In the disc brake system, friction force occurs between the surfaces rubbing against
each other to reduce the movement. Due to this force, the brake disc becomes hot. At this
point, brake disc design and material quality become important. Heat transfer rate is an
important factor for the time spent cooling the brake disc. The greater the surface area where
the brake disc and pads rub, the lower the heat transfer rate. In brake discs with the same
friction surface area, ventilation channels are opened on the brake disc to provide more
efficient cooling. This type of brake discs is widely used in automobile braking systems.

In order to increase the efficiency and optimization of the disc brake system, better
braking performance can be obtained by analyzing it with the finite element method. For this
purpose, the optimum brake disc can be determined by changing the design geometry and
material quality and comparing the results in terms of design criteria such as thermal

conductivity, heat transfer and strength.

Moreover, keeping up with regular maintenance and timely replacing worn-out brake
components are vital for ensuring your braking system lasts and stays reliable. As you drive,
your brake pads and discs naturally wear down from all the friction, which can reduce how
well your brakes work and make it take longer to stop. By checking these parts regularly and

replacing them when needed, you can prevent brake failures and keep your vehicle safe.

1



Today’s advances in sensor technology and diagnostics make it easier to monitor the health of

your brake system, giving you a heads-up about potential problems before they get serious.

In addition, the addition of advanced braking technologies like anti-lock braking
systems (ABS) and electronic stability control (ESC) has significantly boosted vehicle safety.
These systems work alongside traditional disc brakes to give you better control and stability
during emergency stops. ABS stops your wheels from locking up, so you keep traction and
can still steer, while ESC helps you stay on course. As car technology keeps advancing,
improving braking systems will remain a top priority to ensure both safety and top-notch

performance in the ever-competitive automotive market.



2. LITERATURE REVIEW

Many researchers have explored the workings of disc brake systems, providing valuable
insights into their components and operation. For example, Dr. Suresh, in a study from 2013,
described how disc brakes are used to slow down or stop a vehicle's wheels. He explained that
the system includes a rotor (or disc), caliper, pads, pistons, and sealing elements. Hydraulic
oil in the caliper moves the pistons, which then push the brake pads against the disc. This
action creates friction, which slows down or stops the vehicle. This is the basic idea behind

how disc brake systems work.

Cheatan Kumar Yadav and U. K. Joshi, in their 2018 study, explained how disc brakes
work and their benefits. A disc brake uses calipers to squeeze pairs of pads against a disc or
rotor, creating friction that slows down or stops the rotation of a vehicle's axle. This process

converts the vehicle's motion into heat, which needs to be dispersed to prevent overheating.

The brake disc, or rotor, is the part that rotates with the wheel and is typically made of
gray iron, a type of cast iron. Disc designs vary; some are solid, while others are ventilated
with fins or vanes to help cool the brakes more efficiently. Ventilated discs are especially
useful for heavier vehicles or those that require high braking power, as they dissipate heat
better and prevent brake fade. This is particularly important in situations like driving down a
steep hill or during repeated high-speed stops, where drum brakes might fail. Another
advantage of disc brakes is their consistent performance, as the braking force is directly

proportional to the friction between the pads and the rotor.

In this thesis, different materials such as aluminum alloy steel, stainless steel, and
structural steel were selected for the brake disc. The work will focus on these materials to
analyze their performance. However, various brake disc designs have been created using
different material qualities. According to Shaik and Srinivas (2012) and Nathil (2013), disc
brakes are usually made from cast iron or ceramic composites that include carbon, Kevlar,
and silica. These discs are connected to the wheel and axle to stop the vehicle. A friction
material in the form of brake pads is applied to both sides of the disc through mechanical,
hydraulic, pneumatic, or electromagnetic means. In this study, a hydraulically driven system
designed to operate under a specific pressure will be used. The friction generated by this

system causes the disc and attached wheel to slow down or stop.
3



Dr. Suresh (2013), Reddy (2013), and Joseph (2017) have noted that vehicles generally
use methodologies like regenerative braking and friction braking systems. A friction brake
works by generating frictional forces when two or more surfaces rub against each other to
reduce movement. Depending on the design, vehicle friction brakes can be categorized into

drum and disc brakes.

Cheatan Kumar Yadav and U. K. Joshi, in their 2018 study, presented a table comparing
the mechanical properties of various materials used for brake discs, including cast iron alloy,
titanium alloy, Al-Ni-Co alloy, and structural steel alloy. This table highlights the differences
in maximum von Mises stress, maximum total deformation, and weight reduction between Al-
Ni-Co alloy, titanium alloy, and cast iron. By evaluating these factors, the researchers
determined the most suitable material for brake discs based on total deformation, stress,

strain, weight, and other properties.

The study concluded that both Al-Ni-Co alloy and titanium alloy are superior choices
for brake discs compared to cast iron and structural steel. These materials demonstrated better
performance in terms of lower total deformation and stress while also offering significant
weight reduction. This makes them ideal for use in high-performance and lightweight
automotive applications, where reducing weight without compromising strength and

durability is crucial.

Table 2.1. Mechanical properties of materials

Properties Cast Iron Titanium AL-NI-CO Structural
Alloy Alloy Alloy Steel Alloy

Total Deformation (mm) 0.0151 0.025 0.012 0.017
Equilavent Stress (MPa) 75.48 73.725 73.099 74.123
Equilavent Elastic Strain 0.00047 0.00078 0.00031 0.00037
Factor of Safety 3.71 12.613 9.5 33
Temperature (°C) 85 75.26 87.5 80
Heat Flux (W/mm?) 0.4 0.188 0.161 0.57
Weight (kg) 3 1.5 2.84 3.2

Guru Murty Nathi, T. N. Charyulu, K. Gowtham, and P. Satish Reddy, in their 2012
study, highlighted the finite element method (FEM) as a powerful tool for obtaining
4



numerical solutions to a wide range of engineering problems. The versatility of FEM allows it
to handle complex shapes and geometries for any material under various boundaries and
loading conditions. This adaptability makes FEM particularly suitable for analyzing today’s
intricate engineering systems and designs, where traditional closed-form solutions for

governing equilibrium equations are often unavailable.

Moreover, FEM serves as an efficient design tool, enabling designers to conduct
parametric design studies by evaluating different shapes, materials, and loads. This allows for
a comprehensive analysis of various design scenarios, helping to identify the optimal design.
The ability to simulate and analyze multiple design cases makes FEM invaluable for modern

engineering, where precision and optimization are critical.

Dr. Suresh, in his 2013 study, emphasized the importance of thermal characteristics in
disc brakes. He explained that solid-body disc brakes have a lower heat transfer rate, resulting
in slower cooling times. This is because solid discs have a larger contact area between the disc
and brake pads. In contrast, ventilated discs are extensively used in automotive braking

systems to enhance cooling efficiency during braking.

Ventilated discs maintain the same contact area between the disc and pads, but they
incorporate ventilation channels or fins between the friction surfaces. These channels
facilitate better airflow and heat dissipation, allowing the disc to cool more effectively. This
design feature is particularly beneficial in high-performance or heavy-duty applications where
brake systems are subjected to repeated or prolonged braking, preventing overheating and
maintaining consistent braking performance. Therefore, while solid discs offer simplicity and
durability, ventilated discs are preferred in demanding automotive environments for their

superior thermal management capabilities.

F. Talati and S. Jalalifar, in their 2008 study, highlighted the significant thermal stresses
that disc brakes endure during both regular and hard braking. They noted that routine braking
and sudden, high-deceleration events typical of passenger vehicles can lead to extreme
temperatures, sometimes reaching up to 900°C in a very short time span.These rapid
temperature changes can result in thermal shock, which may cause surface cracks on the brake
rotor. Alternatively, under conditions where thermal shock is absent, the repetitive application
of high deceleration forces can induce macroscopic cracks that propagate through the
thickness and along the radius of the disc brake. This phenomenon indicates the substantial

mechanical challenges that brake rotors face under demanding operational conditions.

5



Understanding the complex interplay of thermal and mechanical stresses is paramount in
the design of brake systems capable of enduring extreme conditions without sacrificing safety
or performance. Engineers must carefully select materials that can withstand high
temperatures and rapid temperature changes, such as those experienced during hard braking.
Additionally, effective cooling mechanisms, whether through ventilated designs or advanced
cooling fluids, play a crucial role in dissipating heat and preventing thermal shock-induced
damage or material fatigue. Moreover, the structural design of disc brakes must be robust
enough to handle the repetitive high-g decelerations typical of everyday driving and
emergency situations. This includes optimizing the geometry and thickness of the brake rotor
to resist thermal deformation and minimize the risk of cracking under stress. By integrating
these considerations into the design process, engineers can enhance the durability and
reliability of disc brake systems across a wide range of automotive applications, ensuring

consistent performance and safety for vehicle operators and passengers alike.

Ali Belhocine and Mostefa Bouchetara, in their 2012 study, explored the thermal
behavior of dry contacts in brake discs. They emphasized that thermal analysis is a crucial
aspect of studying brake systems because the temperature directly influences the
thermomechanical behavior of the brake disc structure. During braking, the temperatures and
thermal gradients are extremely high, leading to significant stress and deformation, which can
cause cracks to form and worsen over time. Therefore, accurately determining the temperature
field of the brake disc is essential. In the braking phase, the temperature does not have
sufficient time to stabilize in the disc, making a transient analysis necessary. Evaluating the
thermal gradients also requires a three-dimensional model of the problem. The thermal
loading is modeled as a heat flux entering the disc through the brake pads. Ventilated discs,
commonly used in automotive brake systems, must have rapid cooling capabilities and a
robust structural design to prevent thermal deformation, as their temperatures soar during
braking. A disc with effective cooling performance can manage its temperature rise, thereby
preventing thermal issues such as hot judder, which occurs due to thermal deformation of the
disc. In braking systems, mechanical energy is converted into thermal energy, leading to the
heating of the disc and pads. This energy dissipation results in temperature increases ranging
from 300°C to 800°C. The heat in the contact area is primarily due to plastic micro-
deformations caused by the friction forces. Understanding these thermal dynamics is crucial
for designing brake systems that maintain performance and durability under high thermal

stress.



3. MATERIAL AND METHOD

Disc brake system includes disc(rotor), caliper, pads, pistons and sealing elements. The
pistons are driven by hydraulic oil in the caliper. Then, the pistons press against the pads, and

the pads compress the disc to stop it. This is the general working theory of disc brake system.

Caliper Assembly

Disc Rotor

Figure 3.1. Example of disc brake system

The brake disc is mounted on the axle. The wheel is mounted on the axle. Brake pads
are used as friction plates. Brake pads are located inside the brake caliper. By rubbing the
brake disc on both surfaces through the pads, the brake disc is enabled to slow down or stop
the wheel. In this working principle, the brake pads inside the brake caliper can be driven

mechanically, hydraulically, pneumatically or electromagnetically.

wheel
attaches
here

Brake Pads

Figure 3.2. Components of disc brake system



3.1. Benchmarking of Disc Brake System

First, similar brake systems were examined, and their design parameters were
compared. Benchmark details such as pressure capacity, pads contact area, piston and disc

diameter are given in the examples below.

Table 3.1. Benchmarking of disc brake system

Design

Parameters

Brand Mico Mico Brembo
Pressure

Capacity(bar) 100 L 70
Pads Contact 10150 5045 3800
Area(mm?)

Piston

Diameter(mm) e o4 30
Disc

Diameter(mm) 3953 300 300

3.2. Conceptual Design of Disc Brake System

So, conceptual design was created based on benchmarking examples. First, a brake

caliper containing brake pistons, brake pads and sealing elements is designed.

Figure 3.3. Conceptual design of brake caliper




Figure 3.4. Exploded view of conceptual design

Caliper Piston

Sealing Element  Pad

Figure 3.5. Details of conceptual design

Figure 3.6. Section view of conceptual design



After, the brake disc was designed conceptually. The brake caliper and brake disc were
assembled, and the packaging was checked.

Q

Figure 3.7. Brake disc and brake caliper assembly

Figure 3.8. Brake disc and brake caliper packing control
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3.3. Material Properties

Based on literature review, three different material qualities were determined as
aluminum, stainless steel and structural steel for two different designs. First design geometry

is a solid disc and second one is a ventilated disc. The table of analysis geometries and

material qualities are given below:

Table 3.2. The table of analysis geometries and material qualities

Design Geometry Material Quality
Solid Aluminum Alloy
Solid Stainless Steel
Solid Structural Steel
Ventilated Aluminum Alloy
Ventilated Stainless Steel
Ventilated Structural Steel

Carbon ceramic was determined for brake pads for all cases because it is commonly

used.

Table 3.3. Material properties of brake pad

Properties Carbon Ceramic Units
Density 2040 kg/m®
Elastic Modulus 2600 MPa
Poisson’s Ratio 0.34 -
Bulk Modulus 2708.3 MPa
Shear Modulus 907.15 MPa
Tensile Yield Strength 250 MPa
Compressive Yield Strength 250 MPa
Tensile Ultimate Strength 460 MPa
Compressive Ultimate Strength 460 MPa
Coefficient of Thermal Expansion 0.000012 1/°C
Thermal Conductivity 8 W/mK
Specific Heat 1.123 JIgK
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Table 3.4. Material properties of disc

Properties Aluminum Alloy | Stainless Steel | Structural Steel | Units
Density 2770 7750 7850 kg/m®
Elastic Modulus 70000 190000 210000 MPa
Poisson’s Ratio 0.3897 0.29 0.28 -
Bulk Modulus 105770 150790 159090 MPa
Shear Modulus 25185 73643 82031 MPa
Tensile Yield
Strength 45 207 275 MPa
Compressive Yield 45 207 275 MPa
Strength
Tensile Ultimate 110 517 450 MPa
Strength
Compressive
Ultimate Strength 113 o1 450 MPa
Coefficient of 0.000023 0.000017 0.000011 1/°C
Thermal Expansion
Thermal
Conductivity > 36 s WimK
Specific Heat 875 500 440 JIgK

3.4. Calculations

The assumptions and input parameters made for the calculations are given below:

Table 3.5. Disc parameters

Specifications Values Units
Inner Diameter 100 mm
Outer Diameter (r) 200 mm
Thickness 5 mm
Table 3.6. Pad parameters

Specifications Values Units
Area (Pp) 450 mm?
Thickness 5 mm

12




F. Talati and S. Jalalifar in their 2008 study and Limpert Rudolf in his study 1992,
highlighted the input parameters, calculation assumptions and formulas as energy generated
during braking, stopping distance, braking deceleration, deceleration time, braking power and

heat flux.

Mr. Adarsh Bhat, Dr. Bhaskar Pal, Dr. Devendra Dandotiya in their 2024 study,
explained the calculation assumptions and formulas such as braking force, braking torque and

pad pressure.

Table 3.7. Input parameters

Specifications Values Units
Mass of the Vehicle (M) 1310 kg
Initial Velocity (u) 271.77 m/s
Last Velocity (v) 0 m/s
Axle Weight Distribution 05 i
50% on each side (y)
Coefficient of Friction for 0.7 i
Dry Pavement ()
é(;c;ilii;a(tg))n Due to 981 i

» Calculation of Stopping Distance (s)

u2
s=—=256.15m
2ug

» Calculation of Braking Deceleration (a)
v?=u?+2as a=6.86m/s’
» Calculation of Braking Force (Fp)
Fy=y*M=xa=4500N

» Calculation of Pad Pressure (Pp)
Fp

P, == =10 MPa
Py

» Calculation Deceleration Time (By)

13



v=u+at B,=4s
3.5. Finite Element Analysis

The steps of finite element analysis are geometry, meshing, boundary conditions and
results.

» Geometry
Two analysis geometries which are solid and ventilated were designed with the
Solidworks program according to the dimensions specified in tables 3.5. and 3.6.

Figure 3.9. Solid disc brake model

14



Figure 3.10. Ventilated disc brake model

» Analysis Cases

The two geometrical models were imported to ANSYS, eighteen cases and three

different material properties were assigned as shown below.

Table 3.8. Analysis cases

Analysis Method Cases Geometry | Material Quality S:ssl;hnr%
Case-1 Solid Structural Steel 10 MPa

Case-2 Solid Stainless Steel 10 MPa

Case-3 Solid Aluminum Alloy 10 MPa

Case-4 Ventilated |  Structural Steel 10 MPa

Case-5 Ventilated |  Stainless Steel 10 MPa

STRUCTURAL Case-6 Ventilated | Aluminum Alloy 10 MPa
ANALYSIS Case-7 Solid Structural Steel 20 MPa
Case-8 Solid Stainless Steel 20 MPa

Case-9 Solid Aluminum Alloy 20 MPa

Case-10 | ventilated | Structural Steel 20 MPa

Case-11 Ventilated |  Stainless Steel 20 MPa

Case-12 Ventilated | Aluminum Alloy 20 MPa

Case-13 Solid Structural Steel 10 MPa

THERMAL & Case-14 Solid Stainless Steel 10 MPa
STRUCTURAL Case-15 Solid Aluminum Alloy 10 MPa
ANALYSIS Case-16 Ventilated |  Structural Steel 10 MPa
(COUPLED) Case-17 | ventilated | Stainless Steel 10 MPa
Case-18 Ventilated | Aluminum Alloy 10 MPa

15




» Meshing

Meshing stage is very important in finite element analysis in terms of numerical
convergence. The more the mesh quality is increased, the more accurate results are
achieved. In this study, fine meshing was done hexagonal surface mesher with a
minimum element size of 5 mm for solid disc brake and minimum element size of 2.5

mm for ventilated disc brake. Mesh models generated are shown figure 3.11. and 3.12.

Figure 3.11. Solid disc brake meshing
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Figure 3.12. Ventilated disc brake meshing

» Boundary Conditions
Boundary conditions are the same from case-1 to case-12 for structural analysis
method according to table 3.8. Geometry, material quality and braking pressure

have been changed.

Figure 3.14. Boundary conditions of ventilated brake for structural analysis method

17



10 MPa brake pressure was applied from case-1 to case-6 for solid and
ventilated disc brake. Also, rotational velocity and pressure are processed as

tabular data.

Figure 3.15. Analysis settings of solid disc for structural analysis method

Figure 3.16. Analysis settings of ventilated disc for structural analysis method
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20 MPa brake pressure was applied from case-7 to case-12 for solid and
ventilated disc brake. Also, rotational velocity and pressure are processed as

tabular data.

Figure 3.18. Analysis settings of ventilated disc for structural analysis method
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Boundary conditions are the same from case-13 to case-18 for thermal and

structural analysis method (coupled) according to table 3.8. Geometry, material

quality and braking pressure have been changed.

Figure 3.20. Boundary conditions of ventilated disc for coupled analysis method
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10 MPa brake pressure, 100 °C constant temperature and 0.01 constant film
coefficient for convection were applied from case-13 to case-18 for solid and

ventilated disc brake. Also, rotational velocity and pressure are processed as

tabular data.

Figure 3.22. Analysis settings of ventilated disc for coupled analysis method
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4., RESULTS

Eighteen analysis cases were run according to boundary conditions, analysis inputs and

table 3.8. Equivalent stress, total deformation, equivalent elastic strain were evaluated.
Analysis results of case-1;

Equivalent stress is 24.263 MPa according to the analysis result.

10813
81301
54413
1,7525
0,063774 Min

Figure 4.1. Equivalent stress for case-1

Total deformation is 85.662 mm according to the analysis result.

Figure 4.2. Total deformation for case-1

Directional deformation of X axis is 85.65 mm according to the analysis result.
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Figure 4.3. Directional deformation of X axis for case-1

Directional deformation of Z axis is 85.651 mm according to the analysis result.

Directional Deformation 3
Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate Systern
Maximum Ower Time s
11.11.2024 00:05

85,651 Max
75,781

5,01

56,04

46,169
36,299
26,429
16,558
66077
-3,1828 Min

Figure 4.4. Directional deformation of Z axis for case-1

Directional deformation of Y axis is 0.0070521 mm according to the analysis result.

Directional Defarmation
Type: Directional Deformation(y Axis)
Unit: mrm

Global Coordinate Systern
Maximurm Owver Time s
11.11.2024 00:08

0,0070521 Max
00062686
00054585
00047014
00039173
00031342
00023507
0,0015671
00007835
-1,7325e-8 Min

Figure 4.5. Directional deformation of Y axis for case-1

Equivalent elastic strain is 0.00011588 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: rarnfrarm

Maxirnum Cwver Time s

11.11.2024 00:10 E
0,00011588 Max ]
0,00010303
0,01%e-5
7,7353e-5
64511e-5
5,167e-5
3,80206-5
2,5088e-5
1,3147e-5
3,0565e-7 Min




Figure 4.6. Equivalent elastic strain for case-1

Analysis results of case-2;

Equivalent stress is 24.022 MPa according to the analysis result.

805
5,380

2,7261
0,064086 Min

Figure 4.7. Equivalent stress for case-2

Total deformation is 85.662 mm according to the analysis result.

57,108
52,340
4759
42,831 Min

Figure 4.8. Total deformation for case-2

Directional deformation of X axis is 85.65 mm according to the analysis result.

36,208
16,428
16,558
£,6575
-3,1828 Min




Figure 4.9. Directional deformation of X axis for case-2

Directional deformation of Z axis is 85.651 mm according to the analysis result.

Directional Deformation 2
Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate Systerm
Minimurn Crer Time s
11.11.2024 00:19

3,1828 Max
-6,6676
-16,558
-26428
-36,299
-46,169
56,04

-65,91

-75,78
-85,651 Min

Figure 4.10. Directional deformation of Z axis for case-2

Directional deformation of Y axis is 0.0076362 mm according to the analysis result.

Directional Deformation 3
Type: Directional Deformation(y &xis)
Unit: mm

Global Coordinate Systern
Maxiraurm Cwer Time s
11.11.2024 00:20

0,0076362 Max
0,0067373
0,0059393
0,0050908
00042423
00033933
0,0025454
0,0016969
000084839
-9,0319e-8 Min

Figure 4.11. Directional deformation of Y axis for case-2

Equivalent elastic strain is 0.00012681 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mm/fmem
Maxirnum Ower Time s
11.11.2024 00:20

000012681 Max
0,00011276
9,8704e-5
84652-5

7.06e-5

5,6548%-5
4,2496e-5
2,8044e-5
1,4392¢-5
3,3948e-7 Min
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Figure 4.12. Equivalent elastic strain for case-2

Analysis results of case-3;

Equivalent stress is 21.641 MPa according to the analysis result.

4,8617
24647
0,06 7566 Min

Figure 4.13. Equivalent stress for case-3

Total deformation is 85.661 mm according to the analysis result.

Figure 4.14. Total deformation for case-3

Directional deformation of X axis is 85.646 mm according to the analysis result.

26,427
16,557
6,6671
-3,1828 Min
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Figure 4.15. Directional deformation of X axis for case-3

Directional deformation of Z axis is 85.65 mm according to the analysis result.

Directional Deformation 2
Type: Directional Deformation (£ &xis)
Unit: mrn

Global Coordinate Systern
Maxirmurn Over Time s
11.11.2024 11:18

85,65 Max
75,78

63,91

56,039
46,163
36,200
26428
16,558
6,6876
-3,1827 Min

Figure 4.16. Directional deformation of Z axis for case-3

Directional deformation of Y axis is 0.015291 mm according to the analysis result.

Directional Deformation 3
Type: Directional Deformation (Y Auxis)
Unit: mrm

Global Coordinate System
Maximum Ower Tirme s
11.11.202411:19

0,015291 Max
0,013592
0,011502
0010134
0,008435
0,0067959
0,0050068
0,0033977
0,0016987
-3,9693e-7 Min

Figure 4.17. Directional deformation of Y axis for case-3

Equivalent elastic strain is 0.00031096 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mm/mm
Maxirnurn Owver Tirne s
11.11.2024 11:19

0,00031096 Max
0,00027652
0,00024208
0,00020763
0,00017319
0,00013875
0,0001043
£,9658e-5
3,5415e-5
9,7148e-7 Min
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Figure 4.18. Equivalent elastic strain for case-3

Analysis results of case-4;

Equivalent stress is 37.613 MPa according to the analysis result.

5,361
4,2679
0,099756 Min

Figure 4.19. Equivalent stress for case-4

Total deformation is 85.662 mm according to the analysis result.

52,349
47,59
42,831 Min

Figure 4.20. Total deformation for case-4

Directional deformation of X axis is 85.659 mm according to the analysis result.

26431

16,56

£,6302
-3,1832 Min




Figure 4.21. Directional deformation of X axis for case-4

Directional deformation of Z axis is 85.661 mm according to the analysis result.

Directional Deformation 2
Type: Directional Deformationi(Z Axis)

Unit: mrm
Erm

Global Coordinate Syst
Figure 4.22. Directional deformation of Z axis for case-4

Maximurn Cwer Time s
11.11.2024 11:32

85,661 Max
75,79

5,910
56,046
46,175
36,303
26,432

16,56

6,654
-3,1832 Min

Directional deformation of Y axis is 0.0027779 mm according to the analysis result.

Directional Defarrnation 3
Type: Directional Deformation(y Axis)

Unit: mm

Global Coordinate Systern

Maxirmum Ower Time s

11.11.2024 11:33
0,0027779 Max
0,0024692
0,0021605
0,0018519
0,0015432
0,0012345
0,000092589
000081723
000030856
-9,8611e-8 Min

Figure 4.23. Directional deformation of Y axis for case-4

Equivalent elastic strain is 0.00018782 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mmmi‘rrn

Pdaxirrurn Ower Tifme s
11.11.2024 11:34

0,00018782 Max
0,00016701
0,0001462
0,0001254
0,00010459
8,3786e-5
£,20708-5
4,2173e-5
2,1366e-5
5,5959e-7 Min
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Figure 4.24. Equivalent elastic strain for case-4

Analysis results of case-5;

Equivalent stress is 36.881 MPa according to the analysis result.

16,447
12,361
82738
4,167

100126 Min

Figure 4.25. Equivalent stress for case-5

Total deformation is 85.662 mm according to the analysis result.

61,567
57,108
52,349
47,59

42,831 Min

Figure 4.26. Total deformation for case-5

Directional deformation of X axis is 85.659 mm according to the analysis result.

46,173
36,302
26431
16,559
6,6851
-3,1832 Min
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Figure 4.27. Directional deformation of X axis for case-5

Directional deformation of Z axis is 85.661 mm according to the analysis result.

ni Axis) :

Figure 4.28. Directional deformation of Z axis for case-5

Directional Deforrmation 2
Type: Directional Deformatio
Unit: rmrn

Global Coordinate Systerm
Maxirnum Owver Tirme s
11.11.2024 11:40

85,661 Max
75,79

65,018
56,046
26175
36,303
26432

16,56

6,6851
-3,1832 Min

Directional deformation of Y axis is 0.0029053 mm according to the analysis result.

Directional Deformation 3

Type: Directional Deformation (¥ &xis)
Unit: mm
Global Coordinate System
Maximurm Ower Time s
11.11.2024 11:40
0,0029053 Max
0.0025824
0.0022596
0.0019368
0.0016139
0.0mz2911
0,00096828
0.00064544
0.00032261
-2,234e-7 Min

Figure 4.29. Directional deformation of Y axis for case-5

Equivalent elastic strain is 0.0002062 according to the analysis result.

Equivalent Elastic Strain 3
Type! Equivalent Elastic Strain
Unit: mm/mm
bzxirmurm Ower Tirne s
11112024 11:41

0,0002062 Max
0,00018336
0,00016052
0,00013768
0,00011483
9,1907e-5
£,0140¢-5
4,6307e-5
2,3465e-5
6,2224e-7 Min
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Figure 4.30. Equivalent elastic strain for case-5

Analysis results of case-6;

Equivalent stress is 34.939 MPa according to the analysis result.

0,094558 Min

Figure 4.31. Equivalent stress for case-6

Total deformation is 85.661 mm according to the analysis result.

Figure 4.32. Total deformation for case-6

Directional deformation of X axis is 85.653 mm according to the analysis result.

65,912
56,041
4617
36,3
26,429

16558
6,6875
-3,1832 Min
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Figure 4.33. Directional deformation of X axis for case-6

Directional deformation of Z axis is 85.66 mm according to the analysis result.

Dire ctional Deformation 2

Type: Directional Defarmation(Z fxis)
nit: mm

Global Coardinate System

Maximum Over Time 5

1111.2024 1146

85,66 Max
75,780
65,017
56,046
46174
36,303
26431

16,56

66854
-3,1831 Min

Figure 4.34. Directional deformation of Z axis for case-6

Directional deformation of Y axis is 0.0055514 mm according to the analysis result.

Directional Defarmation 3

Type: Directional Deformationdy Axis)
Unit: rrirn
Global Coordinate Systern
Maxirnurn Ower Time 3
11.11.2024 11:46
0,0055514 Max
0,0040343
0.0043172
0.0037007
0,003083
0,0024659
0.0016488
00012317
0,00061454
-2,5732e-6 Min

Figure 4.35. Directional deformation of Y axis for case-6

Equivalent elastic strain is 0.00052502 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mrmfram

Maxirnurn Qwer Tirme s
11.11.2024 11:47

0,00052502 Max
0,00046688
0,00040875
0,00035067
000029247
0,00023434
0000762
0,00011806
5,9928e-5
1,7912e-6 Min
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Figure 4.36. Equivalent elastic strain for case-6

Analysis results of case-7,;

Equivalent stress is 40.615 MPa according to the analysis result.

9,1249
4 6263
0,12769 Min

Figure 4.37. Equivalent stress for case-7

Total deformation is 85.662 mm according to the analysis result.

52,349
47,50
42,831 Min

Figure 4.38. Total deformation for case-7

Directional deformation of X axis is 85.648 mm according to the analysis result.

26,427
16,557
6,673
-3,1828 Min
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Figure 4.39. Directional deformation of X axis for case-7

Directional deformation of Z axis is 85.651 mm according to the analysis result.

Directional Deformation 2

Type: Directional Deformation(Z Axis)
Unit: mrm
Global Coordinate System
Maxirmum Ower Time s
11.11.2024 12:23

85,651 Max
75,78

65,91

46,04

46,168
36,209
26428
16,558
6,6876
-3,1828 Min

Figure 4.40. Directional deformation of Z axis for case-7

Directional deformation of Y axis is 0.0013977 mm according to the analysis result.

Directional Deformation 3

Type: Directional Deformation(y Swis)
Unit: mrm
Global Coordinate System
Maxirnurn Cwer Tirme s
11.11.2024 12:23

0,0013977 Max
0002424
0001087
0,00093173
000077642
00006211
000046579
0,00031047
000015516
-1,5478e-7 Min

Figure 4.41. Directional deformation of Z axis for case-7

Equivalent elastic strain is 0.00019597 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mmfrmim
Maximurm Over Time s
11112024 12:24

0,00019597 Max
0.00017427
000015256
000013085
000010315
8,7430e-5
6,5732e-5
4,4026e-5
2,231%e-5
6,1198e-7 Min
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Figure 4.42. Equivalent elastic strain for case-7

Analysis results of case-8;

Equivalent stress is 40.502 MPa according to the analysis result.

91002
46143
0,12832 Min

Figure 4.43. Equivalent stress for case-8

Total deformation is 85.661 mm according to the analysis result.

52,340
47,59
42,831 Min

Figure 4.44. Total deformation for case-8

Directional deformation of X axis is 85.648 mm according to the analysis result.

26,427
16,557
66873
-3,1828 Min




Figure 4.45. Directional deformation of X axis for case-8

Directional deformation of Z axis is 85.651 mm according to the analysis result.

85,651 Max
75,78

£5,91

56,04
46,169
36,299
26,428
16,558
66076
-3,1828 Min

Figure 4.46. Directional deformation of Z axis for case-8

Directional deformation of Y axis is 0.0015008 mm according to the analysis result.

0,0015008 Max
0001334
00011672
0,0010004
0,00083368
0,0006669
0,00050013
000033336
000016659
-1,8072e-7 Min

Figure 4.47. Directional deformation of Y axis for case-8

Equivalent elastic strain is 0.00021598 according to the analysis result.

0,00019206
0000165314
000014422
000012029
9,637e-5
7,2448e-5
4,8525e-5
2.4602e-5
6,7972e-7 Min
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Figure 4.48. Equivalent elastic strain for case-8

Analysis results of case-9;

Equivalent stress is 39.365 MPa according to the analysis result.

4,447
0,13599 Min

Figure 4.49. Equivalent stress for case-9

Total deformation is 85.661 mm according to the analysis result.

Figure 4.50. Total deformation for case-9

Directional deformation of X axis is 85.64 mm according to the analysis result.

16,556
66564
-3,1828 Min




Figure 4.51. Directional deformation of X axis for case-9

Directional deformation of Z axis is 85.649 mm according to the analysis result.

65,900
56,039

46,168
36,298
26428
16,558
6,6875
-3,1827 Min

Figure 4.52. Directional deformation of Z axis for case-9

Directional deformation of Y axis is 0.0027236 mm according to the analysis result.

00021152
00013155
00015128
00210
0,00000735
000060463
000030182
-1.9397e-7 Min

Figure 4.53. Directional deformation of Y axis for case-9

Equivalent elastic strain is 0.00056937 according to the analysis result.

0,00038023
000031718
000023414
0,00M9109
000012805
6,5007e-5
1.9557e-6 Min
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Figure 4.54. Equivalent elastic strain for case-9

Analysis results of case-10;

Equivalent stress is 37.613 MPa according to the analysis result.

16,773
12,604
84361
42679
,099756 Min

Figure 4.55. Equivalent stress for case-10

Total deformation is 85.662 mm according to the analysis result.

Figure 4.56. Total deformation for case-10

Directional deformation of X axis is 85.659 mm according to the analysis result.

26,174
36,302
26,431
16,56
6,652
-3,1832 Min
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Figure 4.57. Directional deformation of X axis for case-10

Directional deformation of Z axis is 85.661 mm according to the analysis result.

Directional Deformation 2
Type: Directional Deformation(Z Axis)

Unit: mim
Global Coordinate System
Maximum Crwer Time s
11.11.2024 16:1
| 85,661 Max
75,70
65,918
56,046
46,175
36,303
26432
16,56
6,688
-3,1832 Min

Figure 4.58. Directional deformation of Z axis for case-10

Directional deformation of Y axis is 0.0027779 mm according to the analysis result.

Directional Deformation 3

Type: Directional Deformation(y Axis)
Unit: mim
Global Coordinate System
Mazirurm Over Tirme s
11.11.2024 1601

00027779 Max
0,0024602
0,0021605
00018519
0,0015432
0,0012345
0,00092589
000061723
0,00030856
-0,8611e-8 Min

Figure 4.59. Directional deformation of Y axis for case-10

Equivalent elastic strain is 0.00018782 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: rmymm
Maximurn Owver Time s
11.11.2024 16:02

0,00018782 Max
0,00016701
0,0001462
0,0001254
0,00010453
B,3786e-5
£,207%-5
42173e-5
2,1366e-5
5,5959e-7 Min
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Figure 4.60. Equivalent elastic strain for case-10

Analysis results of case-11;

Equivalent stress is 36.881 MPa according to the analysis result.

16,447
12,361
82738
4187

0,10026 Min

Figure 4.61. Equivalent stress for case-11

Total deformation is 85.662 mm according to the analysis result.

Figure 4.62. Total deformation for case-11

Directional deformation of X axis is 85.659 mm according to the analysis result.

26,173
36,302
26,431
16,550
6,6881
-3,1832 Min
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Figure 4.63. Directional deformation of X axis for case-11

Directional deformation of Z axis is 85.661 mm according to the analysis result.

Directional Deformation 2

Type: Directional Deformation (£ Axis)
Unit: mm
Global Coordinate Systermn
Maxirurm Ower Time 5
11.11.2024 13:43

85,661 Max

75,79

65,9158

56,046

46,175

36,303

26432

16,56

6,688

-3,1832 Min

Figure 4.64. Directional deformation of Z axis for case-11

Directional deformation of Y axis is 0.0029053 mm according to the analysis result.

Directional Deformation 3

Type: Directional Defarmation(y Axis)
Unit: rmrn
Global Coordinate System
Maximurm Ower Time s
11.11.2024 13:45
0.0029053 Max
0,0025524
0,0022596
0,0019368
00016138
0,0012911
0,00096528
0,00064544
0,00032261
-2,234e-7 Min

Figure 4.65. Directional deformation of Y axis for case-11

Equivalent elastic strain is 0.0002062 according to the analysis result.

Equivalent Elastic Strain 3
Type: Equivalent Elastic Strain
Unit: mm/mm

Maximurn Cwer Time s
11.11.2024 13:49

0,0002062 Max
0,00018336
0,00016052
0,00013768
0,00011483
9,1992¢-5
£,9140-5
4,6307e-5
2,3465¢-5
6,2224e-7 Min
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Figure 4.66. Equivalent elastic strain for case-11

Analysis results of case-12;

Equivalent stress is 34.939 MPa according to the analysis result.

78379
3,0662
0,094558 Min

Figure 4.67. Equivalent stress for case-12

Total deformation is 85.661 mm according to the analysis result.

52,340
47,50
42,831 Min

Figure 4.68. Total deformation for case-12

Directional deformation of X axis is 85.653 mm according to the analysis result.

26,429
16,558
66575
-3,1832 Min




Figure 4.69. Directional deformation of X axis for case-12

Directional deformation of Z axis is 85.66 mm according to the analysis result.

65,017
56,046
46,174
36,303
26411
16,56
6,604
-3,1831 Min

Figure 4.70. Directional deformation of Z axis for case-12

Directional deformation of Y axis is 0.0055514 mm according to the analysis result.

00043172
0,0037001
0,003083
0,0024652
000153488
00012317
0,00061454
-2,5732e-6 Min

Figure 4.71. Directional deformation of Y axis for case-12

Equivalent elastic strain is 0.00052502 according to the analysis result.

0,00040875
0,00035061
0,00029247
0,00023434
0,0001762
0,00011806
5,0028e-5
1,7912e-6 Min
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Figure 4.72. Equivalent elastic strain for case-12

Analysis results of case-13;

Equivalent stress is 164.27 MPa according to the analysis result.

Figure 4.73. Equivalent stress for case-13

Total deformation is 85.67 mm according to the analysis result.

Figure 4.74. Total deformation for case-13

Directional deformation of X axis is 85.658 mm according to the analysis result.

6,605
-3,1828 Min




Figure 4.75. Directional deformation of X axis for case-13

Directional deformation of Z axis is 85.659 mm according to the analysis result.

16,174
16,303
26,431
16,56
6656
-3,1828 Min

Figure 4.76. Directional deformation of Z axis for case-13

Directional deformation of Y axis is 0.0028298 mm according to the analysis result.

0,0015692
0001254
000093885
0,00062360
000030853
-6,6342e-6 Min

Figure 4.77. Directional deformation of Y axis for case-13

Equivalent elastic strain is 0.00078256 according to the analysis result.

000037368
000029191
000021013
000012836
4,6584e-5 Min
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Figure 4.78. Equivalent elastic strain for case-13

Analysis results of case-14;

Equivalent stress is 218.95 MPa according to the analysis result.

Figure 4.79. Equivalent stress for case-14

Total deformation is 85.675 mm according to the analysis result.

42,831 Min

Figure 4.80. Total deformation for case-14

Directional deformation of X axis is 85.663 mm according to the analysis result.

£ 680
-3,1828 Min




Figure 4.81. Directional deformation of X axis for case-14

Directional deformation of Z axis is 85.664 mm according to the analysis result.

46,177
36,305
26433
16,561
6,6891
-3,1828 Min

Figure 4.82. Directional deformation of Z axis for case-14

Directional deformation of Y axis is 0.0041476 mm according to the analysis result.

00023026
00018414
00013802
0,00091823
000045769
-3,5534e-6 Min

Figure 4.83. Directional deformation of Z axis for case-14

Equivalent elastic strain is 0.00011524 according to the analysis result.

0,0005542
000043456
0,00031437
000019527
7,5621e-5 Min
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Figure 4.84. Equivalent elastic strain for case-14

Analysis results of case-15;

Equivalent stress is 93.857 MPa according to the analysis result.

0,99498 Min

Figure 4.85. Equivalent stress for case-15

Total deformation is 85.683 mm according to the analysis result.

42,631 Min

Figure 4.86. Total deformation for case-15

Directional deformation of X axis is 85.667 mm according to the analysis result.

£,6005
-3,1828 Min




Figure 4.87. Directional deformation of X axis for case-15

Directional deformation of Z axis is 85.672 mm according to the analysis result

6,69
-3,1827 Min

Figure 4.88. Directional deformation of Z axis for case-15

Directional deformation of Y axis is 0.0040975 mm according to the analysis result.

0,00043902
-1,83e-5 Min

Figure 4.89. Directional deformation of Y axis for case-15

Equivalent elastic strain is 0.001341 according to the analysis result.

1.5681e-5 Min
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Figure 4.90. Equivalent elastic strain for case-15

Analysis results of case-16;

Equivalent stress is 212.03 MPa according to the analysis result.

1.2726 Min

Figure 4.91. Equivalent stress for case-16

Total deformation is 85.671 mm according to the analysis result.

42,831 Min

Figure 4.92. Total deformation for case-16

Directional deformation of X axis is 85.669 mm according to the analysis result.

01732
-0,38199 Min
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Figure 4.93. Directional deformation of X axis for case-16

Directional deformation of Z axis is 85.67 mm according to the analysis result.

18,741
91754
-0,38199 Min

Figure 4.94. Directional deformation of Z axis for case-16

Directional deformation of Y axis is 0.0030871 mm according to the analysis result.

0.00068595
000034203
-9,9611e-8 Min

Figure 4.95. Directional deformation of Y axis for case-16

Equivalent elastic strain is 0.0010626 according to the analysis result.

000013455
1,8553e-5 Min




Figure 4.96. Equivalent elastic strain for case-16

Analysis results of case-17;

Equivalent stress is 289.42 MPa according to the analysis result.

18451 Min

Figure 4.97. Equivalent stress for case-17

Total deformation is 85.676 mm according to the analysis result.

Figure 4.98. Total deformation for case-17

Directional deformation of X axis is 85.673 mm according to the analysis result.

91797
-0,38199 Min




Figure 4.99. Directional deformation of X axis for case-17

Directional deformation of Z axis is 85.675 mm according to the analysis result.

28,304
18,742
91739
-0,38199 Min

Figure 4.100. Directional deformation of Z axis for case-17

Directional deformation of Y axis is 0.0047577 mm according to the analysis result.

00015858
00010572
0,00052853
-1,1869e-7 Min

Figure 4.101. Directional deformation of Y axis for case-17

Equivalent elastic strain is 0.0016016 according to the analysis result.

0,0003752
0,0002
2,48e-5 Min




Figure 4.102. Equivalent elastic strain for case-17

Analysis results of case-18;

Equivalent stress is 151.3 MPa according to the analysis result.

0,37124 Min

Figure 4.103. Equivalent stress for case-18

Total deformation is 85.698 mm according to the analysis result.

42,831 Min

Figure 4.104. Total deformation for case-18

Directional deformation of X axis is 85.691 mm according to the analysis result.

9187
-0,38199 Min




Figure 4.105. Directional deformation of X axis for case-18

Directional deformation of Z axis is 85.697 mm according to the analysis result.

91823
-0,38199 Min

Figure 4.106. Directional deformation of Z axis for case-18

Directional deformation of Y axis is 0.0063273 mm according to the analysis result.

00007028
-2,6483e-7 Min

Figure 4.107. Directional deformation of Y axis for case-18

Equivalent elastic strain is 0.0021641 according to the analysis result.

1.374e-5 Min




Figure 4.108. Equivalent elastic strain for case-18

The results of the analysis run from case-1 to case-12 according to the structural

analysis method are given in the table below.

Table 4.1. Analysis results of structural analysis

) Directional
_ ' Equivalent _ Equivalent
Braking Material Deformation _
Geometry ) Cases Stress ) Elastic
Pressure Quality of Y Axis )
(MPa) Strain
(mm)
Structural S. Case-1 24.263 0.0070521 0.00011588
Solid Stainless S. Case-2 24.022 0.0076362 0.00012681
Aluminum A. | Case-3 21.641 0.015291 0.00031096
10 MPa
Structural S. Case-4 37.613 0.0027779 0.00018782
Ventilated | Stainless S. Case-5 36.881 0.0029053 0.0002062
Aluminum A. | Case-6 34.939 0.0055514 0.00052502
Structural S. Case-7 40.615 0.0013977 0.00019597
Solid Stainless S. Case-8 40.502 0.0015008 0.00021598
Aluminum A. | Case-9 39.365 0.0027236 0.00056937
20 MPa
Structural S. | Case-10 37.613 0.0027779 0.00018782
Ventilated | Stainless S. Case-11 36.881 0.0029053 0.0002062
Aluminum A. | Case-12 34.939 0.0055514 0.00052502

As seen in table 4.1., there was an increase in equivalent stress values when a ventilated

geometry was preferred over a solid geometry. It was also observed that the directional

deformation in the direction of the brake pressure applied also increased. When material

grades were compared, the equivalent stress value of aluminum alloy was lower than that of

structural steel and stainless steel. The reason for this was that aluminum material shows more

flexible behavior under pressures or forces. We can also understand the accuracy of this by
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looking at equivalent strain values. While the equivalent stress value of the aluminum alloy
brake disc was lower than that of brake discs of other material qualities, the equivalent strain

and directional deformation values are correspondingly higher.

In addition to all these, the brake pressure value was doubled, and the analysis results
were examined. Equivalent stress, equivalent strain and directional deformation values were

also increased for all material qualities and geometries.

The results of the analysis ran from case-13 to case-18 according to the thermal and

structural analysis method were given in the table below.

Table 4.2. Analysis results of thermal and structural analysis

Directional

) . Equivalent ) Equivalent
Braking Material Deformation _
Geometry ’ Cases Stress ) Elastic
Pressure Quality of Y Axis )
(MPa) Strain
(mm)

Structural S. | Case-13 164.27 0.0028298 | 0.00078256

Solid Stainless S. | Case-14 218.95 0.0041476 | 0.00011524

Aluminum A. | Case-15 93.857 0.0040975 0.001341
10 MPa

Structural S. | Case-16 212.03 0.0030871 0.0010626

Ventilated | Stainless S. Case-17 289.42 0.0047577 0.0016016

Aluminum A. | Case-18 151.3 0.0063273 0.0021641

When thermal effects were included in the analysis, the effect of the thermal
conductivity coefficients given in table 3.4. was reflected in the analysis results. An increase
in the equivalent stress value of the stainless steel material was observed under thermal
effects. But again, due to the flexibility of aluminum alloy material, the equivalent stress
value in this material was low compared to other materials. This can again be verified by

looking at the increase in equivalent strain values.
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This study aimed to enhance the efficiency of disc brakes by optimizing their design
through computational methods. The main objectives were to improve the geometry of the
disc and choose the best material to achieve an optimal design.

Design Process and Tools

o Design Creation: Initial disc designs were developed using computer-aided design
(CAD) software.

o Simulation Tools: The Finite Element Method (FEM) was used to simulate and
evaluate these designs.

o Material Selection: Different materials were tested, including aluminum alloy steel,
stainless steel, and structural steel.

Key Parameters and Metrics

o Thermal Conductivity: A critical factor for disc brake efficiency.

e Geometry Variations: Various geometric configurations of the disc were tested to
identify the most efficient design.

Comparative Analysis

e Material Quality:

o Aluminum Alloy Steel: Balanced trade-off between weight and thermal
conductivity.

o Stainless Steel: High durability and thermal resistance.

o Structural Steel: Good mechanical properties but less optimal thermal
performance.

o Geometry Impact: Different disc geometries had a significant impact on thermal
conductivity and overall performance.

Results Summary

e Optimal Design: The study identified an optimal combination of disc geometry and
material that maximized thermal conductivity and efficiency.

o Material Efficiency: Aluminum alloy steel was found to be the most efficient
material for disc brake design, offering the best balance between thermal performance
and weight.

e Performance Evaluation: The optimized design showed substantial improvements in

thermal conductivity, which is crucial for effective disc brake performance.
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5. DISCUSSION

This study highlights how computational methods can significantly improve disc brake
design. By using CAD, and FEM, we refined both the geometry and material selection of disc
brakes, resulting in better thermal conductivity and overall efficiency. Aluminum alloy steel
stood out as the most effective material, offering a good balance of weight, durability, and
thermal performance.

One of the main takeaways is the crucial role that material properties play in the thermal
management of disc brakes. Aluminum alloy steel, with its excellent thermal conductivity and
mechanical strength, outperformed stainless steel and structural steel. This finding emphasizes
the importance of choosing the right materials for components that need to handle high
temperatures and mechanical stress.

Geometric optimization was another key focus. We found that even small changes in the
design could lead to significant performance improvements. This underscores the value of
detailed simulations and analysis, allowing for precise tweaks that can make a big difference.

Advanced cooling mechanisms and special coatings could further improve thermal
management. Additionally, integrating machine learning and artificial intelligence into the
design and simulation process could speed up development and lead to more sophisticated
optimizations.

In conclusion, while this study has made great strides in optimizing disc brake design, it
also opens the door to many future improvements. By continuing to innovate and explore new
materials, designs, and technologies, we can further enhance automotive braking systems,

making them safer and more efficient.
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6. CONCLUSION AND RECOMMENDATIONS

In conclusion, this study managed to enhance disc brake design using computational
methods, revealing that aluminum alloy steel, when paired with the right geometric
configuration, greatly improves thermal conductivity and overall efficiency. These findings
highlight how crucial material selection and design precision are in boosting brake
performance. This work underscores the importance of advanced engineering tools and
simulations in creating high-performance automotive components. By carefully examining
different materials and designs, the research provides a solid foundation for future brake
system innovations. The improved thermal conductivity from the optimized design not only
boosts performance but also enhances the safety and durability of disc brakes. This study sets
the stage for ongoing advancements in automotive engineering, showing how essential

computational techniques are in developing more efficient and dependable braking systems.

For future research, it is suggested to explore the new materials and composites that
could offer even better thermal and mechanical properties. Understanding how these
optimized disc designs hold up over time in real-world conditions could give us a clearer
picture of their practical use. Future research might also look into advanced cooling
mechanisms or special coatings to improve how disc brakes manage heat. Additionally, using
machine learning and artificial intelligence in the design and simulation process could speed
up and enhance optimizations for the next generation of automotive braking systems.
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