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ABSTRACT

Steering knuckle is an important compartment in a vehicle. It functions as a joint connecting
the suspension and steering system where the steering arm could maneuver the automobile
direction. While driving, the automobile steering knuckle is exposed to variable amplitude
loading that is influenced by the conditions of the road surfaces. Traditionally, most of the
fatigue life assessment is performed using constant amplitude loading. However, in
operation most of the engineering components are subjected to stresses which varies with
time. Therefore, the study of fatigue life under variable amplitude loadings is an important
subject. The main objective of this study is to investigate the fatigue life behavior and fatigue
failure probability based on the variable amplitude loading. In this study, the actual variable
amplitude loadings are obtained from steering knuckle of 1300 cc national automobile. The
fatigue strain signals, which acts as a variable amplitude loading are captured using a 2 mm
strain gauge and a data acquisition system while the vehicle is driven onto different road
surfaces. The fatigue strain signal sample is recorded for 60 seconds. Four types of road are
used in this study which are the residential area road, rural road, country road and highway
road. The fatigue strain signal behaviors are then determined using global statistical analysis.
Prior to capturing the fatigue strain signals, the position of the strain gauge on automobile
steering knuckle is determined using finite element analysis. For simulation purposes, the
automobile steering knuckle is modeled using a 3D scanner, Faro Laser Scan Arm to provide
an accurate dimension. Then, the finite element model is created using a commercial finite
element software. The model is meshed using tetrahedral element type. Loadings are applied
on strut mount and lower ball joint with consideration of the weight of the car with passenger
and driven at constant speed. The fatigue damage behavior of automobile steering knuckle
is simulated using Glyphwork® software. The obtained fatigue damaged is correlated with
the fatigue strain signal behavior. Then, the fatigue failure probability that contributed from
the different road surface condition is determined. Results indicated that the fatigue strain
signals behavior, fatigue damage, fatigue life of automobile steering knuckle are influenced
significantly by the different type of road surfaces profile. Residential road recorded the
highest strain signal range, vibration energy and power content of steering knuckle. It also
contributed to the most damage as compared to the rural, country and highway road on
automobile steering knuckle. The failure probability that is in consideration of different type
of road surfaces also contributed to the prediction of fatigue life. Morrow approach recorded
a higher fatigue life of steering knuckle than SWT approach and it is found that Morrow
approach is more suitable to be applied in steering knuckle case. This is due to the type of
loading condition and material used in steering knuckle which is more suitable for Morrow
approach.



ABSTRAK

Sendi buku stereng adalah komponen penting dalam kereta. la berfungsi sebagai
sambungan bersama antara stereng dan lengan stereng yang boleh mengawal arah
pergerakan kereta. Semasa memandu, sendi buku stereng kereta terdedah kepada
pembebanan pelbagai amplitud yang dipengaruhi keadaan permukaan jalan. Tradisinya,
sebahagian besar daripada penilaian hayat lesu dilakukan menggunakan pembebanan
amplitud malar. Walau bagaimanapun, dalam perkhidmatan sebenar sebahagian besar
daripada komponen kejuruteraan dikenakan tegasan yang berbeza dengan masa. Oleh itu,
kajian hayat lesu di bawah pembebanan pelbagai amplitud adalah penting. Objektif utama
kajian ini adalah untuk menyiasat kelakuan hayat lesu dan kebarangkalian kegagalan lesu
berdasarkan kepada pembebanan pelbagai amplitud. Dalam kajian ini, pembebanan
pelbagai amplitud sebenar telah diperolehi daripada sendi buku stereng kereta kebangsaan
1300 cc. Isyarat terikan lesu, yang bertindak sebagai pembebanan pelbagai amplitud telah
dicerap menggunakan tolok terikan bersaiz 2 mm dan sistem pengumpulan data semasa
dipandu di atas permukaan jalan yang berbeza. Sampel isyarat terikan lesu telah direkodkan
selama 60 saat. Empat jenis jalan digunakan dalam kajian ini iaitu jalan kawasan
perumahan, jalan luar bandar, jalan negeri dan lebuh raya. Kelakuan isyarat terikan lesu
kemudiannya ditentukan menggunakan analisis statistik umum. Sebelum isyarat terikan lesu
dicerap, kedudukan tolok terikan pada sendi buku stereng kereta telah ditentukan
menggunakan analisis unsur terhingga. Bagi tujuan simulasi, sendi buku stereng kereta
telah dimodelkan menggunakan pengimbas 3D, Faro Laser Scan Arm untuk memberikan
dimensi yang tepat. Kemudian, model unsur terhingga telah dibuat menggunakan perisian
unsur terhingga komersil. Model ini telah dijaring menggunakan elemen jenis tetrahedral.
Pembebanan keatas sendi buku stereng kereta dikenakan pada ‘strut mount’ dan ‘lower ball
joint’ dengan mengambil kira berat berat kereta bersama penumpang dan pada kelajuan
malar. Kelakuan kerosakan lesu bagi sendi buku stereng kereta telah disimulasi
menggunakan perisian Glyphwork®. Kerosakan lesu yang diperolehi telah dikorelasi
dengan kelakukan isyarat terikan lesu. Kemudian, kebarangkalian kegagalan lesu yang
disumbang oleh keadaan permukaan jalan yang berbeza telah ditentukan. Keputusan
menunjukkan bahawa kelakuan isyarat terikan lesu, kerosakan lesu dan hayat lesu sendi
buku stereng kereta dipengaruhi dengan ketara oleh profil permukaan jalan yang berbeza.
Jalan kawasan kediaman mencatatkan skala isyarat tarikan, tenaga getaran dan kandungan
kuasa sendi buku stereng yang paling tingggi. la juga menyumbang kepada kerosakan lesu
yang paling banyak berbanding jalan luar bandar, jalan negeri dan lebuh raya.
Kebarangkalian kegagalan yang mengambil kira jenis permukaan jalan yang berlainan juga
menyumbang kepada peramalan hayat lesu. Pendekatan Morrow mencatatkan hayat lesu
sendi buku stereng yang lebih tinggi daripada pendekatan SWT dan pendekatann Morrow
didapati lebih sesuai diaplikasi dalam kes sendi buku stereng . Hal ini disebabkan jenis
keadaan pembebanan dan komposisi bahan yang digunakan dalam sendi buku stereng itu
lebih sesuai unuk pendekatan Morrow.



ACKNOWLEDGEMENTS

In the name of Allah, the Most Gracious and the Most Merciful.

In preparing this project, I would like to express my gratitude for all that involved within in
years to complete this project. First and foremost, praise and highest gratitude goes to
ALLAH S.W.T for blessing and blissfulness for allowing me to be able to pass all obstacles
and able to end up this project with success.

I would like to express my deepest gratitude to my mother and father for their advices and
support until this time. I would also like to express my greatest gratitude to my supervisor,
Dr. Kamarul Ariffin bin Zakaria for offering me this project, enriching my knowledge about
automotive area, recommendation and help in completing this project. Special thanks to Dr.
Ruztamreen bin Jenal and Assoc. Prof. Dr. Mohd Fadzli bin Abdollah for helping me when
I am having problem with my extension application. Thanks to technicians from Faculty of
Mechanical Engineering, especially to Mr. Wan Saharizal bin Wan Harun and Mr. Mad
Nasir bin Ngadiman and to all friends who help me directly or indirectly in this project,
especially to Abdul Hakim bin Abdul Hamid. Your help and support will always be
remember.

Thank you so much.



TABLE OF CONTENTS

DECLARATION
APPROVAL
DEDICATION
ABSTRACT

ABSTRAK

ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF APPENDICES
LIST OF ABBREVIATIONS
LIST OF SYMBOLS

LIST OF PUBLICATIONS

CHAPTER

1. INTRODUCTION

1.1
1.2
13
14
1.5
1.6
1.7

Background of study
Problem statement
Obijectives of study
Hypothesis
Significant of study
Scope of study
Structure of thesis

2. LITERATURE REVIEW

2.1
2.2

2.3

2.4

2.5
2.6

2.7

Introduction
Fatigue life
2.2.1 Fatigue failure mechanism
2.2.2 Factors affecting fatigue behaviour
Fatigue loading
2.3.1 Constant amplitude loading
2.3.2 Variable amplitude loading
2.3.3 Fatigue signal classification
2.3.4 Fatigue signal characteristic
Fatigue life assessment
2.4.1 Stress-life approach
2.4.2 Strain-life approach
2.4.3 Linear elastic fracture mechanism
Finite element method (FEM)
Steering knuckle of automobile
2.6.1 Type of steering knuckle
2.6.2 Material of steering knuckle
2.6.3 Manufacturing process of automobile steering knuckle
Roads in Malaysia
iv

PAGES

viii
Xiii
Xiv
XVi
XViii

O ~NOoOOO Olh~ P -

10
12
13
15
17
21
24
26
28
30
33
34
38
38
41
45
47



2.8

Summary

3. METHODOLOGY

3.1
3.2

3.3
3.4
3.5

3.6
3.7
3.8
3.9

Introduction

Material of steering knuckle

3.2.1 Chemical composition test

Tensile test

Fatigue test

Determination of critical area on steering knuckle

3.5.1 Measuring dimension and developing model of
automobile steering knuckle

3.5.2 Finite element analysis

Capturing fatigue strain signal

Fatigue strain signal analysis

Fatigue damage analysis of automobile steering knuckle

Fatigue life prediction of automobile steering knuckle

3.10 Summary

4. RESULT AND DISCUSSION

4.1
4.2

4.3
4.4
4.5
4.6
4.7

Introduction

Material of steering knuckle and its properties

4.2.1 Material of steering knuckle

4.2.2 Mechanical properties of cast iron ASTM A536
4.2.3 Fatigue life behaviour

Critical area on steering knuckle

Fatigue strain signal characteristic

Fatigue damage of automobile steering knuckle
Fatigue life prediction based on probability of failure
Summary

5.  CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
5.1.1 Fatigue strain signal characteristic of steering knuckle while
driving on different road profiles
5.1.2 Correlation of fatigue strain signal pattern and fatigue
damage of automobile steering knuckle
5.1.3 Fatigue failure probability based on Morrow and SWT
approach under variation in VAL of fatigue strain signal
5.2  Contribution to knowledge
5.3 Recommendations for future studies
REFERENCES
APPENDICES

49

51
51
53
53
56
60
63
63

67
71
77
79
82
83

84
84
84
85
87
91
94
97
104
109
113

114
114
114
115
116

117
118

119
137



TABLE

2.1

2.2

2.3

2.4

3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

4.5

LIST OF TABLES

TITLE
Chemical properties of Aluminium 2011 T3 Alloy (Sharma et
al., 2014)
Mechanical properties of Aluminium 2011 T3 Alloy (Sharma
etal., 2014)
Material properties of GCD 450 (Kim et al., 2014)
Country road categories (JKR website, n.d.)
Specimen dimension for tensile test
Specimen dimension for fatigue test
Magnitude of stress at R=-1 that used in experiment
Magnitude of applied load on automobile steering knuckle
Material composition in sample of steering knuckle
Comparison of chemical composition of steering knuckle
with ASTM A536 from supplier
Tensile test results
Comparison of experimental value of yield strength and
ultimate tensile strength with ASTM A536 standard
Comparison of experimental value of yield strength and

ultimate tensile strength with reference

Vi

PAGE

43

43

45

48

58

61

62

70

86

87

89

89

89



4.6

4.7

4.8

4.9

Comparison of fatigue strength coefficient and Basquin 92
exponential value

Comparison of stress for finite element analysis 95
Statistical value of residential, rural, country and highway 101
road profiles

Fatigue damage of steering knuckle model for Morrow and 106

SWT approach

vii



FIGURE

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

LIST OF FIGURES

TITLE
Schematic diagram of the crack initiation and crack
propagation process under cyclic loading (Lee et al., 2005)
Classification of fatigue loading condition (Sonsino, 2005)
Constant amplitude loading cycle
Spectrum loading with overload and underload cycle (Huang
et al., 2005)
Example of variable amplitude loading (Marquis, 2011)
Signal of gravel road road profile (Kamal et al., 2013)
Typical signal classification (Nuawi et al., 2009)
S-N curve
S-N curve for steel, aluminium and red brass plotted on a
semi-log scale (Callister, 2007)
Strain-life curve showing the total elastic and plastic strain
components (Stephens et al., 2001)
LEFM modes in fatigue crack propagation
Von Misses stress contour of

(a) Forged steel steering knuckle (Fatemi and Zoroufi, 2004)

viii

PAGE

11

14

16

18

20

20

21

28

29

32

34

35

35



2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

2.22

2.23

3.1

3.2

3.3

(b) Cast aluminium steering knuckle (Fatemi and Zoroufi,
2004)

(c) Cast iron steering knuckle (Fatemi and Zoroufi, 2004)
Fatigue life of steering knuckle using SWT approach (Kamal
etal., 2013)

Von Misses contour of steering knuckle (Dusane et al., 2016)
FEA of steering knuckle (Reza Kashyzadeh et al., 2017)

(a) MacPherson strut suspension system (Vijayarangan et al.,
2013)

(b) Close up steering knuckle model (Vijayarangan et al.,
2013)

Double wishbone suspension system (Song and Lee, 2011)
Spindle steering knuckle (d’Ippolito et al., 2009)

Example of steering knuckle using forged steel SAE Grade
11V37 material (Fatemi and Zoroufi, 2004)

Example of FCD 500-7 cast iron steering knuckle (Kamal et
al., 2013)

Steering knuckle patented (Tigges, 2000)

Typical die cast process (Jolly, 2003)

Category of roads in Malaysia (JKR website, n.d.)

Research flow chart

Perodua Myvi steering knuckle

Piece of sample cut from steering knuckle

35

35

36

37

37

39

39

40

40

42

44

45

46

47

52

53

54



3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

Scanning electron microscope used for determination of

chemical composition of sample

(a) Geometry dimension for tensile test specimen

(b) Actual tensile test specimen

(a) Instron 8802 universal testing machine

(b) Tensile specimen is gripped by jig of universal testing
machine

(a) Geometry dimension for fatigue test specimen

(b) Actual fatigue test specimen

Example of cyclic stress at 90% ultimate tensile strength used

for fatigue test of steering knuckle

Spraying automobile steering knuckle with anti-glare spray

Faro laser scan arm

Raw automobile steering knuckle model scanned using faro

laser scan arm

Unfiltered image of automobile steering knuckle

Overlapping triangles on the raw image

Finished steering knuckle model

Loading and boundary condition applied on steering knuckle

Schematic diagram of strain gauge sensor connection

Strain gauge connection with DAQ hardware

Data acquisition collecting data

Calibration of strain gauge

Block diagram of Labview software

55

58

58

59

59

61

61

63

64

65

65

66

66

67

70

72

72

74

75

75



3.21 Condition of 77

() Residential area road surface 77
(b) Rural road surface 77
(c) Country road surface 77
(d) Highway road surface 77
3.22 Fatigue strain signal analysis using Glyphwork software 78
3.23 Programming of fatigue strain signal analysis 80
3.24 (a) Probability plot selection in Minitab software 82
(b) Single display function 82
4.1 Photo micrograph of sample surface 85
4.2 True stress versus true strain 88
4.3 Sample fracture 90
4.4 S-N curve of ASTM A536 steering knuckle 93
4.5 Stress contour of steering knuckle 94
4.6 Captured fatigue strain signal while driving on 98
(a) Residential road surface 98
(b) Rural road surface 98
(c) Country road surface 98
(d) Highway road surface 98
4.7 Comparison of strain signal range with types of road 99
4.8 PSD plot of 102
(a) Residential road surface 102
(b) Rural road surface 102
(c) Country road surface 102

Xi



4.9

4.10

411

412

4.13

4.14

4.15

4.16

4.17

4.18

4.19

(d) Highway road surface

Comparison of maximum PSD value of fatigue strain signal
with types of road

Fatigue strain signal range effects on PSD value

Fatigue damage of automobile steering knuckle while driving
on residential road

Correlation of fatigue damage between Morrow approach and
SWT approach for all types of road

Relationship of fatigue damage Morrow approach and r.m.s
Relationship of fatigue damage SWT approach and r.m.s
Relationship of fatigue damage Morrow approach and PSD
Relationship of fatigue damage SWT approach and PSD
Comparison of automobile steering knuckle fatigue life with
different approach while drive on different road

Fatigue life probability of automobile steering knuckle while
driving on variation of road surface (Morrow approach)
Fatigue life probability of automobile steering knuckle while

driving on variation of road surface (SWT approach)

Xii

102

103

104

105

106

107

107

108

108

109

111

111



LIST OF APPENDICES

APPENDIX TITLE PAGE
A Raw result of chemical properties of steering knuckle 137

using SEM

Xiii



3D
ASTM
CAL
DAQ
EDX
EN
FEA
FEM
FKM
MMC
oL

PSD

SAE
SEM
SWT
UL

UTS

VAL

LIST OF ABBREVIATIONS

3 Dimension

American Society for Testing and Materials
Constant Amplitude Loading

Data Acquisition System

Energy- Dispersive X- Ray Spectroscopy test
Strain Life

Finite Element Analysis

Finite Element Method

Fakulti Kejuruteraan Mekanikal

Metal Matrix Composite

Over Load

Power Spectrum Density

Stress-Life

Society of Automotive Engineers

Scanning Electron Microscope
Smith-Watson-Topper Mean Stress Correction
Under Load

Ultimate Tensile Strength

Variable Amplitude Loading

Xiv



WRP

YS

3D Modelling File

Yield Strength

XV



Oa

O"f

Omax

Omin

&’

&a

C
D
DMorrow

Dswr

E

G

LIST OF SYMBOLS

Stress value

Stress amplitude

Fatigue strength coefficient
Mean stress

Maximum stress

Minimum stress

Fatigue strain

Fatigue ductility coefficient
Strain amplitude

Material constant

Fatigue strength exponent
Length of grip section
Fatigue ductility exponent
Fatigue damage

Fatigue damage Morrow
Fatigue damage SWT approach
Elastic modulus

Gauge length

Number of sample function

XVi



k - Strain hardening coefficient
L - Overall length

I - Length of reduced section

N - Number of data

ni - Number of applied data

Nic - Number of cycles to failure at ith stress level
Filb - Radius of inner lower ball joint
Fo,lb - Radius of outer lower ball joint
F'sm - Radius of strut mount hole

Ry - Radius of fillet

R - Stress ratio

r.m.s - Root mean square

SD - Standard deviation

t - Thickness

w - Width

Wg - Width of grip section

Wsm - Width of strut mount joint

X - Mean data

Xvii



LIST OF PUBLICATIONS

JOURNAL:

1.  AdSuhadak, F. H., Zakaria, K. A., Ali, M. B. and Yusuff, M. A., 2018. Stress Analysis
of Automobile Steering Knuckle using Finite Element Method. International Journal
of Engineering and Technology, 7 (3.17), pp. 28-30.

2.  Ad Suhadak, F. H., Zakaria, K. A., Ali, M. B. and Yusuff, M. A., 2017. Fatigue
Damage Simulation of Automobile Steering Knuckle Subjected to Variable Amplitude
Loading. International Journal of Technology and Engineering Studies, 3 (6), pp. 245-
252.

3. Zakaria, K. A., Ad Suhadak, F. H., Razali, A. E. M. and Kassim, M. S., 2017. Fatigue
Damage Analysis of Automobile Steering Knuckle Using Finite Element Analysis.
Asian Research Publishing Network Journal of Engineering and Applied Sciences, 12
(14), pp. 4225-4228.

4,  Zakaria, K. A., Ad Suhadak, F. H., Ali, M. B., Abdullah, S. and Ghazali, M. J., 2017.
Influence of Mechanical Properties on Load Sequence Effect and Fatigue Life of
Aluminium Alloy. Journal of Mechanical Engineering and Sciences, 11 (1), pp. 2469-

2477.

XViii



CONFERENCE ATTENDED:

1.  Ad Suhadak, F. H., Zakaria, K. A. and Ali, M. B., Fatigue Strain Behaviour on
Steering Knuckle at Different Road Profile. Postgraduate Research Symposium on
Mechanical Engineering, Melaka, 17 January 2018.

2. Ad Subadak, F. H., Zakaria, K. A., Ali, M. B. and Yusuff, M. A., Stress Analysis of
Automobile Steering Knuckle using Finite Element Method. International Conference
on Recent Advances in Automotive Engineering and Mobility Research, Selangor, 8-
10 August 2017.

3. AdSuhadak, F. H., Zakaria, K. A. and Ali, M. B., Prelimenary Study on Fatigue Strain
of Automobile Steering Knuckle. Mechanical Engineering Research Day, Melaka, 30
March 2017.

4.  AdSuhadak, F. H., Zakaria, K. A. and Ali, M. B., Stress Analysis of Steering Knuckle.
Postgraduate Research Symposium on Mechanical Engineering, Melaka, 5 January
2017.

5. Zakaria, K. A., Ad Suhadak, F. H., Ali, M. B., Abdullah, S. and Ghazali, M. J.,
Influence of Mechanical Properties on Load Sequence Effect and Fatigue Life of
Aluminium Alloy. Symposium on Damage Mechanisms in Materials and Structures,
Selangor, 9 August 2016.

6. Zakaria, K. A., Ad Suhadak, F. H., Razali, A. E. M. and Kassim, M. S., Fatigue
Damage Analysis of Automobile Steering Knuckle Using Finite Element Analysis.
International Conference on Engineering & ICT, Melaka, 4-6 April 2016.

7. AdSuhadak, F. H., Zakaria, K. A. and Ali, M. B., Stress Analysis of Steering Knuckle.
Postgraduate Research Symposium on Mechanical Engineering, Melaka, 5 January

2016.

XiX



