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The complication of casting processes are known to be a significant influence on the
overall of production cost. The successful of casting processes need knowledge in
preparing of molds and patterns, melting and pouring, thermal and molten metal
flow, solidification, and casting quality. Thermal expansion in the casting process is
one of the most important parameters that influence the casting quality. Metal matrix
composites (MMC’s) are engineered materials comprised of an alloy matrix and
composite reinforcement that is embedded and transformed to improve the material
property. Among several metal matrices composites, aluminium silicon carbide is
selected because of its advantages such as elevated temperature, weight reduction
and fatigue life improvement. However, the actual cast specimens or products are
needed to be fabricated to analyze the mechanical properties of the cast metal matrix
such as impact strength and yield strength. The purpose of this practice is to ensure

casted aluminium silicon carbide to meet the expected strength and fatigue life. This



lead to higher cost consumption and lead time at the design stage of casting product.
Furthermore, the thermal behaviors in casting processes follow the non linear
condition. The future trend of the current issue is how to predict the thermal behavior
of metal matrix composite material in non linear condition by casting process
without any experiments. The main objective of this research is to develop the non
linear thermal expansion model for casted aluminium silicon carbide. In this research
work, the non linear thermal expansion model for casted aluminium silicon carbide
material is developed by the squeeze casting method. Three casting processes are
applied in this research project, namely sand casting, low pressure die casting, and
investment casting. Design case studies in casting processes are developed to present
the thermal expansion behavior in low pressure die casting, investment casting, and
sand casting. Experimental work of production tooling for aluminium silicon carbide
is performed by sand casting process. The casting quality on surface roughness and
dimensional accuracy are performed by using the appropriate equipments. It is
observed that the result of testing on surface roughness and dimensional accuracy are
complying with the standard in the sand casting process. The non linear thermal
expansion model is developed for metal matrix composite material. The Coefficient
of Thermal Expansion (CTEs) of aluminium silicon carbide fiber reinforced material
is significantly influenced by the thermal stresses and interfaces between matrix and
fibers. It is found that the thermal expansion behavior of the casted aluminium
silicon carbide fiber reinforced composite relies on the thermal expansion of the

fibers, and influenced by the onset of interfacial strength and residual stress state.



The validation is conducted among the model, Rule of Mixture (ROM), and
experimental result of LM6 alloys silicon reinforces, and showed a good agreement.
The obtained Pearson’s, Kendall’s, and Spearman’s correlations value are 0.740,
0.949, and 0.975, respectively. It is concluded that coefficient of thermal expansion
(CTE) has positive correlation with surface roughness (Ra). There is a statistically
significant negative relationship between CTE and dimensional accuracy. The
obtained Pearson’s, Kendall’s, and Spearman’s correlations value are -0.670, -0.949,
and -0.975, respectively. It is concluded that when the amount of CTE increases, the
dimensional accuracy is improved. In order to determine the performance of the
model, the analysis of variance (ANOVA) is presented by using SPSS. It is
concluded that there is no statistically different in accuracy between the experiment
and the model. In addition, the test of inter-item correlation matrix shows the
correlation at the high level of accuracy 99.9% (confidence level of 95%) between

the experiment and the model.
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Komplikasi proses penuangan dikenali sebagai pengaruh penting kepada keseluruhan
kos pengeluaran. Kejayaan proses penuangan perlu pengetahuan dalam menyediakan
acuan dan corak, cairan dan penuangan, logam aliran haba dan lebur, pemejalan, dan
kualiti penuangan. Pengembangan haba dalam proses penuangan adalah salah satu
parameter yang mempengaruhi kualiti penuangan. Komposit matriks logam (MMC)
adalah bahan kejuruteraan yang terdiri daripada matriks aloi dan tetulang komposit
yang tertanam dan berubah untuk memperbaiki sifat bahan. Antara beberapa logam
matriks komposit, aluminium silikon karbida dipilih kerana kelebihan seperti suhu,
pengurangan berat badan dan meningkatkan hayat lesu. Walau bagaimanapun,
spesimen cast sebenar atau produk perlu direka untuk menganalisis sifat mekanik
logam tuang matriks seperti kekuatan impak dan kekuatan alah. Tujuan amalan ini
adalah untuk memastikan bentukan aluminium silikon karbida untuk memenuhi

kekuatan yang dijangkakan dan hayat lesu. Ini membawa kepada penggunaan kos
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yang tinggi dan masa menerajui pada peringkat rekabentuk penuangan produk.
Selain itu, kelakuan haba dalam proses penuangan mengikut keadaan bukan linear.
Trend masa depan isu semasa adalah bagaimana untuk meramalkan kelakuan haba
untuk logam bahan komposit matriks dalam keadaan bukan linear dengan penuangan
proses tanpa sebarang eksperimen. Objektif utama kajian ini adalah untuk
membangunkan model bukan linear pengembangan haba untuk bentukan aluminium
silikon karbida. Dalam kerja penyelidikan ini, model bukan linear pengembangan
haba untuk bentukan aluminium silikon karbida dibangunkan dengan menggunakan
teknik acuan himpitan. Tiga proses penuangan diaplikasikan dalam projek
penyelidikan ini, iaitu penuangan pasir, penuangan beracuan tekanan rendah, dan
penuangan pelaburan. Kajian kes rekabentuk dalam proses penuangan dibangunkan
untuk membentangkan kelakuan pengembangan haba dalam penuangan beracuan
tekanan rendah, penuangan pelaburan dan tuangan pasir. Kerja eksperimental
peralatan pengeluaran untuk aluminium silikon karbida dilakukan dengan
menggunakan proses tuangan pasir. Kualiti penuangan kepada kekasaran permukaan
dan ketepatan dimensi dilakukan dengan menggunakan peralatan yang berkaitan.
Adalah diperhatikan bahawa hasil ujian terhadap kekasaran permukaan dan ketepatan
dimensi mematuhi piawaian dalam proses tuangan pasir. la adalah berpotensi
menggunakan aluminium silikon karbida untuk bahan alat pengeluaran. Model linear
pengembangan haba yang bukan dibangunkan untuk bahan komposit matriks logam.
Pekali Pengembangan Haba (PKP) bertetulang gentian matriks logam bahan

komposit ketara dipengaruhi oleh tekanan antara muka dan haba antara matriks dan
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gentian. la didapati bahawa tingkah laku pengembangan haba untuk bentukan
aluminium silikon karbida bergantung kepada pengembangan haba gentian, dan
dipengaruhi oleh bermulanya kekuatan antara muka dan keadaan baki tegasan.
Pengesahan dijalankan antara model, Kaedah Campuran (ROM), dan hasil
eksperimen LM6 silikon aloi mengukuhkan, dan menunjukkan satu perjanjian yang
baik. Nilai korelasi Pearson, Kendall, dan Spearman diperolehi masing-masing ialah
0,740, 0,949, dan 0,975. Ini dapat disimpulkan bahawa pekali pengembangan haba
(CTE) mempunyai hubungan yang positif dengan kekasaran permukaan (Ra).
Terdapat hubungan statistik negatif yang signifikan antara CTE dan ketepatan
dimensi. Nilai korelasi Pearson, Kendall, dan Spearman diperolehi masing-masing
ialah -0,670, -,949, dan -0,975. Ini dapat disimpulkan bahawa apabila jumlah CTE
mengalami kenaikan, ketepatan dimensi akan bertambah baik. Untuk menentukan
prestasi model, analisis varians (ANOVA) dibentangkan dengan menggunakan
perisian SPSS. Ini dapat disimpulkan bahawa terdapat kesamaan secara statistik
antara eksperimen dan model. Di samping itu, ujian matriks korelasi antara item
menunjukkan korelasi pada tahap ketepatan yang tinggi 99.9% (tahap keyakinan

95%) antara eksperimen dan model.

viii



ACKNOWLEDGEMENTS

First and foremost, my utmost gratitude to Allah SWT for giving me the strength to
finish my research works. | am heartily thankful to my supervisor; Prof. Dr.
Shamsuddin bin Sulaiman, whose encouragement, guidance and support from the
initial to the final level enabled me to develop an understanding of his expertise in
casting technology. He has given me the full freedom to decide and work on
problems and approaches of most interest to me. Also, | wish to appreciate Assoc.
Prof. Dr. Mohd. Khairol Anuar bin Mohd Ariffin and Dr. B.T Hang Tuah bin
Baharudin the members of supervisory committee of this thesis. Without them all, |
have no inner strength to face all the challenges and difficulties during the period of

PhD candidature.

I would like to thank the Faculty of Manufacturing Engineering, Universiti Teknikal
Malaysia Melaka (UTeM) for giving me an opportunity to develop my knowledge
and skills in teaching and research during this work. | would like to thank technician
En. Ahmad Shaifudin bin Ismail in casting laboratory, UPM for arranged the
experimental works. | would like to express greatest appreciation to my entire family
member for their long-standing support, encouragement and patience towards the
completion of this work. Big thanks to my wife, without her this work could not be
finished and my son(s) for their understanding and patience to this work. Thanks for
my colleagues, Bang Azhar Abdullah, M. Sayuti, and Dandi Bachtiar for their
support and motivation. Thanks also to all, whom contributed directly or indirectly
(to name a few), to the successfulness of this research work. May Allah Bless Them
Al To all my friends, many thanks for the true friendships and hope all of us can

be more succeed in the future.



Table
2.1

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

4.1

LIST OF TABLES

Characteristics of casting process
The typical reinforcements used in metal matrix composites
Typical matrix alloys

Properties comparison of pure aluminium, A356 aluminium
alloy, Duralcan F3S.20S and AM60A magnesium alloy

IHTC (Hg) between an Al- 13% Si alloy casting and a dried
silica and mold versus gap width

Specification of portable surface roughness tester, SJ-301 for
X-axis (drive unit)

Specification of portable surface roughness tester, SJ-301 for
detector

Wenzel LH54 specifications

Initial temperature for stalk and mold

Heat transfer coefficients of the entities

Pressure setting of the injection

Setting of cooling channels

Mechanical properties of aluminium silicon carbide

The mechanical and physical properties of workpiece and tool
Concept screening

Concept scoring matrix

Interval limit for variable parameters

Levels for HTC between casting and inserts

Xiii

Page
14

32

33

39

60

76

77
78
83
83
84
86
88
89
91
92
95

104



4.2 The HTC between the Casting and the inserts versus gap width,
measured in permanent mold casting 105

4.3 Levels for the effect of part initial temperature 105

4.4 Chemical composition and physical characteristics of 6061 Al
pre-mixes 106

4.5 Properties of SiC fiber and matrix alloys 106

4.6 The magnitude of the proportional limit, CTE of the 6061 Al at

various temperatures 110
4.7 Functions of low pressure die casting components 119
4.8 Filling % and solidification % of the overall process 122
4.9 Specification of the mold 130
4.10  Aluminium silicon carbide result surface roughness 139
411  The detailed of RMS for aluminium silicon carbide 139

412  Summarization research on the surface roughness analysis in
sand casting 141

4.13  The dimensional accuracy result for aluminium silicon carbide 143

4.14  Summarization research on the dimension accuracy analysis in

sand casting 144
4.15  Stress-strain data of CTE and surface roughness (Ra) 153
4.16  Statistic result for correlation between CTE and Ra 154
4.17  Stress-strain data of CTE and dimensional accuracy 155

418 Statistic result for correlation between CTE and dimensional

accuracy 156
419 Stress-strain data and model 157
4.20 Performance statistic test for the model 158

Xiv



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
2.13
2.14
2.15

2.16

2.17

LIST OF FIGURES

Hierarchical classification of various casting processes

Schematic illustration of the investment casting (lost wax)
process.

Block mold process flow
Ceramic shell-mold process flow
Components in low pressure die casting process

Microstructure of cast A356 wheel with reference to the different
positions analyzed where R-rim, S-spoke, H-hub

Procedure for making a mold

Schematic illustration of sequence of operation for sand casting
Schematic illustration of typical riser-gated systems

Schematic illustration of sand mold, showing various features

(@) The yield Re and (b) the tensile strength Rm of composite
materials on an Al-4.5% Cu -1.5%Mg matrix reinforced with
SiC dispersion particles of 10.7 mm diameter

Cast alloy wheel

Rim nomenclature

Enkei performance rim EV5

Inlet and exhaust gas flow through a turbocharger system

The effect of turbine and compressor wheel size on acceleration
response time to reach designed maximum boost pressure

Heat transfer coefficients vs. time in a permanent mold casting

XV

Page
13

16
18
19

20

21
26
27
29

29

36
40
41
45

46

51

58



2.18

2.19

2.20

3.1

3.2

3.3

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

Positions of air gap in sand casting

The effect of mold distortion on casting shape
Example of common defects in casting

Process flow chart

Pattern using FDM Machine

Drag plate pattern

Thermocouple placement

Complete preparations for sand casting

Sand casting mold

Pouring process

Solidification process

Production tooling

Portable surface roughness tester, mitutoyo SJ-301
Coordinate measuring machine (CMM) Wenzel LH54

Exploded view showing components of gating system

Thermal properties of Duralcan F3S.20S-T6 (A356 — 20% SiC)

for cavity, ingate and cast feeder

Thermal properties of cast steel SKD61 for stalk and mold

Relationships between heat transfer coefficient, entities and

material
Gate position (circled in red)
Direction of gravity force

Sensors placement in the cast model

XVi

58

63

64

68

72

72

73

73

74

74

75

75

76

77

81

82

82

84

85

85

86



3.19

3.20

3.21

3.22

3.23

3.24

3.25

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

412

CAD models of casting molds for an aluminium disc wheel
Design concept generation
The proposed compressor

New geometrical design parameters of compressor front view
scale: 5:2

Schematic sketch of a pushrod dilatometer
Surface locations of production tooling
Dimensional accuracy of production tooling

Thermal strains in 6061Al and unidirectional longitudinal
SiC/Al composite

Stress-strain curves of 6061-T4 Al at variant temperatures up to
one percent

Coefficient of thermal expansion versus temperature according
to experiment

Variation of the axial stress in the fiber, predicted by the ROM
model and the CTE rate of temperature interval model

Components of low pressure die casting simulation for
automotive wheel

Generation of actual casting product

Filling sequence

Regions that solidify during 5.121s
Solidification trend of wheel casting

Velocity vs. time graph (sensor 1, center of hub)
Velocity vs. time graph (sensor 4, spoke)

\elocity vs. time graph (sensor 6, rim)

XVil

87

90

93

95

98

100

101

108

110

112

117

118

120

121

122

122

123

123

124



413  Temperature vs. time graph — sensor 1 (cavity, core) 125

4.14  Temperature vs. time graph — sensor 4 (cavity, spoke) 125
415  Temperature vs. time graph — sensor 5 (cavity, rim) 125
416  Temperature vs. time graph — sensor 2 (mold, center of hub) 126
4.17  Temperature vs. time graph — sensor 3 (mold, side of hub) 126
418  Temperature vs. time graph — sensor 6 (mold, spoke) 127
4.19  Air entrapment sequence 127
4.20  Regions that have least retained melt 128

421  The rim surface and edge are showing high percentage of

retained melt 129
4.22  Thermal strain under temperature 39°C 130
4.23  Design parameters for gating 1 131
4.24  Design parameters for gating 2 131

425  Comparison of scaled residual in different velocity and
temperature 132

4.26  Comparison of static pressure in different velocity and

temperature 134
4.27  Contours temperature in different velocity and temperature 135
4.28  Contours turbulence kinetic energy in case 1(a) 136

4.29  Velocity vector colored by temperature in different velocity and
temperature 137

4.30  Surface roughness measurement using portable surface
Roughness tester, Mitutoyo SJ-301 138

431  Measurement of dimensional accuracy using Coordinate 142
Measure Machine (CMM)

XViil



4.32  Validation between the model and LM6 experimental result 148

4.33  Mode shapes (1-4) for CCCC plate casting speciment h/a=0.,
k=0.86011 and v=0.3 150

4.34  Mode shapes (5-8) for CCCC plate casting speciment h/a=0.1
and v=0.3 151

4.35  First four vibration modes of simply-supported cross plate cast
specimen 152

XiX



LIST OF ABBREVIATIONS

Al Aluminium
Si Silicon
C Carbon

Mn  Manganese
Cu Copper

P Phosphorous

S Sulphur
Zn Zinc
I length (mm)

h height (mm)

m mass (kg)

L thickness (mm)

p Electrical resistivity, ohm-m

o Electrical conductivity, [1/ ohm-m]

MPa Mega Pascal

GPa Giga Pascal

KN  Kilo Newton

MMC Metal matrix composite

SiO, Quartz (Silicon dioxide)

LM6 Aluminium 11.8% Silicon alloy
um  Micrometer (micron)

T Ton

XX



Wt % Weight %

o Thermal diffusivity (cm?®/sec)

A Thermal conductivity (W/m k)

oy  CTE, Linear thermal expansion coefficient (°C ™)
Va  Volumetric expansion

Kic  Fracture toughness (MPa m %)

SiC  Silicon carbide

Pa pressure at point a

Pm value of the pressure at point M
g gravity

h height

Vm velocity at point M

flow rate
A cavity area
AR cross section stalk
t time
ts time at stalk
X(t) position of stalk as any given time
L walls of the channel
u stalk velocity
c speed of the wave

dt time step (s)

XXi



Greek letters

B propagation constant
P density

Subscript

0 initial

XXii



TABLE OF CONTENTS

DEDICATION

ABSTRACT

ABSTRAK
ACKNOWLEDGEMENTS
APPROVAL
DECLARATION

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS
TABLE OF CONTENTS

CHAPTER

1 INTRODUCTION

1.1
1.2
1.3
14
1.5

Background of study
Problem statement
Obijectives of study
Scope of study
Thesis layout

2 LITERATURE REVIEW

2.1

2.2

2.3

2.4
2.5

2.6
2.7

Technology of casting
2.1.1 Investment casting
2.1.2 Low pressure die casting
2.1.3 Sand casting
2.1.3.1 The sand casting process
2.1.3.2 The preparation of molten metal
Metal matrix composites (MMCs)
2.2.1  Aluminium and aluminium alloys
2.2.2 Silicon carbide (SiC)
Application of MMC in manufacturing
2.3.1 Application of cast metal matrix in automotive wheel
production
2.3.2 Application of cast metal matrix in turbocharger system
Significance of composites
Thermal and flow analysis
2.5.1 Latent heat
2.5.2 Interfacial heat transfer coefficient
2.5.3 Thermal stresses
2.5.4 Stress interaction between mold and machine/casting
Defect of casting
Summary of literature review

XXiii

Page

iii
Vi

Xii
Xiii
XV
XX
XXiii



3 MATERIALS AND METHOD

3.1
3.2
3.3

3.4

3.5
3.6

4.1

4.2

4.3

4.4

4.5
4.6
4.7
4.8

4.9

Research methodology

Materials and method in sand casting

Materials and method in low pressure die casting

3.3.1 The application of Bernoulli equations

3.3.2. Materials for low pressure die casting

3.3.3 Design of gating system for automotive wheel

3.3.4 Initial condition for heat transfer model

Materials and method for investment casting

3.4.1 Materials for investment casting

3.4.2 Design application in investment casting

3.4.3 Design analysis for investment casting

Procedures to develop the coefficient of thermal expansion
Procedures to measure the surface roughness and dimensional
accuracy

RESULT AND DISCUSSION

Development of non linear thermal expansion model
4.1.1 Initial conditions

4.1.2 Material properties

4.1.3 Experiments

4.1.4 Rule of Mixture (ROM)

Design for low pressure die casting

4.2.1 Filling sequence

4.2.2 Solidification time

4.2.3 \elocity vs. time graphs

4.2.4 Temperature vs. time graphs

4.2.5 Air entrapment sequence

4.2.6 Retained melt modulus

4.2.7 Thermal strain analysis

Design for investment casting

4.3.1 Mold design proposed and details drawing
4.3.2 Comparison between simulation results
Design for sand casting

4.4.1 Surface roughness result

4.4.2 Surface roughness analysis

4.4.3 Dimensional accuracy

Validation between the model and experiment results
Further analysis on casting quality

The correlation between CTE and surface roughness for casted
aluminium silicon carbide

The correlation between CTE and dimensional accuracy for
casted aluminium silicon carbide

Performance of the model

XXiv

68
68
70
78
78
80
80
83
88
88
89
93
97

100

102
102
105
106
107
113
118
120
121
123
124
127
128
129
130
130
132
138
138
140
141
147
149

153

155
157



5 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion
5.2 Recommendations

REFERENCES

APPENDICES

Appendix A — R-Profile Test for Aluminium Silicon Carbide
Appendix B — Matlab Source Code for Stress and Strain
Appendix C — Matlab Source Code for Casting Quality
BIODATA OF STUDENT

LIST OF PUBLICATIONS

XXV

160
160
162

164
177
177
178
180
182
183



	00 Thesis Cover.pdf
	01 Title Page
	02 Abstract of Thesis (BI)
	03 Abstract of Thesis (BM)
	04 Thesis Acknowledgement
	05 List of Tables
	06 List of Figures
	07 List of Abbreviations
	08 Table of Contents
	09 Chapter 1-5
	10 Appendices
	11 Biodata of Student and List of Publications



