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ABSTRACT 

The A356 alloy is a class of aluminum alloy widely applied in 

automotive industries because of its high strength, good heat treatability, and 

excellent castability.  Gas Induced Semi-Solid (GISS) process is a kind of semi-solid 

preparation process which has been developed by a Thai and US researcher team at 

the Department of Mining and Materials Engineering, Prince of Songkla University, 

Thailand.  In the GISS, non-dendrite, globular, semi-solid metal slurry can be 

obtained via using flowing gas bubbles through a porous graphite diffuser into the 

molten metal at a temperature between its liquidus point and solidus point to get 

semi-solid slurry with 10~70% solid fraction before cast into the molds in order to get 

less gas porosity, smaller solid shrinkage, better heat treatability and higher ductility 

with shorter cycle times.  Nowadays there are many parts of automotive and 

aeroplane are replaced by aluminum alloys to reduce weight and save energy, 

however many of them have to expose at high temperature and endure high stress 

conditions, where time-dependent plastic deformation and fracture process always 

take place, this phenomenon was first referred to as stretch by Philips and viscous 

flow by Andrade, later became known as creep.  Therefore, it is vital to learn creep 

properties before design for high temperature application of those aluminum alloys. 

In this study, a tensile creep test machine has been designed and 

fabricated by the author and his team.  Primary A356 alloy pieces were produced by 

squeeze casting with and without the GISS process, and further improved by the T6 

heat treatment. Tensile and creep properties of the A356 alloy with different cast 

process and T6 heat treatment were investigated, microstructures of the alloys were 

observed by OM, SEM and TEM, and mechanical composition of them were tested 
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by OES and EDX.  Large primary stage of creep was observed and several 

numerical models were discovered to describe and simulate the creep curves. 
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v 

 

ACKNOWLEDGEMENT 

First of all, the author would like to express his sincere gratitude to his 

advisors, Asst. Prof. Dr. Thawatchai Plookphol, Assoc. Prof. Dr. Sirikul 

Wisutmethangoon and Asst. Prof. Dr. Jessada Wannasin, and also extend his heartfelt 

thanks to Asst. Prof. Dr. Prapas Muangjunburee for his help and guidance. 

High tribute shall be paid to the external committee, Assoc. Prof. Dr. 

Chaowalit Limmaneevichitr. 

The author would like to express his thanks to the semi-solid group, 

heat treatment group and welding group of Department of Mining & Materials 

Engineering, Prince of Songkla University. 

Last but not least, the author would like to thank Mr. Suchart 

Chanratamanee, Mrs. Narissara Mahathaninwong, Mr. Sarawut Gonsrang, Mr. 

Phairote Sungkhaphaitoon and all of his friends in the Department of Mining & 

Materials Engineering, Faculty of Engineering, Prince of Songkla Unierisity. 

This research program was partially supported by the Graduate School 

of Prince of Songkla of University and the National Research University (NRU) 

project of Thailand’s Office of Higher Education Commission (NO. ENG540551d). 

 

               Yi  Zhou



 

vi 

 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................. iii 

ACKNOWLEDGEMENT ............................................................................................. v 

TABLE OF CONTENTS .............................................................................................. vi 

LIST OF TABLES ..................................................................................................... viii 

LIST OF FIGURES ...................................................................................................... ix 

Chapter 1. Introduction ................................................................................................ 1 

1.1. Background of the A356 aluminum casting alloy .................................... 1 

1.2. Background of the gas-induced semi-solid casting .................................. 3 

1.3. Background of T6 heat treatment of aluminum alloys ............................. 5 

1.4. Background of creep ................................................................................. 5 

1.5. Thai automotive industry .......................................................................... 7 

1.6. Motivation ................................................................................................. 8 

1.7. Objectives ................................................................................................. 9 

1.8. Scope of thesis .......................................................................................... 9 

Chapter 2. Theory and Literature Review ................................................................. 10 

2.1. Creep test apparatus ................................................................................ 10 

2.2. Semi-solid casting ................................................................................... 13 

2.3. T6 heat treatment .................................................................................... 14 

2.3.1 Diffusion ................................................................................................. 14 

2.3.2 Solution heat treatment ........................................................................... 16 

2.3.3 Precipitation hardening of the A356 aluminum alloy ............................. 17 

2.4. Creep and creep rupture .......................................................................... 21 

2.4.1 Uniaxial tensile testing ............................................................................ 21 

2.4.2 Creep ....................................................................................................... 24 

2.4.3 Power law fracture .................................................................................. 30 

2.4.4 Modeling of creep ................................................................................... 33 

2.4.5 Creep rupture life normalization and prediction ..................................... 35 

2.5. Conclusions ............................................................................................. 36 

Chapter 3. Experiment ............................................................................................... 37 

3.1. Creep test machine fabrication ................................................................ 37 

3.2. Casting .................................................................................................... 43 

3.3. Heat Treatment........................................................................................ 47 

3.4. Microstructure and hardness test ............................................................ 48 

3.5. Tensile test .............................................................................................. 49 

3.6. Creep test ................................................................................................ 49 

Chapter 4. Results and discussion ............................................................................. 50 

4.1. Effect of casting and heat treatment on microstructure and Tensile  
properties of the alloys ............................................................................ 50 

4.2. High temperature tensile properties of the SSM A356 alloy .................. 58 



 

vii 

 

4.3. Creep behavior of the group 2, 5 and 7 alloys ........................................ 62 

4.4. Primary stage of the creep curves ........................................................... 76 

4.5. Modeling of creep of the SSM A356 alloy ............................................. 79 

4.5.1 Modeling of primary stage of creep curve .............................................. 79 

4.5.2 Modeling of both primary and linear hardening stage by some novel 

equations ................................................................................................. 84 

4.5.3 Modeling of tertiary stage and total of creep curve ................................ 88 

4.6. Creep rupture life prediction of the SSM A356 alloy ............................. 90 

4.7. Conclusions ............................................................................................. 95 

REFERENCES ............................................................................................................ 97 

CIRRICULUM VITAE ............................................................................................. 103 



 

viii 

 

LIST OF TABLES 

 

Table. 2-1  A survey of creep constitutive equation. ................................................. 27 

Table. 3-1  Capability of the creep test machine. ...................................................... 38 

Table. 3-2  Chemical composition of the A356 alloy ingot. ...................................... 44 

Table. 3-3  Parameters of casting. .............................................................................. 45 

Table. 3-4  Parameters of artificial aging. .................................................................. 47 

Table. 4-1  Morphology of microstructure and tensile properties of the A356 alloy 

with T6 heat treatment. ........................................................................... 51 

Table. 4-2  A comparison of tensile properties. ......................................................... 52 

Table. 4-3  Tensile properties of A356 alloy of group 1 with heat treatment group 

1, under aged. .......................................................................................... 58 

Table. 4-4  Tensile properties of A356 alloy of group 1 with heat treatment group 

3, peak aged. ........................................................................................... 59 

Table. 4-5  Minimum creep rate and time to rupture of SSM A356-T6 alloys. ........ 64 

Table. 4-6  Stress exponential and activation energy of creep. ................................. 65 

 



 

ix 

 

LIST OF FIGURES 

Fig. 1-1   Yokohama hub made from A356 aluminum alloy. ..................................... 1 

Fig. 1-2   Fontana engine block made from A356 aluminum alloy. ........................... 2 

Fig. 1-3   Fontana engine cover made from A356 aluminum alloy. ........................... 2 

Fig. 1-4   Phase diagram of Al-Si binary alloy. .......................................................... 2 

Fig. 1-5   A schematics of the GISS process............................................................... 3 

Fig. 1-6   A typical dendritic structure of as cast A356 alloy produced by 

conventional liquid casting. ......................................................................... 4 

Fig. 1-7   Globular structure of as cast A356 alloy produced by the GISS SSM 

process.......................................................................................................... 4 

Fig. 1-8   Sketch of a constant load apparatus. ........................................................... 6 

Fig. 1-9   Sketch of a typical creep curve. .................................................................. 6 

Fig. 1-10  Thailand automotive market capacity changes in the past years. ............... 7 

Fig. 1-11  Thailand automotive parts exports. ............................................................. 8 

Fig. 2-1   A creep test machine shown in the ASM Metal Handbook. ..................... 11 

Fig. 2-2   Schematic of a creep test machine shown in the ASM Metal Handbook. 12 

Fig. 2-3   Schematic of a creep test machine shown in the ASM Metal Handbook. 13 

Fig. 2-4   Schematic of Dendrite multiplication model. ........................................... 14 

Fig. 2-5   Couple atoms interchange. ........................................................................ 15 

Fig. 2-6   Four atoms rotating. .................................................................................. 15 

Fig. 2-7   Vacancy movements. ................................................................................ 15 

Fig. 2-8   Interstitial movement................................................................................. 16 

Fig. 2-9   Schematic of microstructure change during solution heat treatment. ....... 17 

Fig. 2-10  Schematic of precipitation blocking dislocation line moving. .................. 18 

Fig. 2-11  Schematic of precipitation particles segmented by dislocation gliding. ... 18 

Fig. 2-12  Schematic of precipitation particles surrounded by dislocation loops. ..... 19 

Fig. 2-13  A comparison of creep behavior of solution annealed and overaged 

2024 alloys. ................................................................................................ 19 

Fig. 2-14  A comparison of creep behavior of underaged and peakaged 2024 alloy. 20 

Fig. 2-15  Changes in average precipitate lengths during creep of underaged (UA) 

and peakaged (T6) 2024 alloys. ................................................................. 20 

Fig. 2-16  Creep and creep recovery curves of Al-Si and Al-Si-Zr-Ti alloys with 

different aging temperatures. ..................................................................... 21 

Fig. 2-17  Volume fraction of primary α effects on (a) yield strength and ultimate 

tensile strength, and (b) tensile elongation. ............................................... 23 

Fig. 2-18  Effects of volumetric porosity on tensile strength of A356 alloy ............. 23 

Fig. 2-19  Effect of shape factor of primary α phase on tensile strength of a 

semi-solid Al-Si-Mg-Fe alloy. ................................................................... 24 

Fig. 2-20  A typical deformation-time creep curve. ................................................... 26 

Fig. 2-21  Deformation mechanism map of grain size 10μ pure aluminum. ............. 28 

Fig. 2-22  Deformation mechanism map of grain size 1μ pure aluminum. ............... 28 

Fig. 2-23  Stress exponent in three regimes. .............................................................. 29 

Fig. 2-24  Stress exponent in of solid solution alloys. ............................................... 29 

Fig. 2-25  Schematic of wedge-type cracking. .......................................................... 31 

Fig. 2-26  Schematic of cavitations cleavage............................................................. 32 



 

x 

 

Fig. 2-27  Grain boundary sliding in (a) creep and (b) superplasticity. ..................... 32 

Fig. 2-28  Initial stages of creep for pure aluminum (A1100) and aluminum- 

magnesium alloy (A5083) at constant applied stress. ................................ 33 

Fig. 2-29  Sketch of damaging strain. ........................................................................ 35 

Fig. 3-1   Creep test machine with high (left) and low (right) temperature furnaces 38 

Fig. 3-2   An extensometer from design to the product. ........................................... 39 

Fig. 3-3   Some accessories of the creep test machine. ............................................. 39 

Fig. 3-4   A constant load creep test machine. .......................................................... 40 

Fig. 3-5   A mini creep test machine. ........................................................................ 40 

Fig. 3-6   A electronical creep test machine.............................................................. 41 

Fig. 3-7   Calculation of error caused by the moment changes during creep test. .... 41 

Fig. 3-8   Load cell. ................................................................................................... 42 

Fig. 3-9   Relationship between load weight and true force of the creep test 

machine. ..................................................................................................... 42 

Fig. 3-10  Data acquisition system (DAQ). ............................................................... 43 

Fig. 3-11  As cast A356 alloy plate of group 1 (left) and group 2~9(right). ............. 46 

Fig. 3-12  Schematic of pate cutting. ......................................................................... 46 

Fig. 3-13  Effect of artificial aging on hardness of the SSM A356 alloy. ................. 48 

Fig. 3-14  Schematic of the bar for microstructure and hardness test........................ 48 

Fig. 3-15  Geometry of tensile test specimen. ........................................................... 49 

Fig. 4-1   Tensile properties and total volume of α phase of A356-T6 alloy of 

group 2~8. .................................................................................................. 53 

Fig. 4-2   Tensile properties and α grain size of A356-T6 alloy of group 2~8. ........ 53 

Fig. 4-3   Tensile properties and shape factor of A356-T6 alloy of group 2~8. ....... 54 

Fig. 4-4   Tensile properties and density of silicon particle of A356-T6 alloy of 

group 2~8. .................................................................................................. 54 

Fig. 4-5   Effect of T6 heat treatment on tensile properties of group 3, 4, 5, 6 and 

8 alloys. ...................................................................................................... 55 

Fig. 4-6   Typical microstructures of the A356-T6 alloys group 1~9. ...................... 56 

Fig. 4-7   Microstructures of the SSM A356 alloy group 5 before (A) and after (B) 

T6 heat treatment. ...................................................................................... 57 

Fig. 4-8   Stress-strain curves of A356 alloy of group 1 with heat treatment group 

1, under aged. ............................................................................................. 59 

Fig. 4-9   Stress-strain curves of A356 alloy of group 1 with heat treatment group 

3, peak aged. .............................................................................................. 60 

Fig. 4-10  Optical micrographs of SSM A356 alloy group 1 with T6 peak aged 

after tensile test at 25°C (left) and 200°C (right); the arrow denotes 

stress direction. .......................................................................................... 60 

Fig. 4-11  Fracture surface of SSM A356 alloy group 1 with T6 peak aged after 

tensile test at 25°C (left) and 200°C (right) observed by scanning 

electron microscope. .................................................................................. 61 

Fig. 4-12  The UTS at different test temperatures, A is the SSM A356-T6 data 

from the present work, B and C are the sand cast and permanent mold 

cast A356 data from the ASM handbook. .................................................. 61 

Fig. 4-13  The 0.2% yield strength at different test temperatures, A is the SSM 

A356-T6 data from the present work, B and C are the sand cast and 

permanent mold cast A356 data from the ASM handbook. ....................... 62 



 

xi 

 

Fig. 4-14  Typical creep curve of as-solutioned, under aged, peak aged and over 

aged A356 alloy at constant temperature of 473K (200°C) and constant 

load of 150MPa. ......................................................................................... 66 

Fig. 4-15  Creep curves of CLC, GISS and G+H alloys of creep tested at 498K 

(225°C) and constant load of 70MPa. ........................................................ 66 

Fig. 4-16  Stress exponent n of CLC A356-T6 alloy. ................................................ 67 

Fig. 4-17  Stress exponent n of GISS A356-T6 alloy. ............................................... 67 

Fig. 4-18  Stress exponent n of G+H A356-T6 alloy. ................................................ 68 

Fig. 4-19  Activation energy of creep of the CLC A356-T6 alloy. ........................... 68 

Fig. 4-20  Activation energy of creep of the GISS A356-T6 alloy. ........................... 69 

Fig. 4-21  Activation energy of creep of the G+H A356-T6 alloy. ........................... 69 

Fig. 4-22  Optical micrographs of longitudinal section of SSM A356 alloy group 9 

with (A) as-solution, (B) Under aged, (C) Peak aged and (D) Over aged, 

and the arrows denote stress direction. ...................................................... 70 

Fig. 4-23  Optical micrographs of longitudinal section of SSM A356-T alloy (A) 

CLC, (B) GISS, (C) G+H and (D) G+H with higher magnification, and 

the arrows denote stress direction. ............................................................. 71 

Fig. 4-24  Optical micrograph of longitudinal section of SSM A356-T6 alloy G+H 

and the arrows denote stress direction. ...................................................... 72 

Fig. 4-25  SEM fractograph of SSM A356-T6 alloy CLC after creep test at 200°C, 

110MPa. ..................................................................................................... 72 

Fig. 4-26  SEM fractograph of SSM A356-T6 alloy GISS after creep test at 200°C, 

110MPa ...................................................................................................... 73 

Fig. 4-27  SEM fractograph of SSM A356-T6 alloy G+H after creep test at 200°C, 

110MPa. ..................................................................................................... 73 

Fig. 4-28  SEM fractograph of SSM A356-T6 alloy G+H after creep test at 225°C, 

110MPa. ..................................................................................................... 74 

Fig. 4-29  (A) SEM fractograph of SSM A356-T6 alloy G+H after creep test at 

200°C, 110MPa. (B) The corresponding EDS of the silicon particle at 

arrow tip. .................................................................................................... 75 

Fig. 4-30  A typical creep curve of the A356-T6 cast alloy. ..................................... 77 

Fig. 4-31  A comparison of the creep curves of A356-T6 cast alloy at 200°C 

(473K) and 225°C (498K). ........................................................................ 77 

Fig. 4-32  Creep curves with minus the true steady creep strain ( ss t 


  ) of the 

A356-T6 cast alloy at 200°C (473K). ........................................................ 78 

Fig. 4-33  Creep curve of change load test of the A356-T6 alloy at 200°C (473K). . 78 

Fig. 4-34  TEM image of A356-T6 alloy at steady stage at 200°C (473K). .............. 79 

Fig. 4-35  Logarithmic time-strain curve of creep test at 225°C, 90MPa of the 

A356-T6 cast alloy. .................................................................................... 80 

Fig. 4-36  Simulation of primary stage of creep curves of A356 cast alloy at 

200°C, the solid lines are experimental curve and the hollow lines are 

simulative curve by the time hardening equation. ..................................... 81 

Fig. 4-37  Stress exponent of linear hardening stage at 200C° (473K) of the 

A356-T6 cast alloy. .................................................................................... 81 

Fig. 4-38  Activation energy of linear hardening stage at 200C° (473K) of the 

A356-T6 cast alloy. .................................................................................... 82 



 

xii 

 

Fig. 4-39  Total time to the end of linear hardening stage at 200C° (473K) (A) and 

175C° (448K) (B) of the A356-T6 cast alloy ............................................ 83 

Fig. 4-40  A comparison of experimental creep curve (solid lines) and numerical 

regenerated creep curve (plots) by time hardening theory (A) and 

equation (35) proposed in this study. ......................................................... 86 

Fig. 4-41  Relationship between temperature, stress and constant Ac. ...................... 87 

Fig. 4-42  Value of stress exponent nc of the equation (37). ...................................... 87 

Fig. 4-43  Value of constant C of the equation (37). ................................................. 88 

Fig. 4-44  Simulation of tertiary stage of creep curves of SSM A356-T6 alloy 

group 10 at 200°C, the solid lines are experimental curve and the hollow 

lines are simulative curves by the Kachanov equation. ............................. 89 

Fig. 4-45  Simulation of total creep curve of SSM A356-T6 alloy by the 

hardening-damage interaction theory. ....................................................... 90 

Fig. 4-46  Monkman-Grant relationship of the SSM A356 alloy G+H. .................... 92 

Fig. 4-47  Sketch of extrapolation convergence of the Larson-Miller method. ......... 92 

Fig. 4-48  Creep rupture data normalization of the SSM A356 alloy G+H by using 

the Larson-Miller extrapolation method. ................................................... 93 

Fig. 4-49  Creep rupture life of the SSM A356 alloy G+H extrapolation by using 

the Larson-Miller method. ......................................................................... 93 

Fig. 4-50  Sketch of parallel stress levels of the Dorn-Orr-Sherby extrapolation 

method........................................................................................................ 94 

Fig. 4-51  Creep rupture life of the SSM A356 alloy G+H extrapolation by using 

the Dorn-Orr-Sherby method. .................................................................... 94 

 

 



  

 

 

1 

Chapter 1. Introduction 

1.1. Background of the A356 aluminum casting alloy 

Casting alloy is defined as alloys used for productions which are 

produced by the shape casting. Casting aluminum alloys nowadays has a wide range 

of applications and shares a big portion in the worldwide metallic materials market 

because of its lightweight (around 2.7g/mm
2
), high strength (above 200MPa) and 

good ductility, according to different reports of estimation, 20~30% of all aluminum 

products in the world are produced by shape casting [1]. 

A356 (Al-7Si-0.3Mg) is a class of aluminum-silicon based casting 

alloy widely applied in automotive industries [2], for example hub of wheel (Fig. 1-1), 

engine block (Fig. 1-2) and engine cover (Fig. 1-3), because of its high strength, good 

heat treat-ability, and excellent castability.  

Eutectic point of the Al-Si binary eutectic system is 12.6 wt.% Si [3]. 

The typical microstructure of hypoeutectic Al-Si alloys at room temperature is 

featured by soft and ductile primary aluminum phase α surrounded by hard and brittle 

eutectic silicon phase [2]. 

Chemical composition limits of this grade of alloy was defined by the 

ASTM B108 Standard [4], which contains silicon 6.5-7.5%, iron ≤ 0.20%, copper ≤ 

0.20%, manganese ≤ 0.10%, magnesium 0.25-0.45%, zinc ≤ 0.10%, titanium ≤ 0.20%, 

others except aluminum each ≤ 0.05% and total ≤ 0.15%, and balance is aluminum. 

 

 

 

Fig. 1-1  Yokohama hub made from A356 aluminum alloy. 
[http://blog.xuite.net/atenzatt/2008/34382237] 
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Fig. 1-2  Fontana engine block made from A356 aluminum alloy. 
[http://www.fontana-automotive.com/index.php/products/new-generation-engine] 

Fig. 1-3  Fontana engine cover made from A356 aluminum alloy. 
[http://www.fontana-automotive.com/index.php/products/new-generation-engine] 

Fig. 1-4  Phase diagram of Al-Si binary alloy. [3]   
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1.2. Background of the gas-induced semi-solid casting 

Semi-solid metal (SSM) casting is an advanced process, invented and 

identified in the Massachusetts Institute of Technology in early 1970s, for producing 

near-net shape non-ferrite alloy products for industrial applications such as 

automobile engine parts, aeronautic parts and so forth [9]. The SSM process is done 

by hold the alloy at a temperature between its liquidus and solidus temperature, with 

10~70% solid fraction, for creating globular primary phase distributing in the liquid 

phase, then a low viscous slurry could get before casting or forming. There are many 

advantages of the SSM process compared with the conventional liquid casting  have 

been reported in the past, for example less gas porosity, smaller solid shrinkage, better 

heat treat-ability, higher ductility and shorter cycle times. 

However, there is still a cost disadvantage with the conventional SSM 

process because of its complex equipment and working process, to improve the 

situation, a novel process named Gas-Induced Semi-Solid (GISS) process has been 

developed by a Thai and US researcher team at the Department of Mining and 

Materials Engineering, Prince of Songkla University, Thailand [10]. In the GISS, 

non-dendrite, globular, semi-solid metal slurry can be obtained via using flowing gas 

bubbles through a porous graphite diffuser into the molten metal at a temperature 

between its liquidus point and solidus point to get semi-solid slurry (Fig. 1-5). Fig. 

1-6 and Fig. 1-7 show a comparison of a typical dendritic structure of A356 alloy 

produced by the conventional liquid casting and globular structure of semi-solid A356 

alloy produced by the GISS process. 

 

 

 

 

 

Fig. 1-5  A schematics of the GISS process. [11] 
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Fig. 1-6  A typical dendritic structure of as cast A356 alloy produced by conventional liquid 
casting.    

Fig. 1-7  Globular structure of as cast A356 alloy produced by the GISS SSM process.    
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1.3. Background of T6 heat treatment of aluminum alloys 

Heat treatment of metal materials is a group of process for altering 

physical, mechanical, and sometimes chemical, properties of the materials by 

controlled heating and cooling without changing the product shape. 

The Heat treatment is applicable for both ferrous and nonferrous alloys. 

However, there are great differences between different alloys so each group of alloys 

has its own suitable heat treatment principles. The purpose of T6 heat treatment, 

which concludes two steps, solid solution and artificial aging, is producing maximum 

strength for aluminum alloys. The principle and strengthening mechanism of T6 heat 

treatment will be discussed in chapter 2 and the practice of the T6 heat treatment for 

the A356 alloy will be presented in chapter 3. 

 

1.4. Background of creep 

The definition of creep behavior is a sort of time-dependence plasticity 

of materials under a fixed stress and an elevated temperature, for aluminum alloys are 

normally above 0.54 Tm, where Tm is absolute melting temperature of the alloys [5]. 

Suppose that we load a uniaxial constant force on an unnotched tensile specimen at a 

constant high temperature level, as it is shown in Fig. 1-8, the specimen may creep 

with a typical elongation-time curve which is shown in Fig. 1-9. 

As shown in Fig. 1-9, the creep behavior could easily be observed at a 

high temperature, this time-deformation phenomenon was first referred to as stretch 

by Philips [6] and as viscous by Andrade [7]. Generally speaking, most Al-Si based 

casting alloys was not suitable for high temperature (above 500°F, or 227°C) 

applications, but nowadays many Al-Si alloys are used or machined on force and high 

temperature conditions which creep take places, for example diesel and direct fuel 

injection gasoline engines, for the high value of these applications there are more and 

more researchers have joined for studying on creep behavior of the Al-Si based alloys 

and its composites [8].  
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Fig. 1-8  Sketch of a constant load apparatus. 

Fig. 1-9  Sketch of a typical creep curve. 
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1.5. Thai automotive industry 

According to a report of Thailand Automotive Institute, automotive 

industry growths rapidly and seems speeded up in recent years (Fig. 1-10). Engines 

account 11.14% of exporting market, values about 520,000,000 US dollars, and 

component parts account 37.89%, 1,768,680,000 US dollars (Fig. 1-11). More and 

more engines parts and some of the component parts nowadays are made of aluminum 

alloy to reduce weight of the vehicles, so the future market of aluminum alloy seems 

good. 

 

 

 

 

Fig. 1-10  Thailand automotive market capacity changes in the past years. 
[http://www.business-in-asia.com/automotive/thailand_automotive.html] 
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1.6. Motivation 

Although there are some people who have already studied on the creep 

behavior of the aluminum alloys, only a few of them work on the heat treatment and 

precipitation effect on creep properties of the non-ferrite alloy, none of them has well 

concluded the kinetic constitutive equation of interaction of the precipitations and 

creep behavior interaction of non-ferrite alloys, and also none of them has studied on 

the semi-solid cast aluminum alloy. However, as it was mentioned in section 1.1, 1.2, 

1.3 and 1.5, both of the GISS semi-solid process and its heat treatment have 

widespread applications and an expectable future, all these motivated us to study on 

the creep behavior of the GISS A356 alloy. 

 

Fig. 1-11  Thailand automotive parts exports. 
[http://www.business-in-asia.com/automotive/thailand_automotive.html] 
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1.7. Objectives 

1. To investigate room and high temperature tensile properties of the 

semi-solid A356 alloy produced by the GISS process. 

2. To study creep behavior of the semi-solid A356 alloy. 

 

1.8. Scope of thesis 

This research program investigated creep behavior of the A356 alloy 

produced by the GISS semi-solid process, the scope of the full program could be 

concluded as follows: 

1. Design and fabricate two creep test machine. 

2. Test run the creep test machine. 

3. Practice the Gas-Induced Semi-Solid process and squeeze casting 

with different parameters for producing A356 aluminum alloy plates. 

4. Practice the T6 heat treatment to improve mechanical properties of 

the SSM a356 aluminum alloy. 

5. Investigate the tensile property of both of the SSM A356 alloy and 

liquid-cast A356 alloy at various temperature levels with a range from 

room temperature to 250
°
C. 

6. Study on different conditions of artificial aging effect on the creep 

properties of the SSM A356 alloy. 

7. Run creep tests at different temperature and stress levels of the SSM 

A356 alloy for getting a full map of creep properties of the SSM A356 

alloy. 

8. Find out a suitable model for describing the creep curves. 

9. Study microstructures of the SSM A356 alloy in different conditions 

by optical, SEM or TEM for learning the mechanism and precipitation 

of during creep. 
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Chapter 2. Theory and Literature Review 

2.1. Creep test apparatus 

Creep test machine is a kind of apparatus could support a long-time 

force and a harmonious controllable atmosphere at different temperatures on a creep 

specimen, and could record the deformation of the specimen precisely, normally it 

includes a environmental chamber or a furnace, a force supporting system and a data 

acquisition system. There are many sorts of creep test machine in the world such as 

level arm tensile creep test machine, electronical universal creep and relaxation test 

machine, hydraulic pressure compression creep test machine, small punch creep test 

machine and so forth. Our group learned ideas from different kind of creep test 

apparatus, and then adapted the most suitable type for our research, and the steps of 

fabrication could be concluded in six steps as follows: 

1. Conceptual design 

2. Parts Fabrication 

3. Machine Assembly 

4. Machine Aligning 

5. Test-running 

6. Modifying for perfection 

 

For overall consideration of the application, property, complexity and 

cost, we decided to follow the idea in the ASM Metal Handbook [12], which has 

shown a typical pattern of tensile creep test machine, and we are not only adopted it 

but also simplified it and modified most parts of it for our situation. 

Fig. 2-1 and Fig. 2-2 show a typical creep test machine in ASM Metal 

Handbook, in the photo we can clearly see a furnace and a level arm system, and Fig. 

2-3 shows a rod-and-tube-type extensometer for record the deformation of the 

specimen. Our research group designed our own tensile creep test machine by 

following this pattern. By the way, in my opinion the rod-and-tube-type extensometer 

in Fig. 2-3 is not a good idea, and nowadays people around the world have some 

better design.  
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Fig. 2-1  A creep test machine shown in the ASM Metal Handbook. [12]    
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Fig. 2-2  Schematic of a creep test machine shown in the ASM Metal Handbook. [12]   
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2.2. Semi-solid casting 

 The mechanism for globular structure growth during semi-solid 

process is still unclear, a reasonable explanation of this phenomenon is grain 

multiplication by dendrite fragmentation [10], as shown in Fig. 2-4, dendrites in the 

metal slurry at the early stage of solidification was broke into small particles, then a 

large number of small solid grains grow up to mass globular phase, result in a 

globular structure. 

In the GISS, as it was illustrated in Fig. 1-5, fragmentation is achieved 

by a fine gas bubble flow, many bubbles are induced into the melt through a porous 

graphite diffuser for infusing vigorous convection in order to impulse grain 

multiplication and then produce mass fine solid particles. 

Fig. 2-3  Schematic of a creep test machine shown in the ASM Metal Handbook. [12]   
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2.3. T6 heat treatment 

The T6 heat treatment for A356 aluminum alloy follows ASTM 

standard B 917, it includes a solution treat followed by artificial aging, the suitable 

temperature and time for solution treat and artificial aging are about 1000°F, 

6~12hours and 310°F, 2~5 hours (peak aged), respectively, but it is just a guideline 

for tempering, people usually tempered with parameters out of this range in practice. 

2.3.1 Diffusion 

Diffusion in the physical metallurgy field means the movements of 

atoms within a solution including solid solution [13], and it is the dominant process 

which governs the rate of structural changes in heat treatment of metals and alloys 

[14]. There are several different explanations of diffusion mechanism and each of 

them may takes place in different conditions.  

 

2.3.1.1 Self diffusion 

Generally people define the diffusion which is not caused by 

concentration gradient but lead by atom thermal vibration as self diffusion. There are 

some conceives of mechanism of atom movement in the lattice, Fig. 2-5, Fig. 2-6 and 

Fig. 2-7 illustrate three acceptable ones. 

Fig. 2-4  Schematic of Dendrite multiplication model. [10]   
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All the three mechanisms have possibility to take place but are 

normally vacancy movement dominant the self diffusion in most pure metals [13] 

Fig. 2-5  Couple atoms interchange. [13] 

Fig. 2-6  Four atoms rotating. [13] 

Fig. 2-7  Vacancy movements. [13] 
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because it requires less energy for atom moving when vacancies exist in the lattice. 

 

2.3.1.1 Chemical diffusion 

Chemical diffusion usually occurs in alloys because of the 

electrochemical potential differences between different elements. Fig. 2-5 above 

describes how do two atoms replacement in the lattice, the process will be easier 

when there is an electrochemical potential gradient exist between the atoms. 

 

2.3.1.1 Interstitial diffusion 

 

 

 

As it is shown in the Fig. 2-8, small atoms sometimes slide into the 

clearance of larger solvent atoms, this kind of phenomenon was defined as interstitial 

movement. 

 

2.3.1.1 Grain boundary diffusion 

Atoms can diffuse fast along grain boundaries, by crossing cores of 

dislocations and free surfaces, and this class of diffusion greatly affects the 

precipitation on the grain boundary of aluminum alloys. 

2.3.2 Solution heat treatment 

The purpose of solution heat treatment is to solute alloying elements 

into the solid solution by heat the alloys up to a temperature (tSHT) below solidus line 

and a period of holding time. Usually there patches of precipitates with a wide range 

of size distribution and the coarse precipitates always cause brittleness to the alloys, 

so people use solution heat treatment to dissolve it, Fig. 2-9 illustrates the process of 

precipitates solution. 

Fig. 2-8  Interstitial movement. [13] 
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2.3.3 Precipitation hardening of the A356 aluminum alloy 

As it was mentioned in the paragraph 2.3.2 that the coarse precipitates 

were dissolved throughout the metal matrix, so it will be a supersaturated solid 

solution with finely dispersed precipitates if we provide a rapid quench after the 

solution heating, and ready to precipitate not only below the equilibrium solvus 

temperature but also below a metastable miscibility gap named Guinier-Preston (GP) 

zone solvus line [15]. 

The precipitate often comes out through several stages, for the 

Al-Si-Mg system it concludes Embryo clusters, needle-shaped GP zones β
’’
, 

intermediate β
’ 
and finally β

 
(Mg2Si) [16]. 

Mechanical properties of the A356 alloys is high depends on its β 

phase because fine and dispersed precipitation could block movement of dislocation 

moving, as it is illustrated in Fig. 2-10, where d is the distance between two particles. 

Suppose that total volume of precipitation phase f is a constant in peak aged alloys, 

proportion will exist between average precipitation particle radius r and average 

distance of particles d, as it is concluded in equation (7). When both r and d is small, 

dislocation may get across the precipitates by segmenting of the them when 

dislocation gliding [31], as it is shown in Fig. 2-11, and when r increased to a larger 

size, Orowan’s mechanism may be activated, which is expanding dislocation loops 

around the precipitates large particles [13] as it is sketched n in Fig. 2-12. 

1/2(2 / 3 )d f r             (7) 

In industrial applications it is always realized by artificial aging, which 

is a class of heat treatment process to hasten precipitation of the alloys. 

J. Dunnwald has published his paper of modeling of creep behavior of 

Al-Cu-Mg 2024 alloy in 1996, a comparison of creep behavior of solution annealed 

and overaged 2024 alloy was motioned, as it is shown in Fig. 2-13, creep property of 

as solution annealed 2024 alloy is much better than the overaged 2024 alloy. 

The underaging enhanced creep performance of the 2024 aluminum 

Fig. 2-9  Schematic of microstructure change during solution heat treatment. [13] 
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alloys was presented by R. N. Lumley in 2000 and 2002 [36, 37], these papers 

reported that the anti-creep property of the underaged 2024 alloy is better than the T6 

peakaged ones (Fig. 2-14), because the θ
’ 

phase (Al2Cu) was precipitated in 

conjunction with the S phase (Al2CuMg)  during creep process of the underaged 

2024 alloy and it substantially improved the anti-creep property, though its room 

temperature properties is lower than the T6 peakaged ones. 

A. M. Abd El-Khalek has studied on the aging process effects on the 

steady state creep and creep recovery behavior of Al-Si alloy and Al-Si-Zr-Ti alloys 

[38], he aged all of the alloys for 12 hours but with different temperature levels, and 

found that the lowest aging temperature afforded the lowest steady-stage creep rate as 

it is presented in Fig. 2-16. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-10  Schematic of precipitation blocking dislocation line moving. [13] 

Fig. 2-11  Schematic of precipitation particles segmented by dislocation gliding. 
[http://www.usteel.com/plus/view-6688-1.html] 
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Fig. 2-12  Schematic of precipitation particles surrounded by dislocation loops. 
[http://www.usteel.com/plus/view-6688-1.html] 

Fig. 2-13  A comparison of creep behavior of solution annealed and overaged 2024 alloys.[35] 
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Fig. 2-14  A comparison of creep behavior of underaged and peakaged 2024 alloy.[35] 

Fig. 2-15  Changes in average precipitate lengths during creep of underaged (UA) and peakaged 
(T6) 2024 alloys. [37] 
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2.4. Creep and creep rupture 

2.4.1 Uniaxial tensile testing 

Uniaxial tensile testing is fundamental mechanical test, by uniaxially 

tension a sample until failure, by which tensile strength, yield strength, elongation, 

Young’s modulus, Poisson’s ratio and strain-hardening of materials could be 

investigated. Generally a constant displacement or constant load rate will be applied 

on the sample in a tensile test and the stress and elongation would be recorded to get 

the force-strain curve, if we load a constant force on the sample instead of the 

increasing force and record the strain which change with time it will be a creep test. In 

Fig. 2-16  Creep and creep recovery curves of Al-Si and Al-Si-Zr-Ti alloys with different aging 
temperatures. [38] 
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this study, we works a lot on the tensile test property of the semi-solid A356 alloy in 

order to obtain a guide for the creep test. 

W. M. van Haaften has studied on the tensile behavior of semi-solid 

aluminum alloys AA3104 and AA5182 [17], he investigated tensile properties of the 

semi-solid aluminum alloys at various temperature levels and different strain rates, 

and then suggested a modified creep law for concluding tensile behavior of these 

alloys, as it is shown below: 

( ) exp( )
1

n

LGB

Q
A

f RT





 


          (1) 

where 


 is strain rate, A is a constant, σ is stress, Q is activation 

energy, R is the universal gas constant, T is absolute temperature, fLGB is fraction of 

grain boundary area covered with liquid. The reason for the author applied the (1 - 

fLGB) for modifying the equation is the load carrying area is proportional to (1 - fLGB). 

C. Park has investigated the relationship between volume fractions of 

percentage primary α phase and tensile properties [18], yield strength would be 

decreased a little bit but ductility could greatly increased with a higher percentage of 

volume fraction α. 

Several researchers like C. D. Lee has concluded micro-porosity 

effects on tensile properties of the A356 aluminum alloy [22], and it was clearly that 

the total porosity volume exactly decreased tensile strength of the Alloys. 

Tensile properties of a A356 aluminum alloy produced by 

low-pressure-casting, rheo-casting and casting-forging process were compared by K. 

Lee [23], the ultimate tensile strength of the A356 reached 321MPa by the 

casting-forging process and followed by T6 heat treatment. 

Recently, relationship between primary phase α morphology and 

tensile properties was reported by R. Burapa [24], he concluded that a higher shape 

factor of primary α phase contributes to the tensile properties of a semi-solid 

Al-Si-Mg-Fe aluminum alloy, as it is shown in Fig. 2-19. 
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Fig. 2-17  Volume fraction of primary α effects on (a) yield strength and ultimate tensile 
strength, and (b) tensile elongation. [18] 

Fig. 2-18  Effects of volumetric porosity on tensile strength of A356 alloy. [22] 



  

 

 

24 

 

 

 

 

 

 

2.4.2 Creep 

A typical deformation-time creep was introduced in Section 1.4 above, 

we could divide the curve into three parts as shown in Fig. 2-20, primary, secondary 

and tertiary stage. The ε0 in the graph is elastic strain when we load a force on the 

material, then it goes to the primary stage, a decelerate stage, we could modeling it as 

a deflection of creep rate and viscoelastic interactive behavior [25], but in my opinion, 

for age hardening alloy such as A356 alunimium alloy, it is not only governed by the 

two mechanisms but also substantially effect by a precipitation process, it will be 

discussed in chapter 4. 

The secondary stage is also called steady stage because creep rate will 

be low and steady for a period, and then goes to an accelerate stage until ruptured. 

ss




 

in Fig. 2-20 is steady-state creep rate and the stress-sensitively exponent is 

defined by equation (2) [5], where T and s are features about temperature and 

substructure, 


could be minimum or steady-stage creep rate and σ is applied stress.  

The value of n of each group of alloy and temperature level was obtain by plotting 

minimum creep and applied stress on to log-log scale, 

,[ ln / ln ]T sn  


              (2) 

Fig. 2-19  Effect of shape factor of primary α phase on tensile strength of a semi-solid 
Al-Si-Mg-Fe alloy. [24] 
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and the creep constitution modeling and usually described as a power 

law equation: 

ss




 
= Aσ

n
exp-(Qc/RT)           (3) 

where the ss



  is steady-state creep rate, σ is the stress, Qc is the 

activation energy, T is the absolute temperature, n is the stress exponent and A is the 

constant. 

The strain-time creep curve could be modeled by a constitutive 

equation, and it depends on the nature of creep model application. A wide range of 

creep model equations are in use nowadays to represent the creep behavior of 

materials, Table. 2-1 shows some equations for classical representation of primary, 

secondary and tertiary creep. 

Fig. 2-21 and Fig. 2-22 are deformation mechanism map of pure 

aluminum, we can learn the relationship of stress, temperature and mechanism of 

creep from them. 

According to the equation (3), the creep behavior of a pure metal can 

be divided into three stress regimes [28], as is shown in Fig. 2-23. 

1. The high stress regime is not important for creep design because of 

its high strain rate. 

2. The intermediate stress regime characterized by a stress exponent n 

= 4~5, Q = Q0, Q0 is activation energy for lattice self-diffusion, in this regime 

dislocation climbing and gliding controlled the creep. 

3. There are two mechanisms may take place in the low stress regime 

with n = 1, diffusion and Nabarro-Herring creep. 

Grain boundary sliding mechanism also take place in all of the tree 

regimes but it is so negligible so normally we can ignore it, except when creep run in 

a very fine grained materials, for example submicron grain size [28]. 

Fig. 2-24 illustrates stress exponent in creep of solid solution alloys, 

unlike pure metal [28]: 

The regime I characterized by power law breakdown. 

n of regime IIa is 4~5, this regime is governed by climbing. 

IIb is controlled by visco-dislocation-gliding and climb is faster than 

viscous glide in this regime, n = 3. 

Climb controlled creep governed the regime IIc because the applied 

stress is big enough to make dislocations gilding easily. 

The mechanism of low stress regime is diffusive or Harper-Dorn creep. 
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Fig. 2-20  A typical deformation-time creep curve. 



  

 

 

27 

 

 

 

Table. 2-1  A survey of creep constitutive equation. [27] 
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Fig. 2-21  Deformation mechanism map of grain size 10μ pure aluminum. 
[http://engineering.dartmouth.edu/defmech/] 

Fig. 2-22  Deformation mechanism map of grain size 1μ pure aluminum. 
[http://engineering.dartmouth.edu/defmech/] 
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Fig. 2-23  Stress exponent in three regimes. [28] 

Fig. 2-24  Stress exponent in of solid solution alloys. [28] 
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2.4.3 Power law fracture 

Creep deformation leads to creep facture, some occur with wedge-type 

cracking (Fig. 2-25) and some with cavitations cleavage (Fig. 2-26) [5]. 

Equation for creep rupture time prediction had been concluded by the 

Monkman-Grant relationship and Larson-Miller parameter. 

''m

ss f MGt k


              (4) 

Equation (4) is the Monkman-Grant relationship, it describes the creep 

fracture controlled by the steady-state creep rate. 

LM = T[logtr + CLM]           (5) 

Euqation (5) is the Larson-Miller equation, CLM is a constant 

phenomenologically determined as the value describes LM to be the logarithm of the 

applied stress. 

One difficulty still has not been well solved of the steady-state creep 

rate dependence creep life prediction is the stress component n changes in different 

creep regimes, though there were many researchers suggested various ways for 

solving the problem, in my opinion, this difficulty is especially serious in the 

aluminum alloys because the precipitate phase changes very fast at high temperature, 

until now no one has found a perfect solution. 

T. G. Langdon [30] had reviewed the transitions in creep behavior, 

included the solid solution alloys. He mentioned the typical equation for describe the 

steady-stage creep conditions at a temperature above 0.5Tm, 

( ) ( )p nADGb b

kT d G





   (5) 

where D is the diffusion coefficient (=D0exp(-Q/RT)), (where D0 is 

frequency factor, Q is the activation energy for creep and R is the gas constant), G is 

the shear modulus of elasticity, b is the Burgers vector, k is Boltzmann’s constant, T is 

the absolute temperature, d is grain size, σ is the applied stress, p and n are the 

exponent of the inverse grain size and the stress, respectively, and A is a 

dimensionless constant. 

As it is mentioned in the paragraph 2.4.1, a schematic of strain rate 

versus stress for a typical solid solution alloy shown in Fig. 2-24, this phenomenon 

has also been discussed by T. G. Langdon in his paper. Furthermore, the author has 

explained the mechanism of grain boundary sliding in creep and superplasticity. 

Grain boundary slides under creep behavior when the grain size of the 

metal or alloys is large, and superplasticity flow usually occurs with small grain size, 

Fig. 2-27 illustrates grain boundary sliding in creep and superplasticity. The 

phenomenon of superplasticity plays important significant in the modern aluminum 

forming process, in addition, V. Tvergaard has modeled the effect of grain boundary 

sliding on creep and creep rupture [32, 33]. 
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Data base of Al-Si alloy was further expanded in the last ten years by 

some researchers for example S. Spigarelli [39], creep properties of an 

Al-17Si-1Mg-0.7Cu alloy and a 6061-20Al2O3 composite were explored and 

concluded by a fitted equation, as follows: 

0( ) exp( )n

m

Q
A

G RT

  


 
           (6) 

where m


 is the minimum creep rate, G is the shear modulus and σ0 is 

threshold stress. The threshold stress is used for representing the strengthening effects 

resulted by the interaction between dislocation and finely dispersed particles, and it 

was achieved by plot the experimental data on linear axes 1/( ) n
m



 vs. σ, and then to 

extrapolate the resulting straight line for each temperature, to obtain the value of 

stress at zero strain rate. 

Creep behavior of several grades of hypereutectic Al-Si alloys and 

Al-Si based composites were presented in 2004, by S. Spigarelli [40] and T. Jaglinski 

[41]. 

An interest phenomenon was reported by K. Ishikawa in 2004 [42], as 

we can learn it from Fig. 2-28 that the initial creep stage curve of A5083 alloy is 

unlike the typical creep curve of metallic materials, it is called inverse transition type 

creep, the incubation time t
* 

is determined by interpolation of the creep curve before 

and after it. 

 

 

 

 

 Fig. 2-25  Schematic of wedge-type cracking. [28] 
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Fig. 2-26  Schematic of cavitations cleavage. [5] 

Fig. 2-27  Grain boundary sliding in (a) creep and (b) superplasticity. [30] 
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2.4.4 Modeling of creep 

There are several ideas for modeling of primary stage of creep, but 

some of them are so complex so that can not be applied on practical field until now. 

Instead, two simple but high efficient method if widely used in the world, they are 

time hardening theory and strain hardening theory. The former one assumes a 

relationship between equivalent creep rate, equivalent stress and time at fixed 

temperature, and the latter one postulates equivalent creep strain instead of time [57]. 

Equations (8) and (9) are typical equation used for time hardening modeling and 

equation (10) is for strain hardening modeling, respectively. Where εc is creep strain, 

which is total strain subtracted elastic strain, c


 is equivalent creep rate, εc is 

equivalent strain, A, m and n are parameters depends on temperature. 

n m

c A t               (8) 

1n m

c Am t 


              (9) 

Fig. 2-28  Initial stages of creep for pure aluminum (A1100) and aluminum- magnesium alloy 
(A5083) at constant applied stress. [42] 
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1/ / ( 1)/m n m m m

c cA m  


             (10) 

Creep damage equations were firstly proposed by L. Kachanov and 

Rabotnov. Creep damage as an effective loss the materials cross section, due to 

internal voids. As is defined in equation (11), where A0 is the initial area of cross 

section, AD is area of damages, and ω is damage parameter, and ω = 1 means a piece 

of virginal material. Equation (12) is a definition of creep damage tolerance proposed 

by F. A. Leckie, D. R. Hayhurst in 1977s, where εf is total strain to rupture and tf is 

total time to rupture and s


 is steady-state creep rate. Finally the constitutive for 

tertiary creep curve could be concluded as it in equation (13) [58]. In addition, the 

elastic strain and visco-elastic strain of primary creep stage should be subtracted from 

the total creep curve and when modeling by the damage theory because the main 

mechanism of this area is not damage, as it is illustrated in Fig. 2-29, where creep 

strain has been separated into εp and εt. 

 

0

0

( )DA A

A



               (11) 

f

s ft







                (12) 

1/( )[1 (1 ) ]c f t

r

t
or

t

               (13) 

A θ projection concept was invented by R. W. Evans and B. Wilshire 

in 1982s. The constitutive equation is obtained by projecting the creep curve and 

consisted of four θ parameters. The primary stage of creep curve can be described by 

equation (14), and total curve is described by equation (15), the four of θ are constants 

relate to the time and stress and they could be concluded by equation (16), where i 

could be 1, 2, 3 and 4 [59]. The advantage of the θ projection is high precision fitting 

and extrapolation of creep curve but its disadvantages are such as: (1) It needs many 

creep data at different stress and temperature levels to get the full map of the four of θ. 

(2) It is not suitable to analyse complex structures in the industrial applications by this 

method because the stress distribution of stress at different parts of the structure is 

inharmonious so that it needs too many experiment to fill the data base for the θ 

projection. 

1 2(1 exp( )) st t   


               (14) 

1 2 3 4(1 exp( )) (exp( ) 1)t t                  (15) 

10log i i i i ia bT c d T                (16) 
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2.4.5 Creep rupture life normalization and prediction 

As previously introduced in the previous section, some metallic 

materials have to service for a long in their creep life, however, laboratory 

experiments are usually limited to a few weeks, days or even several hours. Therefore, 

the present technique for predicting long time creep life is called extrapolation, and 

some of creep life extrapolation methods which are commonly used nowadays will be 

introduced below. 

1) Monkman-Grant relationship, as shown in equation (17) which 

presumes that the fracture-deforming of materials is controlled by the steady-state 

creep rate, in which tf is time to fracture, kMG is sometimes refeered to as the 

Monkman-Grant constant [61]. 

ss f MGt k


               (17) 

/ exp( / )n

fM t A Q RT            (18) 

By combining equations (3) and (17) we can get equation (18) as 

follow, where M, A and Q are functions of stress and temperature. Moreover, creep 

and fracture properties of particle-hardened alloys are both temperature and 

microstructure sensitive, hence, some people normalized the σ through σY or σTS , as 

shown in equation (19), where A
*
 is not At and Qc

* 
is obtained from constant (σ/σTS ) 

rather than at constant σ as in the determination of QC in equation (3). 

Fig. 2-29  Sketch of damaging strain. [60]  
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*
*/ ( / ) exp( / )n

f TS
C

M t A RTQ           (19) 

2) Isothermal extrapolation, Equations (20) and (21) are linear and 

parabola equations for extrapolation, A, B, c and d are constants and tr is creep rupture 

time. Isothermal extrapolation is a sort of methods which assume that relationship 

between stress and creep rupture life is linear or parabola distribution, but the nature 

of most metallic materials is not so, therefore, the limitation of isothermal 

extrapolation of creep rupture life is less than ten times of the experimental creep 

rupture life. 

B

rt A                       (20) 

2log log rc d t                      (21) 

3. Time-Temperature parameter extrapolation, such as Larson-Miller 

parameter (equation (22)), Fisher-Dorn parameter (equation (23)), Dorn parameter 

(equation (24)), Manson-Haferd parameter (equation (25)), Manson-Succoup 

parameter (equation (26)), Sud Aviation parameter (equation (27)) and 

Dorn-Orr-Sherby parameter (equation (28)). 

( ) ( log )LM rP T C t                    (22) 

log /rt C T               (23) 

exp( / )rt H RT              (24) 

log log

a

r a

T T

t t




              (25) 

log rt CT               (26) 

log logrt C T               (27) 

log / 2.3rt H R              (28) 

According to ASTM Standard E139-06, constant C in the equations is 

20 for many materials, T, Ta are constant, H is activation energy. The 

Dorn-Orr-Sherby parameter has best physical basis but Larson-Miller is the most 

popular in practical area. 

 

2.5. Conclusions 

This chapter reviewed current status of research on tensile and creep 

behavior of the solid solution Al-Si based alloys. Though there are many researchers 

have reported on this area, none of them has studied on the creep behavior of the 

globular α phase Al-Si based alloy produced by the semi-solid process. 
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Chapter 3. Experiment 

3.1. Creep test machine fabrication 

The procedure of creep test machine fabrication is as follows: 

1. Design, 

2. Frame building, 

3. Accessories making and assembling, 

4. Alignment and running, 

5. Modifying for perfect. 

Main frame of the creep test machine (Fig. 3-1) was designed by Mr. 

Suchart Chanratamanee, an extensometer and some accessories were designed by the 

author (Fig. 3-2, Fig. 3-3). Most parts of the machine are fabricated in by workshops 

and assembled by our group.  

As it is introduced in chapter 2, main idea of the creep test machine 

was learned from the ASM metal handbook, but our research group had also 

consulted several different ideas such as the ones shown in Fig. 3-4, Fig. 3-5 and Fig. 

3-6. By synthetically considerate of application, capability, precision, cost and 

building difficulty, we finally designed the suitable one for our own situations. As it is 

shown in the paragraph above, it is a kind of simple level arm driving force creep test 

machine because it is easy making with high precision. Fig. 3-7 illustrates the method 

of estimation of error caused by level arm moment changes during creep test, and it 

figures out an error smaller than 0.2%. 

Real tension of the machine was calibrated by a load cell (Fig. 3-8) 

with precision ±0.01kg of 0-99kg and ±0.1kg of 100-999kg, and relationship between 

load weight and true force is illustrated in Fig. 3-9. 

Deformation of the creep specimen is recorded by a data acquisition 

system (DAQ) based on a LVDT produced by National Instruments Corporation as it 

is shown in Fig. 3-10. 

Many parts of the creep test machine were modified after long time 

running in order for perfection. 

    The capability of the creep test machine is listed in Table. 3-1. 
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Tension 15-1000Kg, ±0.4Kg. 

Temperature 70-270°C, ±1°C; 350-400°C, ±1.5°C; 400-1050°C, 

±1°C. (With different furnaces adapted.) 

Total elongation of specimen 13mm (Could be extended by decreasing precision). 

Data recording velocity >10s
-1

. 

Max. testing period 70-270°C, unlimited; 350-1050°C, 99hours. 

 

 

 

 

 

 

 

 

Table. 3-1  Capability of the creep test machine. 

Fig. 3-1  Creep test machine with high (left) and low (right) temperature furnaces. 
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Fig. 3-2  An extensometer from design to the product. 

Fig. 3-3  Some accessories of the creep test machine. 
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Fig. 3-4  A constant load creep test machine. 
[http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1516-14392005000400008] 

Fig. 3-5  A mini creep test machine. 
[http://www.tecquipment.com/Materials-Testing/Creep/SM1006.aspx] 
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Fig. 3-6  A electronical creep test machine. 
[http://www.sunstest.com/productshow_eng.asp?id=120] 

Fig. 3-7  Calculation of error caused by the moment changes during creep test.    
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Fig. 3-8  Load cell.    

Fig. 3-9  Relationship between load weight and true force of the creep test machine.    
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3.2. Casting 

Primary A356 aluminum alloy was used in this study. The chemical 

composition of the raw material was checked by optical emission spectrometer (OES) 

and the result is shown in Table. 3-2. Ten different groups of alloys was cast in this 

study, parameters of them are listed in Table. 3-3, the group 1 was the first batch, 

group 2~9 were cast after squeeze apparatus was improved. The A356 alloy pates are 

shown in Fig. 3-11. Each plate was cut to five or six bars for tensile or creep test and 

several small pieces for microstructure and hardness exam, as it is illustrated in Fig. 

3-12, bar E, M and C would be machined to specimens of tensile and creep test, and 

another small bar will be used for hardness and microstructure test. 

 

  

Fig. 3-10  Data acquisition system (DAQ).    
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Sample Concentration (%) 

A356 
Al Si Fe Cu Mn 

Bal. 7.4300 0.0949 0.0246 0.0063 

Standard Deviation - 0.5843 0.0074 0.0098 0.0004 

A356 

 Mg Ti Ni Sr 

 0.3146 0.0966 0.0057 0.0068 

Standard Deviation  0.0186 0.0068 0.0007 0.0006 

  

Table. 3-2  Chemical composition of the A356 alloy ingot. 
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Group 

Weight of 

one piece 

(kg) 

Melting 

Temp. (°C) 

Gas induce 

or casting 

Temp. (°C) 

Gas flow 

(L/min) 

Gas induce 

time (s) 

1 ≈1.25 720 620 4 15 

2 ≈0.4 720 680 0 0 

3 ≈0.4 720 640 0 0 

4 ≈0.4 720 620 4 5 

5 ≈0.4 720 620 4 10 

6 ≈0.4 720 620 4 15 

7 ≈0.4 720 620 4 10 

8 ≈0.4 720 680 4 10 

9 ≈0.4 720 620 4 10 

Group 

Plus 

holding 

time (s) 

Mold 

Temp. (°C) 

Squeeze 

pressure 

(MPa) 

Solid 

fraction 

before 

casting (%) 

Geometry 

size (mm). 

1 0 300~350 22 ≈10 r100*15 

2 0 300~350 69 0 100*100*15 

3 0 300~350 69 <10 100*100*15 

4 0 300~350 69 ≈10 100*100*15 

5 0 300~350 69 >10 100*100*15 

6 0 300~350 69 >10 100*100*15 

7 10 300~350 69 >10 100*100*15 

8 20 300~350 69 >10 100*100*15 

9 70 300~350 69 ≈25 100*100*15 

Table. 3-3  Parameters of casting. 
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Fig. 3-11  As cast A356 alloy plate of group 1 (left) and group 2~9(right).    

Fig. 3-12  Schematic of pate cutting.    
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3.3. Heat Treatment 

As it was mentioned before the T6 heat treatment of A356 aluminum 

alloys in this study is followed by ASTM B 917 Standard, and the parameters of 

application process is learned from Heat Treatment Group of the Department of 

Mining and Materials Engineering, Faculty of Engineering, Prince of Songkla 

University. By following their suggestion, the temperature of solution heat treatment 

in this study was 540°C and holding for 8 hours, then rapid quench in water which 

was kept at room temperature (approximately 27°C) for several days. The 

quench-ability of long time storage water is better than the fresh tap water, because 

small bubbles in the water would be gone during long time storage and these bubbles 

were bad for quenching. 

Four kind of artificial aging processes were applied in this study in 

order to investigate effect of aging on tensile and creep properties, they are under 

aging, peak aging and over aging, and the parameters are listed in Table. 3-4, and it 

was designed by referring the database of Heat Treatment Group of Department of 

Mining and Materials Engineering, Faculty of Engineering, Prince of Songkla 

University, as is shown in Fig. 3-13. 

 

 

 
 

Groups of heat 

treatment process 

Solution 

Temp. 

(°C) 

Time 

(hour) 

Artificial 

Aging 

Temp. (°C) 

Time 

(hour) 

Quenching 

media 

1. Under aging 540 4 135 12 Water(27°C) 

2. Under aging 540 8 165 2 Water(27°C) 

3. Peak aging 540 8 165 12 Water(27°C) 

4. Over aging 540 8 165 72 Water(27°C) 

 

 

Table. 3-4  Parameters of artificial aging. 
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3.4. Microstructure and hardness test 

As it was mentioned in the section 3.2, a cuboidal bar from centre of 

the casting plate was cut for microstructure and hardness test. As it is illustrated in Fig. 

3-14, nine positions from centre to edge of the casting plates were investigated in 

order to learn micro morphology distribution of the plates. 

Hardness test of the alloy was performed with a Rockwell B-Scale 

Hardness test machine, and followed ASTM E18-03 standard [48]. Micrographs were 

shot by an optical microscope with a CCD camera. 

 
 

Fig. 3-13  Effect of artificial aging on hardness of the SSM A356 alloy.    

Fig. 3-14  Schematic of the bar for microstructure and hardness test.    
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3.5. Tensile test 

The alloys were machined to dog-bone shape specimens by following 

ASTM E8-08 standard [50] for tensile and creep test, with dimensions shown in Fig. 

3-15. The tensile test were performed by using a Hounsfield UTM equipped with a 

controlled temperature electric furnace with maximum operating temperature of 

270°C±1°C. Tensile test of all the nine groups of alloys with T6 heat treatment were 

performed at 25°C and of strain rate 0.001s
-1

, and group 1 alloy with both T6 peak 

aged and under aged (135°C, 12hrs.) were extra performed at 100, 150, 200 and 

250°C. 

 

 

 

 

 

3.6. Creep test 

Group 3, 5 and 7 of the A356 alloys were chosen for creep test, each 

group was investigated at 225±1°C with different constant stress levels, and group 7 

was extra performed at 175, 200, and 250°C to learn a full map of creep behavior of 

the SSM A356 alloy. All the specimens were preheated from room termperature by 

30min, then kept at constant temperature for another 30min, for achieving a 

homogeneous temperature before loading. 

 

Fig. 3-15  Geometry of tensile test specimen.    
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Chapter 4. Results and discussion 

4.1. Effect of casting and heat treatment on microstructure 

and Tensile properties of the alloys 

Table. 4-1, Fig. 4-1, Fig. 4-2, Fig. 4-3 and Fig. 4-4 present tensile 

properties and morphology of microstructures of the A356 Alloys of group 2~9, Fig. 

4-5 makes a comparison of as cast and T6 peak aged A356 alloys of group 2~6, and 

typical microstructure of the A356-T6 alloys are shown in Fig. 4-6. The average grain 

size statistics followed ASTM Standard E112-96 [49]. From the data it is learned that: 

1. Satisfactory tensile strength (331.6±2.7MPa, strain rate 0.001/s) was 

obtained by the GISS process with appropriated gas-induced time. It is comparable 

with other researchers’ results who study on the same alloy produced with other 

costly advanced processed, which are at a range of 288~332MPa, and some of them 

are listed in Table. 4-2 [18, 21]. 

2. Higher strength was obtained by higher squeeze pressure. 

3. A proper GISS time (5s) is helpful for α grain refining and a longer 

GISS time (10s) receives a higher shape factor. Another way for obtaining high shape 

factor is plus a holding period after the GISS process, which also provides higher total 

volume fraction of α phase and larger α grains.  

4. There is not any obvious relationship between total volume of α 

phase and tensile properties, unlike the results reported by C. Park et al. [18] in 2004 

that higher total volume fraction of α phase does not affect on tensile/yield strength 

but great improved the tensile elongation of the A357-T5 Al-Si-Mg cast alloy.  It 

might because other factor replaced the key factor of the total volume fraction of α 

phase in the GISS A356-T6 squeeze cast alloy and some evidences was given by Fig. 

4-2, it is learned from the graph that average α grain size plays a key factor on the 

tensile/yield strength and elongation of the GISS A356-T6 squeeze cast alloy, as it is 

widely exist in many sorts of metallic materials.  

5. As reported by Burapa et al. [24] that more round α alpha grain 

provides higher tensile/yield strength of the GISS SSM A356-as-cast alloy, however 

such results can not be found in this study, it might because as it is compared in Fig. 

4-7 that the most of the eutectic phases of the as cast A356 alloy was dissolved after 

T6 heat treated, and left many silicon particles dispersed alone in the old eutectic area, 

finally made the microstructure more like a kind of Si particle strengthened Al alloy, 

instead of the as cast α-eutectic binary alloy and then impaired effects of shape factor 

on tensile/yield strength. Though these Si particles are too spare to pin the 

dislocations effectively according to the equation (29) [45, 47], where σ is stress 

which bends a dislocation, b is burgers vector, d is distance between two particles and 

r is radius of the particles.  Moreover, substantial contribution from shape factor to 

tensile elongation can be found in [13]. 
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             (29) 

6. Average size of silicon particle of the A356 alloys group 2~8 are 

almost the same, 2.42±0.04μm, and density of silicon particle of different group of 

alloys is shown in Fig. 4-4. It is learned that high density of silicon particle might be 

an important factor contribute to tensile strength. 

7. T6 heat treatment with peak aging great improve ultimate tensile 

strength of the alloys because though the coarse precipitates was dissolved by the 

solution treatment of T6 process, and fine precipitates, which were created in the peak 

aged process, obstruct dislocation moving during tensile test. Similar mechanism will 

be discussed in the next section. 

 

 

Group 

of 

alloys 

Main 

feature of α 

phase 

Total 

volume 

fraction of 

α phase 

(%) 

Average 

diameter 

of α 

grain 

(μm) 

Shape 

factor 

Ultimate 

tensile 

strength 

(MPa) 

0.2% yield 

strength 

(MPa) 

Total 

elongation 

at failure 

(%) 

2 
Dendritic & 

Petaloid 
91.3 - - 310.6±11.3 260.1±3.1 5.7±1.4 

3 
Petaloid & 

Polygonal 
90.3 53.4 0.52 326.3±1.1 265.5±10.5 10.6±5.5 

4 
Polygonal 

& Globular 
90.8 49.8 0.67 331.6±2.7 266.0±13.4 13.4±1.0 

5 
Polygonal 

& Globular 
90.8 56.6 0.79 324.3±2.1 260.4±13.8 13.8±0.43 

6 
Polygonal 

& Globular 
91.5 55.6 0.70 318.3±4.9 253.9±12.4 12.4±0.5 

7 
Polygonal 

& Globular 
94.2 63.4 0.79 325.9±4.0 263.4±13.1 13.1±0.45 

8 
Polygonal 

& Globular 
94.1 68.4 0.80 304.7±5.8 237.2±13.3 13.3±2.8 

9 Failed because of unharmonious microstructure 

 

  

Table. 4-1  Morphology of microstructure and tensile properties of the A356 alloy with T6 heat 
treatment. 
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Reference Material Process 
Ultimate tensile 

strength (MPa) 
Strain rate (s

-1
) Elongation (%) 

Y. Zhou 

(This study) 
A356 

GISS + 70MPa squeeze 

casting + T6 
331.6±2.7 0.001 13.4±1.0 

Y. B. Yu, 

1999 
A356 

SSM + 100MPa die 

casting + post heat 

treatment 

329 0.0005 - 

H. M. Guo, 

2009 
A356 

SSM + 120MPa die 

casting + T6 
330 - 13 

H. Moller, 

2009 
A356 

SSM + high pressure die 

casting + T6 
332±4.4 - 7.9±1.5 

C. D. Lee, 

2007 
A356 

Low pressure die casting + 

T6 
310 0.00027~0.0027 8 

Table. 4-2  A comparison of tensile properties.  
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Fig. 4-1  Tensile properties and total volume of α phase of A356-T6 alloy of group 2~8.    

Fig. 4-2  Tensile properties and α grain size of A356-T6 alloy of group 2~8.     
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Fig. 4-3  Tensile properties and shape factor of A356-T6 alloy of group 2~8.    

Fig. 4-4  Tensile properties and density of silicon particle of A356-T6 alloy of group 2~8.    
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Fig. 4-5  Effect of T6 heat treatment on tensile properties of group 3, 4, 5, 6 and 8 alloys.    
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(1)                     (2)                     (3) 

   

(4)                     (5)                     (6) 

   

(7)                     (8)                     (9) 

 

Fig. 4-6  Typical microstructures of the A356-T6 alloys group 1~9.    
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(A) 

 

 

(B) 

 

Fig. 4-7  Microstructures of the SSM A356 alloy group 5 before (A) and after (B) T6 heat 
treatment.    
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4.2. High temperature tensile properties of the SSM A356 

alloy 

High temperature tensile properties of the semi-solid A356 alloy group 

1 with T6 under aged and peak aged listed in Table. 4-3 and Table. 4-4. Tensile stress 

strain curve are shown in Fig. 4-8 and Fig. 4-9. A comparison between 

microstructures of SSM A356 alloy after tensile test at 25°C and 200°C are shown in 

Fig. 4-10 and Fig. 4-11. Comparisons of ultimate strength and 0.2% yield strength 

between the GISS SSM A356-T6 peak aged alloy from the present work and the data 

of A356 alloy from ASM handbook [51] are presented in Fig. 4-12 and Fig. 4-13. It 

was learned that:  

1. Peak aging provides higher tensile strength and lower tensile 

ductility compared to the under aging, it might because the peak aging provides more 

precipitates and the precipitates effectively obstruct dislocation moving and 

sequentially reduced ductility during tensile test. 

2. Ultimate tensile strength of the alloy decreased with increasing test 

temperature (Fig. 4-12), but 0.2% yield strength of them are not sensitive with 

temperature (Fig. 4-13). It is because the Al-Si based alloy is a sort of fcc alloy which 

is featured by larger dislocation width and lower peierls stress [53]. 

3. High temperature ductility lost occurred on both of the two groups 

of alloys (Fig. 4-8, Fig. 4-9), which might be resulted from the effect of porosity 

shrinkage. And the reason of tensile ductility of the peak aged alloy increased again 

above 200°C might be the effect of micro void coalescence. 

4. Work softening took place of work hardening at 250°C so that it is 

not suitable to use the A356 alloy for application at and above 250°C. The mechanism 

of work softening would be recovery and recrystallization. 

5. Initial cracks start at eutectic phase and the alloy ruptured along the 

brittle eutectic phase. The Al alpha phase was obviously deformed after tensile test 

(Fig. 4-10). 

 

 

 

Temperature 

(°C) 

Ultimate Strength 

(MPa)  

±S.D. 

0.2% Yield Strength 

(MPa) ±S.D. 

True Elongation 

(%) 

±S.D. 

25 252.2±6.5 142.5±6.5 23.9±0.4 

100 203.0±2.5 130.3±2.5 21.7±2.5 

150 178.5±3.1 130.3±3.1 22.2±1.9 

200 165.8±0.7 130.2±0.7 17.8±1.3 

250 139.4±1.1 137.8±1.1 15.1±1.3 

Table. 4-3  Tensile properties of A356 alloy of group 1 with heat treatment group 1, under aged. 
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Temperature 

(°C) 

Ultimate Strength 

(MPa)  

±S.D. 

0.2% Yield Strength 

(MPa)  

True Elongation 

(%) 

±S.D. 

25 291.5±3.6 233.7±3.9 11.0±4.9 

100 262.6±3.4 222.8±3.6 10.3±0.7 

150 228.2±1.5 198.6±2.9 7.9±1.6 

200 190.6±4.2 170.7±4.0 9.7±1.6 

250 148.9±3.9 145.6±2.9 10.8±2.0 

 

 

 

 

 

 

Table. 4-4  Tensile properties of A356 alloy of group 1 with heat treatment group 3, peak aged. 

Fig. 4-8  Stress-strain curves of A356 alloy of group 1 with heat treatment group 1, under aged.    
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Fig. 4-9  Stress-strain curves of A356 alloy of group 1 with heat treatment group 3, peak aged.    

Fig. 4-10  Optical micrographs of SSM A356 alloy group 1 with T6 peak aged after tensile test at 
25°C (left) and 200°C (right); the arrow denotes stress direction.    
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Fig. 4-11  Fracture surface of SSM A356 alloy group 1 with T6 peak aged after tensile test at 
25°C (left) and 200°C (right) observed by scanning electron microscope.    

Fig. 4-12  The UTS at different test temperatures, A is the SSM A356-T6 data from the present 
work, B and C are the sand cast and permanent mold cast A356 data from the ASM handbook. 

[52] 
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4.3. Creep behavior of the group 2, 5 and 7 alloys 

As it was mentioned in chapter 2 the ten groups of A356 alloy cast 

with different processes, and group 2, 5 and 7 were selected as representatives of the 

A356-T6 alloy produced by conventional liquid casting (CLC), GISS and GISS + 

holding (G+H) processes, respectively, for investigating the effects of different 

processes and microstructural features on creep behavior. Three typical creep curves 

are shown in Fig. 4-15, for making a comparison of creep properties between the CLC, 

GISS and G+H alloys. Minimum creep rate and time to creep rupture of the three 

groups of alloys are listed in Table. 4-5 and comparison with other researchers results 

are listed in Table. 4-6 [17, 29, 39, 40, 41]. From the experimental results it is learned 

that all of the three groups of alloys can be classified into “Class-M alloy” [54], which 

is featured by a normal or large primary creep stage with taylor hardening [55], a 

dependence on the stacking-fault energy [56], creep with polygonization and an area 

of five power-law creep between power-law breakdown and Nabarro-Herring creep, 

Coble creep or Harper-Dorn creep. 

Activation energy Qc for creep could be defined by equation (30), 

 [ (ln ) / (1/ )]Qc R T  


             (30) 

Fig. 4-13  The 0.2% yield strength at different test temperatures, A is the SSM A356-T6 data 
from the present work, B and C are the sand cast and permanent mold cast A356 data from the 

ASM handbook. [52] 
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and  of each group of alloy is achieved by plotting 

 and (1/T) in the x-y coordinate system as shown in Table. 4-6 and on Fig. 4-19, 

Fig. 4-20 and Fig. 4-21.  Average value of activation energy of creep of the CLC, 

GISS and G+H alloys are 160 kJ/mol, 163 kJ/mol and 159 kJ/mol, respectively, and 

those are a little higher to the lattice self-diffusion energy of pure aluminum (142 

kJ/mol) [57]. 

Effect of artificial aging on creep properties of SSM A356 alloy is 

shown in Fig. 4-14, all the four alloys were performed at constant temperature of 

200°C (473K) and constant load of 150MPa, and repeated at least one time. From the 

graph we can learn that under aged SSM A356 alloy has best anticreep property, it 

might be because of the hardening phase precipitating at preheating stage and primary 

creep stage. Over aged SSM A356 alloy performed shortest creep life and smallest 

total elongation, it might be because the precipitates congregated and grew up to 

coarse particle which lead to brittleness and could not efficiently obstruct the 

dislocation moving. There is a big and clear tensile elongation after loading but before 

primary creep stage of the as-solutioned SSM A356 alloy, moreover, the creep rate of 

steady stage of the SSM A356 alloy is similar to the alloys with other heat treatment 

conditions. Mechanism of this phenomenon is still not clear, and a reasonable 

conjecture is a kind of rapid work hardening due to dislocation rapidly accumulating. 

Morphology of creep rupture surface with different heat treatment conditions are 

shown in Fig. 4-22, from which it is observed that rupture line grew across the 

eutectic phases of all the four conditions. 

A comparison of creep properties of the A356-T6 alloys is shown in 

Table. 4-5. It is learned from tensile results that the CLC alloy has worst tensile 

properties at room temperature when compare to the GISS and G+H alloy. And room 

temperature tensile strength of the GISS alloy and G+H alloy are almost the same but 

its creep life of both GISS alloy and CLC alloy are longer than that of the G+H alloy. 

This phenomenon might indicate that there is not much effect of shape factor of α 

grain on high temperature creep properties, instead, total volume fraction of α phase 

took a more important place because the lower volume fraction of α phase the higher 

density of silicon particles of the alloy, which can not only obstruct dislocation 

climbing or sliding but also reduce the rate of recovery more efficiency [47, 65]. 

Optical microscopy (OM) images of creep ruptured specimens are 

shown in Fig. 4-23, it is found that crack always initialized and grows along the 

boundaries between α phases and silicon particles, and some times occurred inside 

and dissevered the silicon particles. Cavity nucleation and accumulation phenomenon 

can be clearly observed in the Fig. 2-21.  Fracture surfaces were observed by SEM 

and shown in Fig. 4-25~Fig. 4-29.  It is learned that the flowability of α phase of 

both of the GISS and G+H alloys are higher than the CLC alloy.  In addition, the 

dimples of rupture surface of G+H alloy after creep at 225°C, 110MPa are deeper 

than those at 200°C, 110MPa because higher temperature provides higher ductility.  

Some cracked silicon particles can be obviously found in SEM image with high 

magnifications such as in Fig. 4-29, the mechanism of silicon particle dissevering 

might be dislocation line cutting. 

[ (ln ) / (1/ )]T  


ln

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Stress 

Tempe

rature 

(K)  

Average minimum creep 

rate min


(s
-1

) 

Average time to rupture 

(hour) 

CLC GISS G+H CLC GISS G+H 
210 473 - - 3.19E-3 - - 0.01 
190 473 - - 4.91E-5 - - 0.93 
190 448 - - 6.00E-7 - - 7.2 
170 498 - - 2.10E-5 - - 0.19 
170 473 - - 1.84E-6 - - 1.8 
170 448 - - 1.05E-7 - - 21 
150 523 - - 9.22E-6 - - 0.12 
150 498 - - 2.66E-6 - - 0.93 
150 473 2.15E-7 3.13E-7 2.65E-7 7.3 6.3 6.6 
150 448 - - 4.28E-8 - - - 
130 523 3.76E-6 5.26E-6 3.66E-6 0.35 0.29 0.29 
130 498 8.82E-7 9.53E-7 1.11E-6 2.0 2.0 1.8 
130 473 1.08E-7 1.48E-7 1.34E-7 14 15 13 
130 448 - - 2.23E-8 - - - 
120 473 - - 7.13E-8 - - 19 
110 523 2.10E-6 2.29E-6 2.24E-6 0.78 0.81 0.87 
110 498 3.20E-7 4.38E-7 4.30E-7 4.8 4.8 4.1 
110 473 4.99E-8 5.39E-8 4.66E-8 - - - 
110 450 - - 6.73E-8 - - - 
110 448 - - 

 

1.26E-8 - - - 
100 473 - - 3.63E-8 - - - 
90 523 9.99E-7 1.14E-6 7.58E-7 - - - 
90 498 1.39E-7 1.44E-7 1.72E-7 - - - 
90 473 1.88E-8 1.95E-8 2.03E-8 - - - 
90 450 - - 8.82E-9 - - - 
90 448 - - 5.23E-9 - - - 
80 473 - - 1.54E-8 - - - 
70 523 3.56E-7 3.80E-7 3.54E-7 - - - 
70 498 4.87E-8 4.56E-8 5.75E-8 - - - 
70 473 - - 8.86E-9 - - - 
60 473 - - 8.50E-9 - - - 
50 498 - - 1.31E-8 - - - 
50 473 - - 6.38E-9 - - - 
30 498 - - 4.48E-9 - - - 

 

 

  

Table. 4-5  Minimum creep rate and time to rupture of SSM A356-T6 alloys. 
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Reference Material Process 
Power law stress 

exponent n  

Activation energy of creep 

Qc (kJ/mol) 

Y. Zhou A356 CLC + T6 3.8-4.8 146.4-175.9 

(This Study) A356 GISS + T6 4.2-5.5 146.9-183.7 

 A356 G+H + T6 4.2-5.1 138.6-151.6 

W. M. V.  AA3104 SSM + direct chill  5.7 174 

Haaften, 2002 AA5182 casting 3.3 120 

S. Spigarelli, 

2002 

Al-17Si 

-1Mg-0.7Cu 

- 3-5 130 

T. Jaglinski, 

2004 

Al-Si based Die-casting  163-261 

S. Spigarelli, 

2004 

Al-17Si-4Cu 

-0.55Mg 

Thixoforming 4.4 210 

J. C. Dandrea, M4032-2 High pressure die-cast - 190-272 

2009 332 Permanent mold - 173-284 

 332RR Permanent mold - 122-137 

 333 Permanent mold - 125-356 

Table. 4-6  Stress exponential and activation energy of creep. 
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Fig. 4-14  Typical creep curve of as-solutioned, under aged, peak aged and over aged A356 alloy 
at constant temperature of 473K (200°C) and constant load of 150MPa.    

Fig. 4-15  Creep curves of CLC, GISS and G+H alloys of creep tested at 498K (225°C) and 
constant load of 70MPa.    
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Fig. 4-16  Stress exponent n of CLC A356-T6 alloy.  

Fig. 4-17  Stress exponent n of GISS A356-T6 alloy.  
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Fig. 4-18  Stress exponent n of G+H A356-T6 alloy.  

Fig. 4-19  Activation energy of creep of the CLC A356-T6 alloy.  
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Fig. 4-20  Activation energy of creep of the GISS A356-T6 alloy.  

Fig. 4-21  Activation energy of creep of the G+H A356-T6 alloy.  
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Fig. 4-22  Optical micrographs of longitudinal section of SSM A356 alloy group 9 with (A) 
as-solution, (B) Under aged, (C) Peak aged and (D) Over aged, and the arrows denote stress 

direction. 
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Fig. 4-23  Optical micrographs of longitudinal section of SSM A356-T alloy (A) CLC, (B) GISS, (C) 
G+H and (D) G+H with higher magnification, and the arrows denote stress direction. 
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Fig. 4-24  Optical micrograph of longitudinal section of SSM A356-T6 alloy G+H and the arrows 
denote stress direction. 

Fig. 4-25  SEM fractograph of SSM A356-T6 alloy CLC after creep test at 200°C, 110MPa. 
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Fig. 4-26  SEM fractograph of SSM A356-T6 alloy GISS after creep test at 200°C, 110MPa 

Fig. 4-27  SEM fractograph of SSM A356-T6 alloy G+H after creep test at 200°C, 110MPa. 
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Fig. 4-28  SEM fractograph of SSM A356-T6 alloy G+H after creep test at 225°C, 110MPa. 
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(A) 

 

 

 
 

(B) 

 

Fig. 4-29  (A) SEM fractograph of SSM A356-T6 alloy G+H after creep test at 200°C, 110MPa. (B) 
The corresponding EDS of the silicon particle at arrow tip. 
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4.4. Primary stage of the creep curves 

Unlike some researchers’ report previously introduced in the Chapter 1 

and 2, in this study, very long time primary stages were observed on the creep curves 

especially those at 175-200°C (448-473K) with low applied stress and most of them 

seems have a very slow decelerating stage after the short fast decelerating stage, 

which is so slow that some times it could be approximately considered as a linear 

stage (Fig. 4-30). However, this kind of phenomenon could not be clearly observed at 

higher temperature (225-250°C, or 498-523K) or high stress conditions (175-200°C, 

or 448-473K with σ>0.8UTS) (Fig. 4-31). Consider of the stress-strain curves of 

various temperature tensile tests, it means this stage appears at the temperature range 

of work hardening process only, thus it is reasonable to assume that it is a sort of 

dislocation or maybe also precipitates hardening process, and we would like to name 

it as linear hardening stage. Fig. 4-30 demonstrated a typical four stage creep curve of 

the A356-T6 alloy at 200°C (473K), moreover the linear hardening stage will be more 

clear if we minus the steady creep strain ss t


  ( ss t 


  ) from the creep curves, as 

it is illustrated in Fig. 4-32. A group of load change creep tests were done for further 

investigating of the linear hardening stage and there is a typical curve of load change 

test at 200°C (473K) from 50MPa to 70MPa shown in Fig. 4-33, from which we can 

learn that the hardening happens at the first loading stage only. 

A TEM image of the A356-T6 alloy after 24 hours creep test and just 

reached the steady stage creep is shown in Fig. 4-34. Not much dislocation can be 

found in this stage, a reasonable conjecture for the main mechanism of creep at the 

primary and secondary stage is dislocation generation and annihilation interaction. 

The rate of dislocation generation is much faster than annihilation at the fast 

decelerating stage of the primary stage, but the rate of generation decelerates and 

annihilation accelerates when the density of dislocation increases, and then balanced 

at the linear hardening stage. 
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Fig. 4-30  A typical creep curve of the A356-T6 cast alloy.   

Fig. 4-31  A comparison of the creep curves of A356-T6 cast alloy at 200°C (473K) and 225°C 
(498K). 
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Fig. 4-32  Creep curves with minus the true steady creep strain ( ss t 


  ) of the A356-T6 cast 
alloy at 200°C (473K).   

Fig. 4-33  Creep curve of change load test of the A356-T6 alloy at 200°C (473K).   
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4.5. Modeling of creep of the SSM A356 alloy 

4.5.1 Modeling of primary stage of creep curve 

Equation (31) is obtained by logarithmically expanding equation (8), m 

can be got by least squares linear fitting of the strain-time curve of the primary state, 

where n is already learned by plot log10(minimum creep rate) to log10(stress), A can be 

calculated by equation (31) with fixed n and m and then the A, m and n could be 

adopted to the equations of time or strain hardening theories. However, in this study, 

it was found that the linear fitting method for calculating the parameter m is not very 

good fit because it needs carefully defining of the primary creep stage and do linear fit 

one by one, otherwise the precision of fitting will be unreliable, on the other hand, it 

was observed that not every logarithmic time-strain curve is well linearized, for 

example Fig. 4-35. Furthermore, the author tried his own way for parameter m 

calculation, by using least square nonlinear fitting on time-strain curve with initial 

value obtained by the Levenberg-Marquardt global optimization algorithm. The result 

of creep curves at 200 °C is demonstrated in Fig. 4-36. It is learned that the time 

hardening theory is not very suitable for modeling the A356-T6 alloy, because of the 

large primary stage as discussed in previous section. 

10 10 10 10log log log logA n m t               (31) 

There is another way to model the large primary stage including linear 

hardening stage is the use of the power low relationship equation (3), the stress 

Fig. 4-34  TEM image of A356-T6 alloy at steady stage at 200°C (473K).   
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exponent of the linear hardening is plotted in Fig. 4-37 by following equation (2) and 

activation energy of the linear hardening is obtained by the equation (30) and shown 

in Fig. 4-38, it is averagely 97 kJ/mol, or we could also defined the activation energy 

as activation energy of creep minus 97 kJ/mol = 56 kJ/mol. 

 At the same time, some statistical relationship of total time of the 

linear hardening stage has to be found in order to well describe the linear hardening 

stage and it is plotted in Fig. 4-39, and Boltzmann Sigmoid Equation (32) was used to 

import to conclude this relationship at 175 and 200°C. 

2 1 2 0( ) / (1 exp(( ) / ))LHt A A A d              (32) 

where tLH is time of linear hardening stage, σ is stress, σ0 is medium 

value of the sigmoid and A1, A2 are constants. Unfortunately, database of this research 

is not enough to determine the relationship of parameters between different 

temperatures, so unification equation was not available to be constructed. 

There are two ideas to model the primary stage and the linear 

hardening stage, one is separate strain into two parts, strain of primary stage and strain 

of linear hardening stage,  

Unfortunately, it is hard to conclude the less regular result into an 

equation. Therefore, a new approach should be found to model this special and less 

statistical phenomenon. 

 

 
 

Fig. 4-35 Logarithmic time-strain curve of creep test at 225°C, 90MPa of the A356-T6 cast alloy.    
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Fig. 4-36  Simulation of primary stage of creep curves of A356 cast alloy at 200°C, the solid lines 
are experimental curve and the hollow lines are simulative curve by the time hardening equation.   

Fig. 4-37  Stress exponent of linear hardening stage at 200C° (473K) of the A356-T6 cast alloy.   
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Fig. 4-38  Activation energy of linear hardening stage at 200C° (473K) of the A356-T6 cast alloy.   
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(A) 

 

 

(B) 

 

Fig. 4-39  Total time to the end of linear hardening stage at 200C° (473K) (A) and 175C° (448K) 
(B) of the A356-T6 cast alloy   
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4.5.2 Modeling of both primary and linear hardening stage by some 

novel equations 

In order to solve the problem in paragraph 4.4.1, an arctangent 

equation (34) was imported to modeling the large primary stage of the creep curves, 

and later was modified into novel equations (35), (36) and (37) were proposed in this 

study, where nLH is stress exponent of the linear hardening stage, nc is stress constant 

of the value of B, A is a constant corresponding to total creep strain before steady 

stage, B is a constant of the shape of the linear hardening stage, B2, AC and BC are 

constants plays similar role as A and B, AT and BT are constants similar as A and B but 

fixed with temperature, and C is a materials constant which unit is kJ/mol. 

min arctan( )E t A Bt  


             (34) 

2
min 2arctan( )LHE t A B n t   



            (35) 

min arctan( )cn

T TE t A B t   


                    (36) 

min arctan( exp( / ) )Cn

C CE t A B C RT t   


         (37) 

min arctan( )cn

C CE t A B t   


              (38) 

There are two way to find out the best value of the constant A and B in 

equation (35). One is eyeballing method, define A by total strain before steady stage 

and determine B by observe the shape of the linear hardening stage, but both 

efficiency and precision of this method is low. Another solution is the author’s 

creation which introduced in the last paragraph, nonlinear fitting by 

Levenberg-Marquardt global optimization algorithm. 

According to the experimental data and the nonlinear fitting by 

Levenberg-Marquardt global optimization algorithm method, A and B2 of the 

semi-solid alloy A356-T6 G+H is about 0.01326 and 6.39E-7 and as it is shown in Fig. 

4-40 that unlike the time hardening theory, the numerical regenerated creep curve 

made by equation (35) is highly correspond to the experimental curve in a very wide 

range of stress, which is from 0.25~0.85σUTS. 

However, in one hand, because of the limitation of the experience 

some times it is not easy to find out the value of nLH, in the other hand it is worth 

while to fix the equation to adapt with various temperature levels, so the author would 

like to propose equation (36) for fitting the data in the primary stage, though there are 

some disadvantages of equation (36) such as it does not work well when stress is 

above 0.8σUTS, on the other hand, the advantages of this equation is it does not have 

relationship with nLH and can adapt with creep curves at different temperature levels. 

In this case the value of AT and BT might be constants or other kind of relationship of 

temperature, and nc could be approximately considered as a constant. 
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As it is shown in Fig. 4-41 that the AT is not sensitive with temperature 

and stress, so it could approximately considered as a constant AC when the 

temperature range is not too wide. According to Fig. 4-42 and Fig. 4-43 that value of 

Ac, nc, C and Bc of equation (37) in this case are approximately 0.001326, 5.081, 

135.4kJ/mol and 2.26E-27, respectively. 

Unfortunately, the equation (37) may not be the perfect unification 

equation, because by the limitation of database of this study, there are not enough data 

to test this equation. However, all of these novel equations gave an idea of modeling 

by image method and it could be perfect and improved in the future. Moreover, when 

the temperature is constant, BT can be considered as a constant BC, and then a 

simplified equation was obtained as equation (38). 
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(A) 

 

 

 

(B) 

 

Fig. 4-40 A comparison of experimental creep curve (solid lines) and numerical regenerated 
creep curve (plots) by time hardening theory (A) and equation (35) proposed in this study. 
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Fig. 4-41 Relationship between temperature, stress and constant Ac. 

Fig. 4-42 Value of stress exponent nc of the equation (37). 
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4.5.3 Modeling of tertiary stage and total of creep curve 

Tertiary stage of creep curves of the G+H A356-T6 cast alloy were 

modeled and some of the results are shown in Fig. 4-44, in which the solid lines are 

experimental data at 200°C and the hollow points are simulative data computed by the 

damage equations (12) and (13). The damage tolerance factor at stress levels of 110, 

130, 150 and 170MPa are 4.5, 10.5, 13.2, 29.7 respectively, which proved that the 

main mechanism begins the tertiary stage of creep is precipitation coarsening [66]. 

Total creep curve modeling is achieved by equation (35), it is 

combined by equation (8) and (13) with superposed area subtracted. An example is 

shown in Fig. 4-45, in which the curves are SSM A356-T6 alloy at 200°C, average 

value A is about 1.86E-15, n is 5.08~5.23, m is around 0.35, λ is the same as listed in 

the last paragraph. It is learned that the result is reasonable but not perfect, which 

means the hardening-damage interaction conjecture can not perfectly model the creep 

behavior of G+H A356-T6 alloy, though it is quite suitable for some other kind of 

metals and alloys.  

In the author’s opinion, it probably because as it was introduced 

previously, the Kachanov damage theory and equation (11) defined the virgin metal 

before creep test as a piece of perfect metal, and creep damage accumulates during 

Fig. 4-43 Value of constant C of the equation (37). 
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creep until fracture, however, the point is, none of virgin metal in the lab is perfect, 

especially the cast alloys, instead, there are quite much defects in the alloys. These 

defects substantially decrease the plasticity of the alloy and more or less lead an 

excursion between the creep regenerated curve and experimental curve. There are 

three solutions may help to solve the problem, first is to perform the multi-axial creep 

test by using notch specimens, second is to analyze stress concentration by micro or 

meso mechanics, and the last solution is to modify the Kachanov equation to adapt the 

imperfect alloys, it is obviously that the third method is the easiest way to achieve. 

The author modified the Kachanov equation (13) by approximately presuming that the 

defects in the virgin metal is also a kind of damage, though it might be unreasonable 

in the micro mechanics perspective, however it is a easy way to obtain an high 

precision results with low cost, and the modified equation is equation (39), where t0 is 

a parameter that assume the alloy already been crept and got some damage (defects) 

for t0 time before the real creep test. 

1/[1 (1 ) ]n m
mc t

r

t
A t t

t

   


               (38) 

1/0

0

( )[1 (1 ) ]c f t

r

t t
or

t t

  


  


         (39) 

 

 

 

 

Fig. 4-44  Simulation of tertiary stage of creep curves of SSM A356-T6 alloy group 10 at 200°C, 
the solid lines are experimental curve and the hollow lines are simulative curves by the Kachanov 

equation.   
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4.6. Creep rupture life prediction of the SSM A356 alloy 

A Monkman-Grant relationship is shown in Fig. 4-46, it is clear that 

the data is more convergent in the area of small stress than in the large stress area. 

As it was introduced in the chapter 2 that the Larson-Miller 

extrapolation method is the most widely used method in the industrial applications 

and the Dorn-Orr-Sherby extrapolation is more close to the nature of materials, so that 

both of them have been used for normalizing the creep rupture data of the SSM A356 

alloy G+H. 

The Larson-Miller method assumes that the creep rupture data with 

different stress levels would converge into a point in the log(tr)-(1/T) coordinate, as it 

is illustrated in Fig. 4-47, but it does not happen in this research. Instead, all the data 

of the SSM A356 alloy G+H is divergent, or at least should be regarded as 

approximately parallel, as shown in Fig. 4-48, hence it might be concluded that the 

Larson-Miller method is not suitable for predicting the SSM A356 alloy. 

Unlike Larson-Miller parameter, the Dorn-Orr-Sherby method 

conjectures that creep rupture data at different stress levels are parallel with each 

other, as it is sketched in Fig. 4-50. The result shown in Fig. 4-51 is more satisfactory 

Fig. 4-45  Simulation of total creep curve of SSM A356-T6 alloy by the hardening-damage 
interaction theory.   
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than the one obtained by the Larson-Miller method. 
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Fig. 4-46  Monkman-Grant relationship of the SSM A356 alloy G+H.  

Fig. 4-47  Sketch of extrapolation convergence of the Larson-Miller method.  
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Fig. 4-48  Creep rupture data normalization of the SSM A356 alloy G+H by using the 
Larson-Miller extrapolation method.  

Fig. 4-49  Creep rupture life of the SSM A356 alloy G+H extrapolation by using the Larson-Miller 
method.   
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Fig. 4-50  Sketch of parallel stress levels of the Dorn-Orr-Sherby extrapolation method.   

Fig. 4-51  Creep rupture life of the SSM A356 alloy G+H extrapolation by using the 
Dorn-Orr-Sherby method.   
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4.7. Conclusions 

A group of A356 alloy was cast with conventional liquid casting and 
the Gas-Induced Semi-Solid (GISS) casting, and globular microstructure was obtained 
by the GISS casting.  Mechanical properties of the alloys were further improved by 
T6 heat treatment with under, peak and over aged artificial aging. 

Room temperature tensile properties (25°C, 298K) of A356-T6 alloy 
produced by different processes including both conventional liquid casting and the 
GISS casting.  It was learned that the GISS process plus holding is good for 
producing globular α grain, but the alloys produced by short time GISS process (5s 
and 10s) without holding has smaller α grain and higher density of silicon particle. 

Effects of average size of α grain, average size of silicon particle, 
shape factor, total volume of α phase and density of silicon particle on tensile 
properties were investigated and it was pointed out that these factors substantially 
affect but none of them could dominate the tensile properties.  It was learned that the 
group 2 alloy produced by the GISS process has the highest tensile strength at room 
temperature (331.6±2.7MPa, strain rate 0.001/s) and it might indicated that smaller α 
grain size and higher density of silicon particle provide better tensile strength. 

Tensile properties at temperature range of 25~250°C (298~523K) of 
the A356 aluminum low pressure squeeze cast alloys were investigated and 
satisfactory results were obtained by comparing to the report from the handbooks and 
other researchers.   Work softening occurred during tensile test at 250°C indicated 
that the A356 aluminum alloy is not suitable to service at such high temperature. 

A level arm creep test machine was successfully designed and 
fabricated.  The error of temperature, force and displacement recording were 
controlled to a satisfactory range (±1°C, ±0.4kg and ±0.001μm, respectively) by 
strictly adjustment. 

Creep behaviors at 175~250°C (448~523K) of the low pressure 
squeeze cast A356-T6 aluminum alloys produced by conventional liquid casting 
process (CLC), GISS process and GISS plus holding period were investigated.  
Anti-creep properties of the CLC alloy and GISS alloy are similar but G+H alloy is 
lower.  According to the microstructure it is reasonable to infer that density of 
silicon particle is a key factor which affects creep properties, and higher density of 
silicon particle can obstruct the dislocation flow more efficiency.  Activation energy 
of creep of the CLC, GISS and G+H alloys are 159.8, 163.1 and 144.5 kJ/mol 
respectively, and they are close to the activation energy of self-diffusion of pure 
aluminum (142 kJ/mo).  As it is generally believed that the higher activation energy 
means better the anti-creep property. 

Anti-creep properties of the GISS + Holding alloy with different heat 
treatment process were also be tested and the under aged A356 alloy it better than the 
as-solutioned, peak and over aged ones.  Some previous researchers pointed out that 
this is because the precipitates of the over aged alloy are too coarse and lead 
brittleness to the alloy. 

Large primary stage of creep curves of the A356-T6 alloys was 
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observed and it is probably governed by dislocation generation, dislocation hardening 
or secondary phase precipitating process. 

A new approach for obtaining the best values for creep modeling by 
method of Marquardt was invented.  Values defining of the constant of the 
constitutive equation of creep behavior became much easier and faster by using this 
method. 

Several novel equations was created, which could model the primary 
stage of creep curves with good precision. 

Kachanov damage theory for modeling the tertiary creep stage was 
proposed to import a pre-damage-time parameter but there is not enough data to prove 
this modified equation in this study. 

Monkman-Grant, Larson-Miller and Dorn-Orr-Sherby creep life 
prediction theories were used to conclude creep rupture life of the GISS A356-T6 
aluminum alloys. 
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