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Recent years, magnesium alloys have been one of the attractive metals 

among structural materials owing to their several advantages such as high 

strength to weight ratio, high thermal conductivity, high dimensional 

stability, good electromagnetic shielding characteristics, high damping 

capacity and good machinability to use in various applications. Magnesium 

alloys have generally been produced by various manufacturing technologies 

including high/low pressure die-casting, extrusion, strip-casting etc. Among 

them, high pressure die-casting is one of the representative casting processes 

and has several advantages such as fine microstructure due to fast cooling, 

good surface quality and high strength. Therefore, over 95% of magnesium 

applications have been produced on a high pressure die-casting process in 

the world. In high pressure die-casting, a molten metal is injected into die-

cast mold to produce various products for automotive and electronic 

applications. One of the major issues in high pressure die-cast magnesium 
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alloys has been focused on the development of heat resistant alloys by the 

addition of various alloying elements for automotive applications which 

require heat resistance.  

In the first chapter, in order to improve the high temperature mechanical 

properties of high pressure die-cast magnesium alloys, Mg-Al-Sn based 

alloys have been developed by using relatively inexpensive alloying 

elements. At first, Sn was added to Mg-6 wt.% Al alloy as a second alloying 

element, and then various alloying elements including Ca, Sr and Mm were 

also added to the Mg-Al-Sn alloy. These alloys were produced on a 320 ton 

die-cast machine with vacuum system. The microstructure is mainly 

consisted of a-Mg, Mg17Al12 and Mg2Sn phases in Mg-6 wt.% Al-4 wt.% Sn 

(AT64) alloy. The Mg2Sn phase in dendrite boundaries is disappeared by the 

addition of Ca, and coarse CaMgSn and Al2Ca phases newly appeared in 

Mg-6 wt.% Al-4 wt.% Sn-1 wt.% Ca (ATX641) and Mg-6 wt.% Al-4 wt.% 

Sn-2 wt.% Ca (ATX642) alloys. The additional alloying elements such as Sr 

and Mm to ATX alloys reduced the size of CaMgSn phase, also thermally 

stable precipitates fractions were increased. The yield strength of each alloy 

was significantly improved due to the addition of alloying elements at room 

temperature and 150oC. Creep tests of high pressure die-cast magnesium 

alloys were performed under conditions of the applied stress of 70 MPa at a 

temperature of 150oC. From these tests, creep properties were also improved 

by the addition of alloying elements. The dominant creep mechanisms for 

Mg-6 wt.% Al-4 wt.% Sn-1 wt.% Ca (ATX641) and Mg-6 wt.% Al-4 wt.% 

Sn-2 wt.% Ca (ATX642) alloys were investigated. From this study, the 

dominant creep mechanism for the ATX641 alloy is inferred as dislocation 

climb in the range of the applied stress from 30 to 90 MPa. On the other 
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hand, in the ATX642 alloy, grain boundary sliding was dominant in the range 

of the applied stress from 30 to 70 MPa at 150oC, and dislocation climb in 

the range of the applied stress from 70 to 90 MPa at 150oC. It was possible 

to suggest that the theoretical background to develop improved alloy systems 

through the understanding of creep mechanisms for the developed 

magnesium alloys. 

In the second chapter, the relationship between casting defects and 

mechanical properties of high pressure die-cast Mg alloys were investigated. 

High pressure die-cast magnesium alloys showed variation in the mechanical 

properties depending on internal defects such as microporosity and brittle 

precipitates. In order to investigate tensile elongation to microporosity 

variation in high pressure die-cast magnesium alloys, we suggested 

theoretical model to predict tensile elongation having microporosity which 

takes into account strain related factors such as the strain hardening exponent, 

strain rate sensitivity and microporosity distributions. The decrease level of 

mechanical properties due to microporosity is defined as the defect 

susceptibility, and this is strongly dependant on its microstructural factors. 

The Mg17Al12 phase in Mg alloys gives negative effect on their ductility due 

to crack initiation. The increase in the total fraction of precipitates and the 

decrease in the spacing between precipitates were existed by combined 

addition of Sn and Ca. The yield strength of die-cast Mg-6Al base alloys 

increased by the addition of alloying elements such as Sn, Ca, Sr and Mm, 

however, the tensile strength and elongation were decreased in Mg-6Al-X 

(Sn, Ca, Sr and Mm) alloys due to precipitates at dendrite boundaries. The 

defect susceptibility of tensile elongation to microporosity variation slightly 

increased by the addition of alloying elements. The strain hardening 
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exponent of each alloy was decreased by the addition of Sn and Ca. 

Constitutive prediction proposed by A. K. Ghosh was used to verify the 

experimental results based on the strain hardening exponent and the strain 

rate sensitivity of investigated alloys. From the calculations, the strain within 

void region is deviated from the iso-strain line, and the degree of deviation 

from the iso-strain line is strongly dependant on the strain hardening 

exponent. However, predicted tensile elongation in the magnesium alloys 

using the original Ghosh`s model did not agree with the experimental values. 

In this thesis, the modified constitutive model which considers microporosity 

distribution factors agrees well with the experimental results than the 

original Ghosh`s constitutive model. In the design of high strength and high 

ductility die-cast Mg alloys which have casting defects such as 

microporosity or brittle precipitates, the use of the modified constitutive 

model may provide useful directions from the view of optimization of the 

high pressure die-casting process for removal of casting defects, or alloy 

design by the addition of alloying elements for modification of the 

microstructural factors. 

Keywords: Die-casting, Mg-Al-Sn Alloys, Microstructure, Mechanical 

Property, Creep Property, Microporosity, Constitutive Model 

Student Number: 2007-20714 
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Chapter 1 General background 

 

1.1 Die-casting process 

 

Casting processes are among the oldest methods for manufacturing metal 

products. In early sand casting processes, the mold should be destroyed in 

order to remove the product after solidification. The need for a permanent 

mold, which could be used to produce components in nearly endless quantities, 

was the obvious alternative. A high pressure die-casting (HPDC) process was 

firstly designed and developed by H. H. Doehler [1], which the molten metal 

is injected from the shot sleeve with low/high speed of plunger movement into 

a metallic die. As an example of a near net shape manufacturing process, a 

high pressure die-casting process is a high volume production rate process, 

which produces various nonferrous castings such as aluminum, zinc, and 

magnesium with superior surface quality. A high pressure die-casting process 

can produce various products such as automotive and electronic applications.  

High pressure die-casting processes are generally divided into hot chamber 

and cold chamber types. The apparent difference between hot chamber and 

cold chamber type is injection system. A schematic of a hot chamber die-

casing machine is shown in Figure 1.1 (a). A significant portion of the metal 

injection system is immersed in the molten metal at all times. This helps keep 

cycle times to a minimum, as a molten metal needs to travel only a very short 

distance for each cycle. A hot chamber high pressure die-casting machine 

typically manufactures relatively small product with low pressure compared 

with a cold chamber high pressure die-casting machine, and is used for low 

melting point metals, such as lead or zinc alloys. Higher melting point metals 
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such as aluminum alloys, cause rapid degradation of the meal injection system. 

On the other hand, a cold chamber die-casting machine is consisted of the shot 

sleeve and plunger systems instead of gooseneck and piston. A schematic of a 

cold chamber die-casting machine is presented in Figure 1.1 (b). A cold 

chamber die-casting process is typically used to relatively large scale die-cast 

components using aluminum, magnesium and zinc alloys. Unlike the hot 

chamber high pressure die-casting machine, the metal injection system is only 

in contact with the molten metal for a short period of time. Molten metal is 

ladled into the shot sleeve for each cycle. To provide further protection, the 

die cavity and plunger tip normally are sprayed with an oil or lubricant. These 

can increase the life of metal die and reduce the adhesion of the solidified 

component. In a cold chamber die-casting process, the control of plunger 

conditions such as plunger diameter, low and high phase velocity of plunger 

are important factors to reduce internal gas porosity during plunger movement. 

Even though the condition of plunger is optimized, entrapped gas porosity can 

be formed during melt filling, and this induces the decrease of mechanical 

properties. In recent, a vacuum assisted high pressure die-casting has been 

developed to remove internal gas porosity [3, 4]. The typical sequence of high 

pressure die-casting with vacuum system follows a similar production cycle. 

Figure 1.2 shows an illustration of the cycle of a cold chamber die-casting 

process with vacuum system. At first, liquid metal is poured into the shot 

sleeve (1), and then the plunger immediately pushes (2) melt into the die 

cavity under low/high speed with high pressure with the assistance of vacuum 

evacuation (3). After melt filling, high pressures are maintained during 

solidification (4). After completing solidification, the die-cast mold opens and 

the component is ejected from the die-cast mold (5). 
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(a) Hot chamber die-casting machine 

 

 

(b) Cold chamber die-casting machine 

 

Figure 1.1 Schematics of high pressure die-casting machine; (a) hot chamber 

type and (b) cold chamber type [1]. 

 



 

 

 

 

 
4

 

 

 

 

 

 

Figure 1.2 Sequence of cold chamber die-casting process with vacuum 

system; (1) melt pouring, (2) injection, (3) vacuum evacuation, (4) 

melt filling and (5) vacuum shut-off [2].  
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1.2 Development of casting Mg alloys 

 

In recent, there has been an increasing interest in efficient use of energy and 

the reduction of environmental contamination due to CO2 emission around the 

world. The demand for fuel efficiency in automotive or aerospace applications 

is steadily growing. Most of the major automotive companies investigate the 

increase in the fuel efficiency of vehicles. The approach to improve vehicle 

fuel efficiency as the most efficient way is the reduction of vehicle weight. 

The reduction in weight of various components can be achieved by using light 

weight materials. The Material involves replacing heavier iron and steel used 

in vehicle with weight saving materials such as aluminum, magnesium, 

titanium, plastics and polymer composites. Plastics and polymer composites 

are also expected to replace some steel in the vehicle, but to a smaller degree 

given the higher costs of these materials. Thus, several automotive companies 

have been having an interest in the development of various component made 

of magnesium alloys as a structural material for the vehicle weight reduction 

[5-10]. A density of magnesium is 1.74 g/cm3 which known as the lightest 

metals in all of structural materials. For this reason, magnesium alloys have 

been widely used in automobile and electronic components which require low 

density. Moreover, magnesium alloys are used in various applications in many 

fields because of the excellent properties that are high specific strength, high 

thermal conductivity, high dimensional stability, good electromagnetic 

shielding characteristics, high damping characteristics and good machinability. 

The United States, European Union and the Asia automotive industry have 

developed corresponding research department and industry alliance to develop 

and implement the relevant research and development program of magnesium. 
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Then the use of magnesium and its alloys is currently used to applications 

such as the cylinder head cover, steering wheel core, seat frame, transmission 

case and instrument panel etc. Not only these products, various magnesium 

applications in automobile applications in the world are listed in Table 1.2. 

In order to develop high performance die-cast Mg alloys, the selection of 

alloying elements and their amount should be seriously considered to 

commercialize as products. Figure 1.3 demonstrates effects of alloying 

elements including Al, Ca, Sr and Mm to magnesium alloys as a function of 

element concentrations [11]. The Al concentration in the heat resistant 

magnesium alloy is the most important rather than other alloying elements in 

the view point of high temperature mechanical properties. As can be seen, 

tensile, compressive, fatigue strength and castability can be increased by the 

addition of Al. One the other hand, creep strength, ductility and impact 

strength can be decreased while cost increases according to Al concentration. 

Commercial magnesium alloys such as AM50, AM60 and AZ91D alloy have 

poor creep resistance at temperatures above 120oC due to thermally unstable 

Mg17Al12 phase, which have made them inadequate for major powertrain 

applications. In case of Ca, Sr or Mm additions in die-cast Mg-Al alloys leads 

the improvement of creep and ambient strength according to their 

concentrations. However, high contents of these alloying elements give 

negative effects on their cost, castability, ductility and impact strength. 
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Table 1.1 Global magnesium applications in automobiles [5]. 

System Component North 
America 

Europe Asia 

Interior Instrument Panel O O O 
Knee Bolster Retainer O   
Seat Frame O O O 
Seat Riser O O O 
Seat Pan O O  
Console Bracket O   
Airbag Housing O   
Center Console Cover O O  
Steering Wheel O O O 
Keylock Housing O   
Steering Column Parts O O O 
Radio Housing O O  
Glove Box Door O   
Window Motor Housing O O  

Body Door Inner Panel  O  
Liftgate Inner Panel O O  
Roof Frame O O  
Sunroof Panel O O  
Mirror Bracket O O  
Fuel Filler Lid O O  
Door Handle  O O 
Spare Tire Carrier O   

Chassis Wheel (Racing) O O O 
ABS Mounting Bracket O   
Brake Pedal Bracket O  O 
Accelerator Bracket O   
Brake/Clutch Bracket O   
Brake Pedal Arm O   

Powertrain Engine Block  O  
Valve Cover/Cam Cover O O O 
4WD Transfer Case O   
Transmission Case  O O 
Clutch Housing & Pistol O   
Intake Manifold O O  
Engine Oil Pan  O O 
Alternator/AC Bracket O   
Transmission Stator O   
Oil Filter Adapter O  O 
Electric Motor Housing O   
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Figure 1.3 Effects of alloying elements on mechanical properties in Mg 

alloys as a function of concentration [11]. 
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For the last four decades, various heat resistant magnesium alloy systems 

have been developed in the world. Creep resistant magnesium alloys should 

exhibit an adequate combination of castability, creep performance, corrosion 

resistance, ambient strength and reasonable cost to meet the requirements for 

manufacturing powertrain components. In order to solve these problems, 

they are not only developing new alloys but also performing researches to 

replace expensive alloying elements with relatively cheap alloying elements. 

In recent, developed creep resistant magnesium alloys include Al, Sn, Ca, Sr, 

RE etc. Most of these additives are used to enhance creep resistant properties. 

Each commercial magnesium alloy system is briefly introduced as follows. 

 

○ Mg-Al-Zn (Mg-Al-Mn) Alloys  

 

A high pressure die-casting process shows excellent productivity due to 

the short cycle time. Moreover, the high pressure die-cast products exhibit 

enhanced mechanical properties with the refined microstructure due to the 

fast cooling rate [12-14]. Therefore, a high pressure die-casting is the most 

widely utilized process to produce Al alloy or Mg alloy components [15]. In 

case of die-cast Mg alloys, it is necessary to add Al to the Mg alloys due to 

castability. Majority of the die-cast Mg alloys are made from Mg-Al base 

(AM50, AM60) and Mg-Al-Zn base (AZ91) alloys. AM50 and AM60 alloys 

exhibit a good combination of strength and ductility, and AZ91 alloy shows 

excellent castability and strength. These commercial die-cast Mg alloys are 

suitable for structural applications which require appropriate strength and 

ductility such as seat frames, instruments panels and steering wheels. As can 

be seen above, Al is added to Mg as the prime alloying element in a high 

pressure die-casting process to increase the strength and castability. However, 
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a high Al contents can decrease ductility due to brittle Mg17Al12 precipitates 

[16]. This precipitate can induce the formation of crack through the 

debonding process between the a-Mg and the Mg17Al12 phase. Moreover, 

this phase can be easily dissolved at elevated temperature, high temperature 

mechanical properties are significantly decreased. Therefore, the amount of 

Al addition should be controlled properly in high pressure die-cast Mg-Al 

alloys for high temperature applications. 

 

○ Mg-Al-Si Alloys 

 

In the 1970's, Volkswagen firstly developed the Mg-Al-Si based alloy system 

that was the firstly commercialized development in creep resistant magnesium 

alloys. The addition of Si to the die-cast Mg-Al alloys leads to the formation 

of the Mg2Si precipitate that has low density, high hardness, low thermal 

expansion coefficient, and a high melting point (1,085oC). However, Si is 

unable to effectively suppress the formation of Mg17Al12. Therefore, typically 

two phases including Mg17Al12 and Mg2Si phases are precipitated in the AS 

alloy system [12]. It should be noted that the eutectic Mg17Al12 phase having 

low melting point (437oC), adversely affects the creep strength of magnesium 

due to its softening at high temperatures, which leads to grain sliding and hot 

cracking. It is believed that the moderate increase in the creep strength is 

achieved due to the ability of Mg2Si phase to pin dislocations as well as the 

grain boundaries. The Mg2Si precipitate has a FCC crystal structure and is 

thermally stable phase that forms in Chinese script morphology under slow 

cooling conditions, which are responsible for very low ductility. On the other 

hand, Chinese script type Mg2Si precipitate can change to polygonal type 

under fast cooling conditions or the addition of Ca and P [17]. In the die-cast 
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alloy, a fine distribution of the strengthening phase, Mg2Si, is achieved with 

resultant high temperature resistance and a satisfactory level of toughness.  

 

○ Mg-Al-Ca Alloys  

 

Ca addition, as a cheaper and lighter alternative to rare-earth elements, also 

contributes to high temperature properties [18, 19]. Calcium has the atomic 

weight, which is half of atomic weight of Sr and third of that of RE elements. 

Therefore, significantly less Ca additions are required compared to Sr and RE 

additions in order to obtain the same volume percentage of the second phase. 

Consequently, alloying with Ca provides maximum increase of both room 

temperature tensile and compressive yield strength, and especially creep 

strength for the equal weight percentage additions compared to Sr and RE 

metals. Since Ca is a relatively inexpensive element, it also provides the 

maximum increase of the above properties in terms of value to cost. Mg-Al-

Ca ternary alloys (AX series) in the range of 2~6% Al and 0.6~1.0% Ca show 

creep resistance at 150oC similar to the AE42 alloy with the added benefit of 

good corrosion resistance [12]. The Al2Ca phase has stability at high 

temperatures and the formation of the Mg17Al12 phase is suppressed. Despite 

its beneficial contribution to creep properties, Ca makes the alloy prone to hot 

tearing and die sticking especially when the level is above 1wt.%. 

 

○ Mg-Al-Sr Alloys 

 

Mg-Al-Sr alloys known as AJ systems have the various ranges of 

compositions including AJ51 (Mg-5%Al-1%Sr), AJ52 (Mg-5%Al-2%Sr) and 

AJ62 (Mg-6%Al-2%Sr) alloys. The AJ52 alloy shows the highest creep 
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resistance, while the AJ62 alloy provides a good combination of creep 

performance and castability [20, 21]. Depending on the Sr/Al ratio the AJ 

series alloys show different microstructures. For Sr/Al ratio below about 0.3, 

Al4Sr compound is the only second phase, which is present in the 

microstructure. Otherwise other intermetallics (a ternary Mg-Al-Sr phase) are 

observed. It is assumed that this ternary phase is mainly responsible for 

superior creep properties of AJ alloys due to its coherency with the primary 

Mg matrix. The Sr/Al ratio controls the suppression of Mg17Al12 as well. 

When the Sr/Al ratio is too low there would be insufficient amount of Sr to 

bind the all aluminum so the excess Al would form the Mg17Al12 phase. AJ 

series, having slightly worse creep properties than those of AE series, can 

barely compete with the former since AJ series suffer from poor elongation 

characteristics. Therefore, a future work is still required to optimize the Mg-

Al-Sr based alloys for a commercial utilization. 

 

○ Mg-Al-RE Alloys 

 

The beneficial effect of rare-earth elements on creep strength of magnesium is 

known since in 1970s and this particular knowledge led to development of AE 

series alloys. Rare-earth elements, in this alloy system, form at least one (in 

general a mixture) precipitate, which improves the creep strength due to 

complete suppression of the formation of Mg17Al12 precipitate. Rare-earth 

elements are relatively expensive and therefore a cheaper substitute known as 

Mischmetal, a mixture of several rare-earth elements that is enriched in one of 

the constituents is generally used. AE series constitute the standardized alloys 

in the group of Mg-Al-RE alloys, in which the benchmark alloys are AE42 

(Mg-4%Al-2%RE), and AE44 (Mg-4%Al-4%RE). These two alloys have a 
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slightly lower strength than AZ91D alloy at temperatures up to 130oC. 

However, for the temperatures greater than about 150oC, the strength is the 

highest among almost all commercial die-cast alloys including AM (Mg-Al-

Mn) and AS (Mg-Al-Si) series alloys, but still inferior to aluminum alloy 

A380. The microstructure of Mg-Al-RE alloys dictates the creep resistance of 

AE42 and AE44 alloys. Al4RE (also reported as AE11RE3) lamellar phase 

dominates the interdendritic microstructure, which also contains minor 

amounts of particulate Al2RE phase. The RE used in AE alloys consists 

primarily of cerium and lanthanum, which makes the Al4RE in the alloys a 

mixture of Al4Ce and Al4La. Since these phases are present at the grain 

boundaries they provide a very effective hindrance to grain boundary sliding, 

the dominant mechanism for creep in Mg-Al based die-cast alloys [23]. The 

Al4RE phase has a melting point of over 1,200oC, which explains the superior 

creep resistances of the AE series alloys as melting points of phases generally 

correlate to their thermal stability. Unfortunately, the thermal stability of 

Al4RE phase does not extend beyond 150oC, and hence AE42 alloy loses 

creep strength above this temperature. Microstructural analysis shows that the 

volume fraction of the Al4RE phase decreases while that of the less stable 

phases Al2RE and Mg17Al12 increases through phase transformations at higher 

temperatures such as 175oC. 

 

○ Mg-Al-Ca-Sr-RE Alloys 

 

In recent years, many Al containing Mg alloy systems have been developed 

with combined additions of rare-earth and alkaline earth elements. Nissan 

patent on an Mg-Al-Ca-RE alloy and later a Honda alloy ACM522 (Mg-

5%Al-2%Ca-2%RE) both claim improved creep resistance over AE42 alloy. 
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ACM522 alloy is based on specific Al/RE/Ca ratios to insure Al-RE 

precipitates in additions to Al-Ca intermetallics. This alloy is used by Honda 

in oil pans for their hybrid car. The microstructure of these alloys exhibit a 

combination of Al-RE and Al-Ca intermetallics mixtures. Several years ago 

Dead Sea Magnesium and Volkswagen AG initiated a comprehensive alloy 

development program aiming at developing new creep resistant, cost-effective 

die-cast magnesium alloys. From this institute, new Mg alloys designated as 

MRI153M and MRI230D have been developed [23, 24]. MRI153M is a 

beryllium free, low cost creep resistant alloy with the capability of long-term 

operation at temperatures up to 150ºC under high stresses. MRI153M alloy 

exhibits the die castability similar to that of AZ91D alloy. This was 

demonstrated and confirmed by die casting trials of complicated components 

such as transmission housings, oil pans, oil pumps, etc. The creep properties 

of MRI153M, at 100~150ºC under stresses of 50~110 MPa are also 

significantly superior to those of commercial alloys. This makes MRI153M as 

a superior candidate for automotive applications such as transmission 

housings, oil pans, valve covers etc.  

 

○ Mg-Al-Sn Alloys 

 

In most recent years, Sn added Mg-Al based alloy system has been 

developed. The addition of Sn to die-cast Mg alloys has several advantages 

such as low diffusivity in Mg (10 x 10-14 m/s2 at 400oC), low solid solubility 

in Mg at room temperature and high solubility in Mg at 800oC. Moreover, 

the thermally stable Mg2Sn phase can be precipitated within matrix and 

along grain boundaries which has melting point of 770oC, this phase leads to 

the improvement of high temperature mechanical properties in die-cast Mg-
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Al alloys [25]. The addition of Si to Mg-Al-Sn based alloys induces the 

formation of the Mg2Si phase together with the Mg2Sn, and these lead to 

increase the high temperature mechanical properties [26]. 

 

Typical mechanical properties of heat resistant Mg alloys for automotive 

applications are summarized in Table 1.2. 
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Table 1.2 Typical mechanical properties of casting Mg alloys [24-27]. 

Alloys 

Tensile Properties (25oC) Tensile Properties (150oC) 

Y.S. 

(MPa) 

U.T.S. 

(MPa) 

Elong. 

(%) 

Y.S. 

(MPa) 

U.T.S. 

(MPa) 

Elong. 

(%) 

AZ91D 160 240 6.0 105 160 18.0 

AS41 140 215 6.0 95 155 24.0 

AS21X 121 210 5.5 87 130 20.0 

AX51 128 192 7.0 102 161 7.0 

AX52J 162 205 5.0 138 175 8.0 

AJ62X 143 240 7.0 108 163 19.0 

AJ62LX 153 276 12.0 116 166 27.0 

AJ52X 134 212 6.0 110 163 12.0 

AE42 135 240 12.0 100 160 22.0 

ACM522 158 200 3.0 136 177 6.0 

AXJ531 190 238 8.0 - - - 

ZAX850 146 219 5.0 117 159 11.0 

MRI153M 170 250 6.0 135 190 17.0 

MRI230D 180 235 5.0 150 205 16.0 

TAS831 162 207 4.1 115 131 6.8 
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1.3 Creep behavior in materials 

 

Typical deformation of materials is only a function of stress, and irrelevant 

to time. However, creep behavior is the progressive deformation of a material 

at a constant stress (or load) and temperature [28]. During this slow and 

continuous deformation, the strain resulting from the permanent deformation 

depend not only the applied stress but also temperatures and times [29]. A 

typical creep curve which can be divided into three stages as presented in 

Figure 1.4. The first stage of creep, called as the primary creep denotes an 

area of decreasing creep rate. The primary creep is a stage of predominantly 

transient creep in which the creep resistance of materials increases by virtue 

of its deformation. The second stage of creep is called as secondary creep, 

which is a period of nearly constant creep rate. The secondary creep is usually 

referred to as the steady-state creep, where the associated creep rate can be 

determined by the following equation; 

 =̇
  

  
                           (1) 

where   ̇ = secondary creep rate. The steady-state creep rate demonstrates a 

balance between the competing factors of the rate of strain hardening and the 

rate of thermal recovery by certain rearrangement and annihilation of 

dislocations. The third stage known as the tertiary creep, mainly occurs when 

there is the reduction of the cross sectional area due to necking or internal 

void formation [30, 31]. 

M. F. Ashby proposed the concept of a deformation mechanism map, based 

on the assumption that all six deformation mechanisms concerned are 

independent and operates in a parallel way [32]. The six deformation 

mechanisms include (1) defect-less flow, (2) glide motion of dislocations, (3) 
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dislocation creep, (4) volume diffusion flow, (5) grain boundary diffusion 

flow and (6) twinning. The twinning can supply only a limited amount of 

deformation and usually does not appear in the deformation mechanism map. 

It should be noted that Ashby considered steady state flow only but no 

fracture. As illustrated in Figure 1.5, the deformation mechanism map is 

constructed with axes of normalized stress σ/ , where G is the shear 

modulus and T/Tm is the homologous temperature. The map is divided into 

several fields. Within a field, one mechanism is dominant, that is, it supplies a 

greater strain rate than any other mechanisms. The upper limit of the 

boundary is set by a theoretical or ideal strength of roughly G/20 to G/30. At 

stresses lower than the ideal strength, the deformation takes place by 

dislocation glide, as in short time tensile tests. At stresses lower than the yield 

strength, dislocation creep can take place with the aid of diffusion. Sometimes 

the dislocation creep field is further divided into two fields; low and high 

temperature dislocation creep. At relatively low stresses, volume diffusion 

creep (Nabarro-Herring creep) and grain boundary diffusion creep (Coble 

creep) dominate. The boundaries between adjacent fields in the creep region 

indicate the conditions under which two mechanisms contribute equally to the 

overall creep rate. Using an appropriate constitutive equation for creep rates 

as a function of stress and temperature, it can calculate the creep rates and can 

draw the boundaries. This also allows us to plot the contours of constant creep 

rate on the map [33].  
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Figure 1.4 Schematic representation of creep curve [30]. 
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Figure 1.5 Deformation mechanism map for pure Mg [31]. 
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1.4.1 Diffusion creep 

 

Diffusion creep becomes the rate controlling process at elevated 

temperatures and relatively low stress levels. The diffusion creep process is 

dictated by stress directed atomic diffusion. The applied stress changes the 

chemical potential of the atoms on the grain surfaces, which is the driving 

force of diffusion. Consequently, vacancies from the grain boundaries subject 

to tensile stresses flow to those experiencing compressive stresses. There is a 

corresponding flow of atoms in the opposite direction. The process leads to 

the elongation of the grain in polycrystal materials. At relatively high 

temperature, the diffusion of atoms takes place through the inside of grains by 

bulk diffusion. At lower temperatures, the grain boundary diffusion dominates 

the process due to slow bulk diffusion. The grain boundary sliding is required 

to maintain the grain contiguity during diffusion flow. The diffusion creep 

behavior can be numerically described by a constitutive equation [34]. 

 =̇  
  

  
=  `

      
∆ 

  
 

  
                   (1) 

Where d is the grain size, C and C` are constants. As shown in above equation, 

the rate of creep is proportional to the diffusion coefficient, inversely 

proportional to the square of the grain size, and depends linearly on the 

applied stress where the stress exponent n is 1. The schematic illustration of 

diffusion creep is simply represented in Figure 1.6. 
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Figure 1.6 Principle of diffusion creep; (a) vacancy flow through the grains 

or along grain boundaries and (b) the buildup of particles on 

longitudinal boundaries and the formation of denuded zones on 

transverse boundaries [34].  
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1.4.2 Dislocation creep 

 

Dislocation creep occurs at high temperature and high stress level, this type 

of creep involves the dislocations moving along slip planes, and the 

movement of the dislocations that overcomes barriers by thermally assisted 

activation associated with the diffusion of vacancies or interstitials. When a 

crystal is deformed plastically, the stress required to cause yielding is that to 

make dislocations overcome the intrinsic lattice resistance, and the hinder 

effect of obstacles. Diffusion of atoms helps to unlock dislocations from 

obstructions in their path, and the movement of these unlocked dislocations 

under the applied stress is what leads to the dislocation creep. The creep 

deformation is achieved by dislocation glide or dislocation climb. Owing to 

the requirement of atom diffusion, the process can occur only when the 

temperature is above 0.3 Tm. At lower temperature (0.3 ~ 0.5 Tm), core 

diffusion tends to be the dominant mechanism; at higher temperatures, it is 

bulk diffusion. The role of diffusion with its diffusion coefficient is described 

by the following expression. 

 =       −
∆ 

  
                      (1) 

Explains the dependence of creep rate on temperature exponentially, with the 

following equation, 

 =̇        −
∆ 

  
                      (2) 

Where ε̇ = secondary creep rate, σ = applied stress, n = stress exponent, 

∆  = activation energy for creep, T = absolute temperature, R = gas constant 

and A = material constant. Experimental investigation with a range of metals 

shows that the stress exponent on the applied stress varies from 3 to 8, with a 

value of 5 the common illustrated in Figure 1.7. Therefore, for intermediate to 
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high stress levels at temperature above 0.5 Tm, a power law relation can 

describe the steady state creep rate illustrated in Figure 1.7. 
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Figure 1.7 Schematic graph of transitions in stress exponent (n) value [29]. 
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1.4.4 Creep behavior of Mg alloys 

 

Dominant creep mechanisms in a material can be identified through the 

activation energy and stress exponent from Arrhenius relationship of creep 

rates. Minimum creep rate in steady state creep is obtained from long term 

creep tests. The value of the activation energy and the stress exponent give 

evidence to infer the dominant creep mechanism in specific ranges of 

temperatures and stresses. From the previous researches on the creep 

deformation of Mg-Al alloy based systems such as AZ91, AM60, AS21 and 

AE42 tested at 20~80 MPa and 120~180oC were investigated. AZ91 alloy [35] 

shows the stress exponent of 5.4~6.9 at 40~100 MPa and 150~180oC. AM60 

[36] shows the stress exponent of 4 at 20~60 MPa and 180oC. Based on the 

stress exponent values, diffusion controlled dislocation climb was proposed as 

the dominant creep mechanism for the Mg-Al based alloys. For all three 

alloys AZ91, AS21 and AE42, the stress exponent n is approximately 2 at 

relatively low stresses and 5 at high stresses. Grain boundary sliding has been 

observed in the Mg-Al alloys for low stress exponent (n = 2) which is 

accompanied by discontinuous precipitation of the Mg17Al12 from a 

supersaturated α-Mg matrix in the die-cast microstructure [37]. For high stress 

creep (n = 5), dislocation climb creep is proposed as the dominant creep 

mechanism. In the case of AM50 alloy, at 100 MPa and in the temperature 

range of 150~225oC, the activation energy was determined to be 126 kJ/mol, 

which is considered as dislocation climb controlled creep. In the case of the 

TAS831 alloy, the stress exponent and the activation energy are 6.9 and 132.9 

kJ/mol, the dominant creep mechanism is also determined as dislocation 

climb [38]. The stress level at which the transition between these two creep 

mechanisms occur is dependent on the particular alloy and temperature. 
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According to Dargusch and co-workers [36], there is a substantial amount of 

discontinuous precipitation in AZ91 which promotes grain boundary 

migration and sliding, resulting in poor creep resistance in the alloy. Die-cast 

alloys AS21 and AE42, however, contain much less supersaturated α-Mg 

considerably less discontinuous precipitation occurs during elevated 

temperature exposure. In addition, these two alloys contain strong 

intergranular phases (Mg2Si in AS21 and Al4RE in AE42) which are expected 

to pin grain boundaries and hinder both grain boundary migration and sliding 

[13]. In the 125~175oC temperature range and with stress of 50 MPa of 

AZ91D alloy, the activation energy Qc was 30~45 kJ/mol and n = 2. This 

activation energy was too small compared to self diffusion of Mg (135 

kJ/mol), diffusion of Al in Mg (143 kJ/mol) or grain boundary diffusion (80 

kJ/mol). This value fits with activation energy Q for discontinuous 

precipitation of Mg17Al12 (30 kJ/mol) [31]. Creep induced precipitation of 

Mg17Al12 and grain boundary migration were observed in the evolved 

microstructure after creep. Since such precipitation would aid easy grain 

boundary sliding and migration, the creep was attributed to creep induced 

precipitation of Mg17Al12 and the involvement of this phase in the creep 

deformation of Mg-Al based alloys was established. 

In conclusion, both diffusion controlled dislocation climb and grain boundary 

sliding are reported as creep mechanisms in magnesium alloys, depending 

upon the alloy system, microstructure and more importantly stress and 

temperature regimes. The poor thermal stability of the Mg17Al12 phase and its 

discontinuous precipitation can result in substantial grain boundary sliding at 

elevated temperatures [13]. Table 1.3 summarizes proposed creep 

mechanisms with the stress exponent and the activation energy for magnesium 

alloys previously reported in literatures.  
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Table 1.3 Creep parameters and proposed mechanisms for various 

magnesium alloys [36-39]. 

Temp. (oC) Stress (MPa) n Q Proposed Mechanisms 

Pure Mg Wrougth    

150~250 20~50 5.86 106 Dislocation climb 

AS21 Die-cast    

125 30~80 2.1 NA Grain boundary sliding 

150 20~60 2.1 NA Grain boundary sliding 

150 60~90 5.4 NA Dislocation climb 

125~175 30 NA 36 Grain boundary sliding 

125~175 50 NA 42 Grain boundary sliding 

AE42 Die-cast    

125~175 20~40 2.0 30~45 Grain boundary sliding 

125~175 40~80 5.0 NA Dislocation climb 

AM60B Die-cast    

180 20~60 4.0 NA Dislocation climb 

AZ91D Die-cast    

150 40~100 6.9 NA Dislocation climb 

180 40~100 5.4 NA Dislocation climb 

125 26~60 1.5 NA Grain boundary sliding 

125 60~100 6.0 NA Dislocation climb 

150 20~40 1.6 NA Grain boundary sliding 

150 40~80 5.7 NA Dislocation climb 

125~175 30 NA 44 Grain boundary sliding 

TAS831 Die-cast    

150~250 50~75 6.9 132.9 Dislocation climb 
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1.4 Fracture in metals 

 

1.4.1 Ductile fracture 

 

The material eventually reaches an instability point, where strain hardening 

cannot keep pace with loss in cross sectional area, and a necked region forms 

beyond the maximum load. In very high purity materials, the tensile 

specimen may neck down to a sharp point, resulting in extremely large local 

plastic strains and nearly 100% reduction in area. Materials that contain 

impurities, however, fail at much lower strains. Micro-voids nucleate at 

inclusions and second phase particles. The voids grow together to form a 

macroscopic flaw, which leads to fractures. The typically observed stages in 

ductile fracture are as follows [40-44]; 

 

(1) Formation of a free surface at an inclusion or second phase particle by 

either interface decohesion or particle cracking. 

(2) Growth of the void around the particles, by means of plastic strain and 

hydrostatic stress. 

(3) Coalescence of the growing void with adjacent voids. 

 

In materials where the second phase particles and inclusions are well bonded 

to the matrix, void nucleation is often the critical step, fracture occurs soon 

after the voids form. When void nucleation occurs with little difficulty, the 

fracture properties are controlled by the growth and coalescence of voids; the 

growing voids reach a critical size, relative to their spacing, and a local 

plastic instability develops between voids, resulting in fracture. 
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1.4.2 Brittle fracture 

 

Brittle fracture proved to be one of the most frequent and dangerous failures 

occurring in engineering applications. Besides the well known brittleness of 

utility ceramics and glasses, metallic materials may also exhibit intrinsically 

brittle properties dependent on temperature; there exists a critical 

temperature, called ductile-brittle transition temperature (DBTT) under 

which the material is brittle, while it is ductile above that temperature. This 

holds particularly for BCC metals, in which core of screw dislocation are 

split into sessile configurations. They remain immobile at low temperatures 

so that, under such conditions, cleavage is a dominant fracture mechanism. 

Cleavage fracture can be defined as rapid propagation of a crack along a 

particular crystallographic plane. Cleavage may be brittle, but it can be 

preceded by large scale plastic flow and ductile crack growth. The preferred 

cleavage planes are those with the lowest packing density, since fewer bonds 

must be broken and the spacing between planes is greater. In the case of 

body centered cubic (BCC) materials, cleavage occurs on {100} planes. The 

fracture path is transgranular in polycrystalline materials, as Figure 1.7 

illustrates. The propagation crack changes direction each time it crosses a 

grain boundary; the crack seeks the most favorably oriented cleavage plane 

in each grain. The nominal orientation of the cleavage crack is perpendicular 

to the maximum principal stress. Cleavage is most likely when plastic flow 

is restricted. Face centered cubic (FCC) metals are usually not susceptible to 

cleavage because there are ample slip systems for ductile behavior at all 

temperatures. At low temperatures, BCC metals fail by cleavage because 

there are a limited number of active slip systems. Polycrystalline hexagonal 

close packed (HCP) metals, which have only three slip systems per grain, are 
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also susceptible to cleavage fracture [45, 46]. In order for cleavage to initiate, 

there must be a local discontinuity ahead of the macroscopic crack that is 

sufficient to exceed the bond strength. A sharp microcrack is one way to 

provide sufficient local stress concentration. Cottrell [47] postulated that 

microcracks from at intersecting slip planes by means of dislocation 

interaction. Figure 1.8 schematically illustrates the uniaxial tensile behavior 

in ductile and brittle metals, and typical morphology of ductile fracture mode 

(dimple) and brittle fracture mode (cleavage) are shown in Figure 1.9. 
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Figure 1.8 Uniaxial tensile deformation of materials. 
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(a) 

 

(b) 

 

Figure 1.9 (a) Typical fracture modes in metals; (a) dimple and (b) cleavage 

[48].  
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1.4.3 Influence of casting defects in Mg alloys 

 

The high pressure die-casting (HPDC) process shows excellent productivity 

due to the short cycle time. Moreover, the high pressure die-cast products 

exhibit enhanced mechanical properties with the refined microstructure due to 

the fast cooling rate [49-51]. Therefore, the high pressure die-casting is the 

most widely utilized process to produce Mg alloy components [52]. Majority 

of the die-cast Mg alloys are made from Mg-Al base (AM50, AM60) and Mg-

Al-Zn base (AZ91) alloys. AM50 and AM60 alloys exhibit a good 

combination of strength and ductility, and AZ91 alloy shows excellent 

castability and strength. These commercial die-cast Mg alloys are suitable for 

structural applications such as seat frames, instruments panels and steering 

wheels. As can be seen above, Al is added to Mg as the prime alloying 

element in a high pressure die-casting process to increase the strength and 

castability. However, a high Al contents can decrease ductility due to brittle 

Mg17Al12 precipitates [53]. On the other hand, high pressure die-cast Mg 

alloys have porosities and surface defects, which result from shrinkage and 

entrapped gas during the filling and solidification of the Mg alloy. Many 

studies have reported that casting defects give detrimental effects on the 

mechanical properties of die-cast magnesium alloys [54-56]. In recent years, 

several researchers have investigated the relationship between tensile 

properties and casting defects. Surappa et al. have reported that ductility and 

strength of a cast material depends on the size of porosity rather than on the 

total volume fraction of porosity obtained by a density measurement [57]. The 

relationship between mechanical properties and the volumetric and the area 

fraction of microporosity is presented in Figure 1.9. Gokhale and Patel have 

proposed that the empirical relationship between tensile properties and 
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microporosity could be estimated in terms of the defect susceptibility and 

maximum value in a defect-free state [56, 57]. S. G. Lee reported that the 

defect susceptibility of elongation to microporosity variation of the high 

pressure die-cast AE44 alloy decreased with increasing temperature [58]. The 

tensile strength and elongation decreased linearly as a function of the area 

fraction of microporosity on the fracture surface, and the defect susceptibility 

to microporosity variation depends on their microstructures [59-62].  
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Figure 1.10 (a) Entrapped gas porosity on the fracture surface and (b) crack 

formation between a-Mg matrix and the Mg17Al12 phase during 

tensile loading in a high pressure die-cast Mg-5Al alloy. 
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(a) 

   

(b) 

 

Figure 1.11 Relationship between porosity levels and tensile properties; (a) 

volumetric porosity vs. tensile properties and (b) area fraction 

of defects vs. tensile properties [63]. 
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1.5. Research Objectives 

 

The major objective of this study is to develop heat resistant die-cast Mg 

alloys for automotive applications such as an oil pan and a transmission case. 

Commercial die-cast magnesium alloys show the poor property at elevated 

temperatures, which is limited to utilize in the automotive powertrain 

components. These applications require improved high temperature strength 

and creep resistance compared with currently available commercial 

magnesium alloys. This work aims to investigate effects of alloying elements 

on microstructure and high temperature mechanical properties of high 

pressure die-cast Mg alloys and develop heat resistant magnesium alloys for 

automotive applications. High pressure die-cast products are near net shape, 

and they must not be deformed under tensile/compressive loading at room 

and elevated temperatures. It means that the yield strength of die-cast Mg 

alloys is more important factor as a criterion rather than the tensile strength 

and elongation. The quantitative targets of mechanical properties including 

the yield strength at room and elevated temperature and creep strain under 

the condition of 70 MPa and 150oC to adopt in automotive powertrain 

components are indicated in Table 1.4. New heat resistant Mg alloys were 

designed by thermodynamic simulation software which predicts the fraction 

and formation of various precipitates at room and elevated temperatures. The 

basic methods for alloy design of heat resistant die-cast Mg alloys are 

presented as follows; 

 

1) The proper amount addition of Al to the die-cast Mg alloy with 

considering room temperature strength and castability. 
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2) Removal of thermally unstable Mg17Al12 phase by the addition of 

alloying elements. 

3) Matrix strengthening by the addition of soluble alloying elements. 

4) The addition of third and fourth alloying elements to the Mg-Al 

alloys in order to form thermally stable precipitates. 

 

In case of representative die-cast Mg alloys, the stress exponent and activation 

energy were measured from the secondary creep rate to understand the 

dominant creep mechanisms. 

The secondary issue of this study aims to investigate the quantitative 

relationship between casting defects and tensile elongation in die-cast Mg 

alloys through the quantitative prediction by a modified Ghosh`s constitutive 

model with consideration of porosity and precipitate distribution factors. The 

mechanical properties of high pressure die-cast Mg alloys are strongly 

dependant on internal casting defects, so the existence of defects and their 

amount should be considered in high pressure die-cast Mg alloys in the view 

point of the variability of tensile elongation. This study proposed the 

theoretical model to predict tensile properties of microporosity containing die-

cast Mg alloys, and also can predict the mechanical properties in a defect-free 

condition. This model can give useful information for die-cast Mg alloy 

design to produce sound cast products. 

 

  



 

 

 

 

 
40

 

 

 

 

 

 

 

 

 

Table 1.4 Quantitative targets of mechanical properties of high pressure die-

cast Mg alloys for high temperature applications. 

 
Y.S. at R.T. 

(MPa) 
Y.S. at 150oC 

 (MPa) 

Creep Strain 
at 70 MPa and 150oC 

after 200 hrs (%) 

Target 150 130 0.4 
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Chapter 2 Experimental procedures 

 

2.1. Fabrication of high pressure die-cast specimens 

 

2.1.1. Alloy design 

 

Mg-Al alloys such as AM50A, AM60B and AZ91D have been used since 

these alloys exhibit superior die castability and a good balance of strength 

and ductility. However, the application temperature of these alloys is 

generally limited to around 100oC, above which a rapid degradation in 

mechanical properties was observed due to the presence of the discontinuous 

Mg17Al12 phase. The poor high temperature mechanical properties of 

commercial magnesium alloys have prevented their applications at elevated 

temperatures. In order to improve the high temperature properties of Mg-Al 

alloys, it is necessary to suppress the Mg17Al12 phase by forming the 

thermally stable precipitates at dendrite boundaries as well as in the dendrite 

interior. The high temperature mechanical properties of magnesium alloys 

are known to vary significantly with the addition of alloying elements. It has 

been reported that various alloying elements, such as Sn, Ca, Sr and Mm 

(RE) were added to enhance the high temperature mechanical properties, 

creep and corrosion resistances, and die castability. Recently, Mg-Sn base 

alloys have been developed for automotive applications. Sn has suitable 

characteristics as an alloying element for high temperature applications. 

Diffusivity in Mg is low, and Sn added magnesium alloys exists thermally 

stable Mg2Sn phase at the dendrite boundary and in the a-Mg matrix, which 

shows better high temperature mechanical properties than those of 
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commercial magnesium alloys. Ca has been considered as an effective 

strengthener for die-cast magnesium alloy. Ca added magnesium alloy forms 

thermally stable Mg2Ca, Al2Ca or (Mg,Al)2Ca phases according to the ratio 

of Ca/Al in the dendrite boundaries. Additionally, Ca has several advantages 

such as grain refinement, oxidation resistance, but hot tearing and die 

sticking appears whether Ca contents is high. The addition of Sr leads to the 

reduction of microporosity in the die-cast magnesium alloys, and forms 

thermally stable precipitates such as Al4Sr, Al2Sr and AlMgSr. Mm is 

effective alloying elements, which result in improvement in the high 

temperature mechanical properties. However, this element is relatively 

expensive than other alloying elements. Therefore, the proper amount 

addition of alloying elements to the die-cast Mg alloy has to be considered. 

In this work, high pressure die-cast Mg-6Al-4Sn alloys with the proper 

amount addition of Ca, Sr and Mm for good balance of tensile and creep 

properties with cost effectiveness were newly developed and investigated. 

Prior to casting, the fraction of thermally stable precipitates and the 

solidification behavior were predicted by thermodynamic calculation under 

Scheil condition with Pandat 7.0 software. 

 

2.1.2. Fabrication of high pressure die-cast Mg alloys 

 

The alloy was produced on a 320 ton cold chamber die-casting machine 

with vacuum system (Figure 2.1). High pressure die-cast specimen is shown 

in Figure 2.2. The alloy was molten at 680oC under the CO2 and SF6 gas 

mixture. The mold was maintained at a temperature of 200oC, which was 

equipped with an oil heating/cooling system. The alloying elements to the 

Mg-Al base alloy were Sn, Ca, Sr and Mm (Ce-rich). Mg, Al and Sn were 
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melted in the form of ingot with 99.9% purity. Ca and Sr were added in the 

form of Al-75 wt.% Ca and Al-90 wt.% Sr, respectively. Mm was Ce-rich 

metals containing Cerium (50%), Lanthanum (25%), Neodymium (20%) and 

Praseodymium (5%). The chemical composition of investigated alloys is 

listed in Table 2.1. 
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Figure 2.1 320 ton cold chamber high pressure die-casting machine. 

 

 

 

Figure 2.2 High pressure die-cast specimens.  
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Table 2.1 Chemical composition of high pressure die-cast magnesium alloys. 

Designation 
Chemical Compositions (wt.%) 

Al Sn Ca Sr Mm Mn Mg 

A6 5.87 - - - - 0.35 Bal. 

AT64 5.97 3.96 - - - 0.32 Bal. 

ATX641 5.93 4.28 0.73 - - 0.35 Bal. 

ATX642 5.89 3.98 1.80 - - 0.35 Bal. 

ATX642J 6.03 4.05 1.75 0.46 - 0.35 Bal. 

ATX642E 5.72 3.71 1.84 - 0.50 0.35 Bal. 
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2.2. Characterization of microstructure and mechanical properties 

 

2.2.1. Observation of microstructure 

 

The specimen for observing microstructure was mechanically grinded with 

SiC paper from #200 to #4,000, and then polished with 0.3 and 0.05 mm 

alumina powder. These specimens were then etched with nital (0.5% nitric 

acid + distilled water). The microstructure was observed with an optical 

micrograph, SEM (JEOL 6360) and TEM (TECNAI F20). The volume 

fraction of precipitates, size of precipitates and distances between 

precipitates were analyzed with the Image Pro software. Quantitative 

analysis of various precipitates was performed with PanDat 7.0 software and 

XRD (New D8 Advance). Heat treatment was performed in order to 

investigate the thermal stability of precipitates in high pressure die-cast 

magnesium alloys under the condition of 400oC of temperature for 12 hrs. 

After heat treatment, specimens were quenched in the water immediately. 

TEM specimens were thinned by mechanical grinding to 15 ~ 20 mm, and 

then cut by 3 mm disk punch. Thinned foil was additionally thinned using 

Ar+ ion milling (PIPS 691) under the condition of 2.6 ~ 3.5 A and 4 ~ 8o of 

beam condition with liquid nitrogen cooling until the formation of the hole.  

 

2.2.2. Tensile test 

 

The tensile tests were performed at different temperatures ranging from 

room temperature (25oC) to 150oC at an initial strain rate of 2 x 10-4 /s. The 

specimens for tensile tests were grouped into several porosity levels, with 
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respect to the measurement of volumetric density, using the Archimedes 

method. They were cylindrical shape, with gauge lengths and diameter of 16 

mm and 4 f, respectively. The dimension of a specimen for tensile tests is 

presented in Figure 2.3. The strain hardening exponent of investigated alloys 

was measured by slope of true stress-strain curves in a log form in the range 

from elongation of 3% to the fracture strain. The strain rate sensitivity of 

investigated alloys was measured by the strain rate incremental test at 

elongation of 2%, while the initial strain rate and the subsequent strain rate 

were 2 x 10-4/s and 2 x 10-3/s, respectively [64, 65]. In case of high 

temperature tensile test, specimens were maintained until reaching target 

temperature for 20 min. 

 

2.2.3. Porosity analysis 

 

Following tensile tests, the projected area of micro-voids on fractured 

surfaces of tensile specimens was measured using quantitative fractography 

using a scanning electron microscope (SEM). The fraction of the 

microporosity was defined as the ratio of the area of micro-voids to the 

cross-sectional area of the tensile specimen. 

 

2.2.4. Creep test 

 

Creep tests were carried out to investigate the dominant creep mechanism, in 

the temperature ranged from 100oC to 200oC and at stresses from 30 to 90 

MPa with a cylindrical die-cast specimen of 6 mm diameter by a lever type 

creep test machine. The dimension of creep specimen is presented in Figure 
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2.4. The frame had a lever arm ratio of 20:1 and displacement was measured 

with a single attached LVDT (Linear Variable Differential Transducer). 

Prior to testing, specimens were maintained until reaching target temperature 

for 1 hr. 

 

2.2.5. In-situ SEM observation 

 

In order to observe the fracture sequence of die-cast Mg alloys, CT 

specimens having a crack tip of 50 mm were machined from the die-cast 

corrosion specimens. This specimen was loaded in the apparatus for In-situ 

tensile deformation stage. The schematic of the deformation device is 

presented in Figure 2.6. The load was applied through the bolt within the 

interval of the degree of 30o. Once the deformation behavior was observed, 

the SEM chamber was repeatedly opened to tighten a bolt. 
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Figure 2.3 Dimension of specimen for tensile test. 

 

 

 

Figure 2.4 Dimension of specimen for creep test. 

  



 

 

 

 

 
50

 

 

Figure 2.5 CT specimen for In-situ SEM observation. 

 

 

 

Figure 2.6 Deformation device for In-situ SEM observation. 
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Chapter 3 Results 

 

3.1. Thermodynamic prediction of precipitates 

 

Thermodynamic calculation with Pandat 7.0 software was used to predict 

the solidification sequence and the amount of precipitates at room 

temperature. The Scheil model for solidification calculations was used in the 

present work. In the Scheil model, it is assumed that no diffusion occurs in 

the solid, but perfect mixing in the liquid is achieved [66]. The solidification 

behaviors for investigated alloys are given in Figure 3.1. In the A6 alloy 

(Figure 3.1 (a)), the a-Mg phase was initially precipitated, and the Mg17Al12 

eutectic phase was precipitated in the last stage. The solidification sequence 

of the AT64 alloy is a-Mg à Mg2Sn à Mg17Al12 phases presented in Figure 

1 (b). In Figure 3.1 (c) and (d), when 1 wt.% Ca were added, the CaMgSn 

phase was newly existed while the Mg2Sn phase decreased. By the addition 

of 2 wt.% Ca to the AT64 alloy, both of CaMgSn and (Mg,Al)2Ca phases 

were existed, and the Mg2Sn phase was totally disappeared. In particular, as 

shown in Figure 3.1 (c) and (d), the CaMgSn phase was presented before 

forming the a-Mg matrix. It is expected that the CaMgSn phase could be 

coarsely precipitated in the grain matrix. The combined addition of Ca and 

Sn in the liquid has a high negative heat of mixing, therefore CaMgSn phase 

could be easily formed rather than Mg2Sn formation and grows in grain 

interior [67]. In Figure 3.1 (e), Al4Sr and AlMgSr phases were newly formed 

by the addition of Sr. In Figure 3.1 (f), the addition of Mm to the ATX642 

alloy induced the formation of second phases such as Al2Mm and Al11Mm3. 

The CaMgSn phase could coarsely grow during the solidification [2], but the 
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size of this phase could be refined by the control of solidification rate or the 

addition of Mm [67, 68]. Phase fractions of each phase with different alloy 

system in die-cast Mg-Al-Sn based alloys at room temperature are 

summarized in Table 3.1. The comparison of A6 and AT64 alloys, the 

fraction of Mg17Al12 and Mg2Sn was increased with the addition of Sn. By 

the addition of 1 wt.% Ca to the AT64 alloys, the CaMgSn phase is newly 

existed, and Mg2Sn decreased. By the addition of 2 wt.% Ca to the AT alloys, 

the fraction of CaMgSn and (Mg,Al)2Ca phases increases while the Mg17Al12 

phase decreases. Ca, Sr and Mm additions induced the decrease of the 

fraction of thermally unstable Mg17Al12 phase with the formation of Al-Ca, 

Al-Sr or Al-Ce related phases. This may enhance the high temperature 

tensile and creep properties of die-cast Mg-Al-Sn alloys by the control of the 

thermally unstable Mg17Al12 phase. 
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(a) 

 
(b) 

 
(c) 

Figure 3.1 Solidification behaviors of high pressure die-cast Mg-Al-Sn alloys; 

(a) A6, (b) AT64, (c) ATX641, (d) ATX642, (e) ATX642J and (f) 

ATX642E. 
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(d) 

 
(e) 

 
(f) 

Figure 3.1 Continued.  
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Table 3.1 Mole fraction of each phase with different alloying elements in 

high pressure die-cast Mg-Al-Sn alloys. 

Alloys 
Amount of phases at room temperature (at.%) 

Mg17Al12 Mg2Sn CaMgSn (Mg,Al)2Ca Al4Sr AlMgSr Al11Mm3 Al2Mm a-Mg 

A6 5.61 - - - - - - - Bal. 

AT64 6.27 1.06 - - -    Bal. 

ATX641 6.44 0.02 1.82 - -    Bal. 

ATX642 5.88 - 2.28 1.16 - - - - Bal. 

ATX642J 4.32 - 2.30 1.24 0.59 0.64 - - Bal. 

ATX642E 5.35 - 2.31 1.18 - - 0.23 0.13 Bal. 
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3.2. Microstructure 

 

The observation with an optical micrograph for high pressure die-cast Mg-

Al-Sn based alloys is shown in Figure 3.2. As seen in Figure 3.2 (a), the A6 

alloy mainly consists of primary a-Mg phase and eutectic phases. In Figure 

3.2 (b), the Mg2Sn phase shown in black particles is precipitated together 

with eutectic Mg17Al12 phase. In case of Ca added AT64 alloy, plate shape 

precipitates are coarsely formed in dendrite interior and boundaries. These 

plate shape precipitates were finely changed by the addition of small amount 

of Mm to the ATX642 alloys. Dendrite arm spacing (DAS) of each alloy is 

presented in Figure 3.3. They showed values from 12 to 5 mm. In the 

comparison of the A6 and AT64 alloys, they do not show significant 

difference in terms of dendrite arm spacing. By the addition of Ca to the 

AT64 alloy, dendrite arm spacing was decreased with increasing Ca contents. 

By the addition of Sr to the ATX642 alloy, dendrite arm spacing was 

significantly decreased compared to the ATX642 alloy from 8 to 5 mm. On 

the other hand, in the Mm added ATX642E alloy, refinement effect was not 

observed, even though coarse plate shape precipitates in the dendrite interior 

could be refined. In terms of improvement of the yield strength, it is 

expected that Ca and Sr added Mg alloys show significant contribution due 

to fine microstructure. 

Scanning electron microscopic studies were carried out in order to identify 

the second phase particles present in the alloy and are shown in Figure 3.4. It 

was confirmed by the SEM analyses that the second phases were Mg17Al12 in 

the A6 alloy, and Mg17Al12 and Mg2Sn in the AT64 alloy, From the EDS 

analysis, it is evident that the matrix is a-Mg, the gray precipitates are 
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Mg17Al12 and the white precipitate is the Mg2Sn phase. Additionally, the high 

concentration of Al around the Mg2Sn phase suggests that the Mg2Sn phase, 

which has a high melting point (770.5oC) precipitated first and the Mg17Al12 

phase precipitated around the Mg2Sn precipitates. In Figure 3.5 (a), it shows 

that the CaMgSn phase is precipitated in the a-Mg matrix by the addition of 

Ca to the AT64 alloy as predicted in Figure 3.1 (c), and the size of this phase 

in the ATX642 alloy is larger than that of the ATX641 alloy presented in 

Figure 3.5 (b). It might be the formation temperature of the CaMgSn phase 

becomes higher depending on Ca contents while solidification range 

increases. Presence of the CaMgSn phase at dendrite interior and boundaries 

could act as a crack initiation site. Therefore, it can give a minor effect on 

the mechanical properties of die-cast alloys, particularly on elongation. By 

the addition of Sr to the ATX642 alloy, the Al-Sr phase was existed in 

dendrite boundaries, and other precipitates such as the (Mg,Al)2Ca phase and 

the CaMgSn phase were more finely formed in dendrite boundaries 

compared with the ATX642 alloy. The addition of Ca, Sr and Mm to the 

AT64 alloy induces the reduction of spacing between precipitates in 

dendritic regions. Figure 3.6 shows the x-ray diffraction patterns of A6, 

AT64, ATX641 and ATX642 alloys. As observed in thermodynamic 

calculations and microstructures, the Mg2Sn phase was existed in the AT64 

alloy, but this phase was decreased by the addition of 1 wt.% Sn to this alloy. 

Also this phase is disappeared by the addition of 2 wt.% of Ca, and the 

CaMgSn phase was existed while thermally unstable Mg17Al12 phase 

disappeared. This might contribute to the improvement of creep properties 

by impeding the dissolution of precipitates in dendrite boundaries. Figure 3.7 

shows the x-ray diffraction patterns of ATX642, ATX642J and ATX642E 

alloys. The Al4Sr and the Al11Ce3 phases were newly existed in ATX642J and 
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ATX642E alloys, respectively. These phases are also known to the thermally 

stable phases, and easily reacted with Al while thermally unstable Mg17Al12 

phases are effectively suppressed. Therefore, the high temperature 

mechanical properties could be improved.  

Bright field image and selected area diffraction patterns (SADP) observed 

by TEM of die-cast AT64, ATX641 and ATX642 alloys are shown in Figure 

3.8 ~ 3.11. As shown in Figure 3.8, the Mg2Sn phase is precipitated at 

dendrite boundary with polycrystalline structure together with the Mg17Al12 

phase. In Figure 3.9, the CaMgSn is existed at dendrite interior which has 

orthorombic structure in the ATX641 alloy. The apparent difference between 

the ATX641 and ATX642 alloys is the formation of precipitates at dendrite 

boundaries. Figure 3.10 showed the precipitation at dendrite boundaries in 

the die-cast ATX641 alloy. The Mg17Al12 phase was precipitated with Mg-Sn 

particles without Ca. On the other hand, Figure 3.11 showed that the dendrite 

boundaries eutectic phase in the microstructure of the ATX642 alloy has 

(Mg,Al)2Ca phase. The selected area diffraction patterns confirm that the 

ternary phase has a dihexagonal structure, and this phase suggests the 

following orientation relationship of the eutectic magnesium and the 

(Mg,Al)2Ca phase; 

(0001)Mg // (001)(Mg,Al)2Ca 

[010]Mg // [110](Mg,Al)2Ca 

This phase is coherent with magnesium, therefore, this alloy can provide 

better mechanical properties than that of the 1 wt.% Ca added ATX641 alloy.  
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(a)                            (b) 

  

(c)                            (d) 

   

(e)                            (f) 

 

Figure 3.2 Microstructures of high pressure die-cast (a) A6, (b) AT64, (c) 

ATX641, (d) ATX642, (e) ATX642J and (f) ATX642E alloys. 
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Figure 3.3 Dendrite arm spacing of high pressure die-cast Mg-Al-Sn based 

alloys. 
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Figure 3.4 SEM/EDS analysis of high pressure die-cast (a) A6 and (b) AT64. 

 

 

 

Figure 3.5 SEM/EDS analysis of high pressure die-cast (a) ATX641, (b) 

ATX642, (c) ATX642J and (d) ATX642E alloys. 
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Figure 3.6 Results of the X-ray diffraction patterns of high pressure die-cast 

A6, AT64, ATX641 and ATX642 alloys. 
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Figure 3.7 Results of the X-ray diffraction patterns of high pressure die-cast 

ATX642, ATX642J and ATX642E alloys. 
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(a) 

 

(b) 

 

(c) 

Figure 3.8 (a) Bright field image (BFI) and selected area diffraction pattern 

(SADP), (b) point analysis results and (c) mapping images of 

high pressure die-cast AT64 alloy.  
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(a) 

 

(b) 

 

(c) 

Figure 3.9 (a) Bright field image (BFI) and selected area diffraction pattern 

(SADP), (b) STEM image and (c) mapping images of high 

pressure die-cast ATX641 alloy in the dendrite interior. 
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(a) 

 

(b) 

 

(c) 

Figure 3.10 (a) Bright field image (BFI) and selected area diffraction pattern 

(SADP), (b) STEM image and (c) mapping images of high 

pressure die-cast ATX641 alloy in the dendrite boundary. 
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(a) 

 

(b) 

 

(c) 

Figure 3.11 (a) Bright field image (BFI) and selected area diffraction pattern 

(SADP), (b) STEM image and (c) mapping images of high 

pressure die-cast ATX642 alloy in the dendrite boundary. 
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3.3. Tensile properties 

 

The yield strengths of die-cast Mg-Al-Sn based alloys at room temperature 

and 150oC were shown in Figure 3.12 and Table 3.2. The yield strength of 

the A6 alloy shows 131.0 MPa and 96.8 MPa at R.T. and 150oC, respectively. 

By the addition of 4 wt.% Sn to the A6 alloy, the yield strength increased to 

135.5 MPa and 108.4 MPa at R.T. and 150oC. As it could be seen clearly, the 

AT64 alloy shows better tensile properties than those of the A6 alloy due to 

solid solution strengthening of Sn and precipitation of the Mg2Sn phase in 

the matrix at R.T. and 150oC [69]. It is known that Sn atoms exist  

inside the matrix as solute atoms and the Mg2Sn precipitates at dendrite 

boundaries contributes to the increase in strength at high temperatures. In the 

comparison of the AT64 and Ca added ATX641 alloys, the ATX641 alloy 

show better yield strength than that of the AT64 alloy, which has 155.1 MPa 

and 124.8 MPa at R.T and 150oC, respectively. By the addition of 2 wt.% Ca, 

and additional alloying elements including Sr and Mm to die-cast AT64 alloy 

show significant improvement in the yield strength. The ATX642J alloy 

shows the highest yield strength in all Mg-Al-Sn based alloys. In the case of 

the ATX642E alloy, the yield strengths are 151.8 MPa and 134.5 MPa at R.T 

and 150oC. In the view point of thermal degradation, the yield strength of the 

A6 alloy rapidly drops with an increase in temperature. However, in the case 

of the AT64 alloy, the magnitudes of strength decrease, which are relatively 

smaller than that of the A6 alloy. The addition of Ca, Sr and Mm to the die-

cast AT64 alloy shows the significant reduction in decrease rate of the yield 

strength due to their thermal stability. Thus, it is concluded that the thermally 

stable precipitates act as the strengthening phases by blocking the movement 

of dislocations effectively and suppressing grain boundary sliding. 
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Figure 3.12 Yield strength of high pressure die-cast Mg-Al-Sn based alloys 

at R.T. and 150oC. 
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Table 3.2 Tensile properties of high pressure die-cast Mg-Al-Sn based alloys 

at R.T. and 150oC. 

Alloys 
Yield Strength 

R. T. (MPa) 150oC (MPa) Reduction Rate (%) 

A6 131.0 96.8 24.88 

AT64 135.5 108.4 20.01 

ATX641 155.1 124.8 19.56 

ATX642 161.9 132.7 18.02 

ATX642J 165.1 143.1 13.31 

ATX642E 151.8 134.5 11.39 
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3. 4. Creep Properties 

 

Figure 3.13 and Table 3.3 show the results of creep tests in the condition of 

temperature of 150oC with an applied stress of 70 MPa. The minimum creep 

rate decreased from 2.594 x 10-7/s to 1.375 x 10-7/s as the addition of Sn to 

the die-cast A6 alloy. As mentioned previously, the presence of the thermally 

stable Mg2Sn phase improved the creep resistance of the A6 alloy. In the 

case of the ATX641 alloy, the minimum creep rate changed from 1.375 x 10-

7/s to 1.194 x 10-7/s, and this caused by the formation of thermally stable 

CaMgSn phase. Y. Huang et al. reported that the formation of the CaMgSn 

phase induced the suppression of the deformation by the sliding of dendrite 

boundaries in the Mg-Sn-Ca alloy system [70]. As the amount of Ca contents 

increased from 1 wt.% to 2 wt.% in the AT64 alloy, the minimum creep rate 

apparently reduced from 1.194 x 10-7/s to 2.937 x 10-9/s. This improvement 

may be due to the formation of Al2Ca phase while the thermally unstable 

Mg17Al12 phase disappeared. In the comparison of ATX642 and ATX642J 

alloys, the minimum creep rate decreased from 2.937 x 10-9/s to 1.587 x 10-

9/s, the creep property was improved by the finely distributed precipitates at 

dendrite boundaries. The ATX642E alloy shows the best creep resistance in 

terms of the minimum creep rate since the smaller CaMgSn phase due to 

Mm addition, and the presence of the thermally stable CaMgSn, Al2Ca and 

Al11Mm3 compounds contribute to the improved creep resistance by 

impeding the dislocation movement. 
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Figure 3.13 Creep curves of high pressure die-cast Mg-Al-Sn based alloys 

under the condition of 70 MPa and 150oC. 
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Table 3.3 Creep strain and minimum creep rate of die-cast Mg-Al-Sn based 

alloys under the condition of 70 MPa and 150oC. 

Alloys 
Creep Strain (%) Minimum Creep 

Rate (/s) Initial 50 hr 100 hr 200 hr 

A6 0.59 - - - 2.594 x 10-7 

AT64 0.55 1.82 - - 1.375 x 10-7 

ATX641 0.37 1.12 1.73 2.65 1.194 x 10-7 

ATX642 0.34 0.22 0.28 0.39 2.937 x 10-9 

ATX642J 0.38 0.16 0.18 0.23 1.587 x 10-9 

ATX642E 0.43 0.17 0.21 0.25 1.310 x 10-9 
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Chapter 4 Discussions 

 

4.1. High temperature mechanical properties 

  

Tensile properties at R.T. and 150oC, and creep properties of high pressure 

die-cast Mg-Al-Sn based alloys were estimated in chapter 3. In the view 

point of strengthening effects at R.T. and 150oC of these alloys, dendrite 

boundaries hardening by thermally stable precipitates and matrix 

strengthening by solute concentrations in the a-Mg matrix were investigated. 

 

4.1.1. Thermal stability of precipitates 

 

In heat resistant Mg alloys, thermally stable precipitates play important roles 

to enhance high temperature mechanical properties. Typical second phases of 

high pressure die-cast Mg alloys and their thermal stabilities are listed in 

Table 4.1. As shown in Table 4.1, major phase is the Mg17Al12 in Mg-Al-(Zn) 

and Mg-Al-Si based alloys, and its melting point is 437oC. This phase is 

easily dissolved above 120oC, and it leads to the deterioration of creep 

resistance. Therefore, Mg-Al-(Zn) and Mg-Al-Si based alloys show 

relatively low creep resistance. On the other hand, major second phases in 

Mg-Al-Ca, Mg-Al-Sr, Mg-Al-RE based alloys have higher melting 

temperature, so these alloys show superior creep properties. And depending 

on the ratio between alloying elements such as Al/Sr, Al/Ca and Al/RE ratio, 

precipitates can be divided into various types. In case of Mg-Al-Sr system, 

types of precipitates are divided into Mg17Sr2, Al2Sr and Al4Sr depending on 

Al/Sr ratio. In the Mg-Al-Ca system, solidification sequence can be changed 
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from (Mg,Al)2Ca and Mg17Al12 to Mg2Ca phase according to Al/Ca ratio. 

Also in case of Mg-Al-RE system, Al11RE3 or Al2RE phases can be formed. 

These precipitates have different melting point, and this influences the high 

temperature mechanical properties of die-cast Mg alloys. In order to evaluate 

the thermal stability of precipitates in die-cast Mg alloys, heat treatment was 

carried out at 400oC for 12 hrs. Heat treated die-cast Mg-Al-Sn based alloys 

compared to as-cast alloys are shown in Figures 4.1 and 4.2. In the case of 

the A6 alloy, the Mg17Al12 phase at dendrite boundaries is clearly 

disappeared after heat treatment, and Sn added AT64 alloy shows the black 

fine particles at dendrite boundaries while most of precipitates in dendrite 

boundaries disappeared. The addition of 1 wt.% Ca to the AT64 alloy, plate 

shape CaMgSn phase was clearly seen, but most of precipitates at dendrite 

boundaries are rarely observed. In case of ATX642, ATX642J and ATX642E 

alloys, plate shape CaMgSn phases and finely distributed precipitates are 

remaining at dendrite boundaries in the ATX642 alloy as presented in Figure 

4.2. XRD patterns of heat treated Mg-Al-Sn based alloys compared to as-

cast alloys are shown in Figure 4.3. First of all, the Mg17Al12 phase is totally 

disappeared after heat treatment in the A6 alloy. In the case of the AT64 alloy, 

the Mg2Sn phase is still remaining after heat treatment while the Mg17Al12 

phase is disappeared. In ATX641 and ATX642 alloys, the CaMgSn and 

Al2Ca phase are still remaining after heat treatment. In comparison of 

thermal stability of Mg2Sn and CaMgSn phases, the CaMgSn phase is 

known to more stable rather than that of the Mg2Sn phase [73]. Especially in 

the ATX642 alloy, there is no change in precipitates after heat treatment due 

to the replacement of the Mg17Al12 phase to the Al2Ca phase at dendrite 

boundaries. The Al2Ca phase is known as effective strengthener in the die-

cast Mg alloys which require heat resistance.  
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Table 4.1 Characteristics of second phases in high pressure die-cast Mg 

alloys [72]. 

Alloy System 
Second Phase Creep 

Resistance Phase Melting Point (oC) 

Mg-Al, 

Mg-Al-Zn 
Mg17Al12 437 Low 

Mg-Al-Si 
Mg17Al12 437 Borderline 

Mg2Si 1,085 Good 

Mg-Al-Ca Al2Ca 1,079 Good 

Mg-Al-Sr 
Mg17Sr2 606 Good 

Al4Sr 1,040 Good 

Mg-Al-RE Al2RE 1,485 Good 

Mg-Al-RE-Ca 
Al11RE3 1,480 Good 

Al2Ca 1,079 Good 

Mg-Al-Sn Mg2Sn 770 Good 
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(a)                            (b) 

  

(c)                            (d) 

   

(e)                            (f) 

 

Figure 4.1 Microstructures after heat treatment at 400oC for 12 hrs of high 

pressure die-cast (a) as-cast A6, (b) heat-treated A6, (c) as-cast 

AT64, (d) heat-treated AT64, (e) as-cast ATX641 and (f) heat-

treated ATX641 alloys. 
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(a)                            (b) 

  

(c)                            (d) 

  

(e)                            (f) 

 

Figure 4.2 Microstructures after heat treatment at 400oC for 12 hrs of high 

pressure die-cast (a) as-cast ATX642, (b) heat-treated ATX642, (c) 

as-cast ATX642J, (d) heat-treated ATX642J, (e) as-cast ATX642E 

and (f) heat-treated ATX642E alloys. 
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(a) 

 

(b) 

 

Figure 4.3 Comparison of XRD patterns of die-cast Mg alloys in the as-cast 

and heat-treated alloys at 400oC for 12 hrs; (a) A6, (b) AT64, (c) 

ATX641 and (d) ATX642 alloys.  
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(c) 

 

(d) 

 

Figure 4.3 Continued.  
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In order to observe thermal instability of precipitates during tensile 

deformation, microstructures of die-cast AT64, ATX641 and ATX642 alloys 

were observed with SEM/EDS after tensile tests at R.T. and 150oC as 

presented in Figure 4.4. In Figure 4.4 (a) and (b), Mg17Al12 and Mg2Sn 

phases lead to the formation of void during tensile loading at both of R.T. 

and 150oC. In Figure 4.4 (c) and (d), the CaMgSn phase leads to crack 

initiation within the a-Mg matrix at R.T. and 150oC. By the addition of 2 wt.% 

Ca to AT64 alloy, CaMgSn and Mg-Al-Ca phases lead to the formation of 

void at R.T. and 150oC. While various brittle precipitates lead to the 

formation of void, it could not be observed any dissolution of precipitates 

even though these alloys were sustained at high temperature for 30 ~ 40 min. 

On the other hand, comparison of tensile tested and creep tested alloys 

showed apparently different microstructures due to different thermal 

exposure times. Microstructures and phase identification with EDS of creep 

tested AT64, ATX641 and ATX642 alloys compared to as-cast alloys are 

presented in Figure 4.5. In the as-cast AT64 alloy, continuously precipitated 

Mg17Al12 phase was existed with the Mg2Sn phase. However, the Mg17Al12 

phase was changed discontinuously after creep test under the condition of 70 

MPa and 150oC, and displacement was observed at dendrite boundaries near 

the Mg17Al12 phase. In the case of the ATX641 alloy, Mg-Al-Ca related 

phase were precipitated at dendrite boundaries together with the Mg17Al12 

phase in the as-cast state. However, the Mg17Al12 phase was discontinuously 

distributed after creep test, and small amount of displacement happened at 

dendrite boundaries similar with the AT64 alloy. On the other hand, in the 

ATX642 alloy, most of the Mg17Al12 phase was replaced to the Mg-Al-Ca 

phase as observed in XRD patterns. Discontinuously precipitated Mg17Al12 

phase was not observed in creep tested ATX642 alloy, even though very 
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small amount of displacement was observed near the CaMgSn phase. It was 

concluded that apparent difference between the as-cast and creep tested Mg-

Al-Sn based alloys was the morphology of the Mg17Al12 phase, and 

thermally unstable Mg17Al12 phase induces large amount of creep strain. In 

comparison of creep properties of ATX641 and ATX642 alloys, the ATX642 

alloy showed superior creep properties rather than the ATX641 alloy. It 

means that the Mg-Al-Ca phase distributed at dendrite boundaries enhances 

creep properties rather than the CaMgSn phase.  

  



 

 

 

 

 
83

  

(a)                          (b) 

  

(c)                              (d) 

  

(e)                              (f) 

Figure 4.4 Microstructure and phase identification with EDS after tensile 

tests at R.T. and 150oC in die-cast Mg alloys; (a) AT64 tested at 

R.T., (b) AT64 tested at 150oC, (c) ATX641 tested at R.T., (d) 

ATX641 tested at 150oC, (e) ATX642 tested at R.T. and (f) 

ATX642 tested at 150oC.  
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(b)                          (b) 

  

(c)                              (d) 

 

(e)                              (f) 

 

Figure 4.5 Microstructure and phase identification with EDS in the as-cast 

and after creep tested under 70 MPa at 150oC in die-cast Mg 

alloys; (a) as-cast AT64, (b) crept AT64, (c) as-cast ATX641, (d) 

crept ATX641, (e) as-cast ATX642 and (f) crept ATX642 alloys. 
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4.1.2. Solute segregation behaviour in die-cast magnesium alloys 

  

Not only the dendrite boundary strengthening caused by thermally stable 

precipitates, matrix hardening due to solute atoms plays important role in the 

die-cast Mg alloys. J. R. Terbush et al. intensively investigated solute 

segregation behaviour in the a-Mg matrix with mapping technique [74-76]. 

They observed the variation of composition in each alloying elements in Mg-

Al-Ca based alloys including MRI153M, MRI230D, AXJ530 and AX44 

alloys as presented in Figure 4.6. With the similar method, point analysis by 

using SEM/EDS with a square grid of 225 points was gathered from regions 

with representative microstructure, with a step size of approximately 10 mm 

between points in order to avoid overlap of each point as illustrated in Figure 

4.7. Based on the binary phase diagram, the first solid that forms will have 

the highest Mg concentration and the last point to solidify will have the 

lowest value. The quantitative results generated by the SEM/EDS were 

sorted in decreasing order of Mg concentration, since primary a-Mg is the 

first phase to form during solidification. Using this way, apparent solid 

fraction can be determined based on the Mg concentration at each point, and 

the concentration of alloying elements can be plotted against this apparent 

solid fraction to show the compositional variation during solidification of the 

Mg-Al-Sn based alloys. Concentration of each component including Al and 

Sn at relatively low apparent solid fraction region is considered as solute 

segregation in the a-Mg matrix, and at high apparent solid fraction means 

concentration of near and at dendrite boundaries. Mg concentration 

according to apparent solid fraction in die-cast A6, AT64 and ATX641 alloys 

is presented in Figure 4.7. 
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Figure 4.6 Apparent solid fraction vs. composition of alloying elements in 

die-cast Mg-Al-Ca alloys [74]. 
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Figure 4.7 EDS point analysis in the die-cast ATX641 alloy in the interval of 

10 mm. 
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Figure 4.8 Apparent solid fraction vs. Mg composition in die-cast A6, AT64 

and ATX641 alloys. 
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Mg concentration goes down by the addition of 4 wt.% Sn, and combined 

addition of 4 wt.% Sn and 1 wt.% Ca to the die-cast A6 alloy, it means that 

the overall concentration of alloying elements increased at both of dendrite 

interior and boundaries as presented in Figure 4.9. The increase of solute 

concentration in dendrite boundaries is mainly due to the addition of alloying 

elements which form precipitates at dendrite boundaries. Enlargement of 

Figure 4.9 (a) is indicated in Figure 4.9 (b) to observe solute concentration in 

the dendrite interior region. Solute concentration in the a-Mg is 

approximately 3~8 wt.% in the range from 0 to 0.5 of apparent solid fraction 

in AT64 and ATX641 alloys, and these alloys showed almost twice values 

than that of the A6 alloy. The one of reasons for enhanced mechanical 

properties in AT64 and ATX641 alloys than those of the A6 alloy is that solid 

solution hardening or precipitation hardening in the a-mg matrix by the 

addition of Sn and Ca. In order to analyze the contribution of each alloying 

element, solute concentration of Al and Sn according to apparent solid 

fraction was indicated in Figure 4.10 and 4.11, respectively. In Figure 4.10, 

Al concentration in the dendrite interior region, their values was significantly 

increased by the addition of Sn and combined addition of Sn and Ca. This 

might be due to the solidification sequence of these alloy systems. In the 

case of the AT64 alloy, the Mg2Sn phase was formed during solidification 

rather than the formation of the Mg17Al12 phase, and the Al atoms remain as 

solid solution. Likewise, in the ATX641 alloy, CaMgSn and Mg2Sn phases 

are formed during solidification, the amount of Al in the dendrite region 

increased. In the view point of Sn concentration as presented in Figure 4.11, 

it was slightly decreased by the addition of 1 wt.% Ca. Before forming the 

a-Mg phase, most of Sn was precipitated as the CaMgSn phase, and this is 

the reason for showing these kinds of results.  
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(a) 

 

(b) 

 

Figure 4.9 (a) Total solute compositions in the a-Mg as a function of 

apparent solid fraction and (b) enlargement of results. 
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(a) 

 

(b) 

 

Figure 4.10 (a) Solute compositions of Al in the a-Mg as a function of 

apparent solid fraction and (b) enlargement of graph. 
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(a) 

 

(b) 

 

Figure 4.11 (a) Solute composition of Sn in the a-Mg as a function of 

apparent solid fraction and (b) enlargement of graph. 
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In a recent study by Zhu et al., the creep resistance of die-cast AE42 was 

reported to be related to the amount of Al solute in the primary a-Mg after 

casting. It is assumed that when creep is controlled by viscous glide, 

Mohamed and Langdon proposed the following equation [77]. 

 ≈̇
 (   )    

       
 
 

 
 
 

                   (1) 

Where v is Poisson`s ratio, σ is the applied sress, k is Boltzmann`s constant, 

T is the absolute temperature, D  is the interdiffusion coefficient for the 

solute, G is the shear modulus, b is the Burgers vector, e is the solute size 

difference and c is the solute concentration. Creep strain rate is inversely 

proportional to e2c, it means that the large solute size difference and the 

solute concentration contribute to improve the creep properties. Among the 

above parameters, e and c show significant difference according to alloying 

elements. Atomic size misfit and solid solubility on Mg of various alloying 

elements are listed in Table 4.2. Atomic size misfit of Al and Sn are smaller 

than those of Ca, Sr and Ce, but solid solubility on Mg is relatively larger 

than those of Ca, Sr and Ce. In case of AT64 and ATX641 alloys, they show 

high e2c values caused by Al solute atoms in the a-Mg matrix together with 

Sn solute atoms. Creep deformation behaviour in Mg-Al alloy system is 

apparently affected by difference in the concentration of solute atoms in a-

Mg matrix. Figure 4.12 indicates the result of a creep test on Mg-Al alloy at 

10 MPa of stress and 600 K. Under this test condition, when the amount of 

Al increased up to 0.6 ~ 3.0 wt.%, the steady-state creep deformation rate 

was significantly decreased, time to reach fracture increased and creep 

deformation for a certain length of time decreased. The result shows that 

resistance to creep deformation increased with the increase of the solute 

concentration, especially high soluble of Al in the Mg alloy.  
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Table 4.2 Atomic size misfit and solid solubility on Mg. 

Elements 
Atomic 

Radious (Ȧ) 

Atomic Size 

Difference 

(Ȧ) 

Maximum 

Solubility 

(at.%) 
e2c 

e c 

Mg 0.160 - - - 

Al 0.143 -10.6 11.60 0.335 

Sn 0.145 -9.4 3.35 0.075 

Ca 0.197 23.1 0.82 0.184 

Sr 0.215 34.4 0.03 0.033 

Ce 0.181 20.7 0.09 0.027 

 

 

 

 

Figure 4.12 Effect of Al concentrations in the Mg matrix on creep properties 

in die-cast Mg-Al alloys [78]. 
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4.1.3. Creep Mechanisms for ATX641 and ATX642 Alloys  

 

The stress exponent (n) and activation energy (Q) were evaluated to 

understand the dominant creep mechanisms of ATX641 and ATX642 alloys. 

The minimum creep rate could be calculated by following conventional 

equation [79].  

ε̇ =
    

  
 
 

 
 
 
 
 

 
 
 

                   (1) 

Where D is the diffusion coefficient ( =   	exp	(− /  )), where Do is a 

frequency factor, Q is the activation energy. R is the gas constant and T is the 

absolute temperature. G is the shear modulus, b is the Burgers vector, k is 

Boltzmann`s constant, d is the grain size, s is the applied stress, p and n are 

the exponents of the inverse grain size and the stress, respectively. The stress 

exponent, n and creep activation energy, Q values associated with different 

creep mechanisms are divided into low and high temperature dislocation or 

diffusional creep, together with the general stress and temperature conditions 

which each process is considered to become dominant. By plotting the 

minimum creep rate in a log form as a function of the applied stress at 150oC, 

the stress exponent (n) be calculated. The stress exponent n ≅ 2 is generally 

reported for grain boundary sliding, while n = 4~8 is for dislocation climb 

controlled creep. In Figure 4.13, the stress exponent of the ATX641 alloy 

shows 5.4 in the range from 30 to 90 MPa. In Figure 4.14, the stress 

exponent of the ATX642 alloys shows 2.6 in the range from 30 to 70 MPa, 

and 7.3 in the range from 70 to 90 MPa.  

In order to calculate the creep activation energy (Q) of die-cast ATX641 and 

ATX642 alloys, creep tests were carried out in the temperature range from 

100oC to 200oC at the applied stress of 70 MPa. Creep rate increased with 
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increasing temperatures significantly. From these results, creep activation 

energy of the ATX641 is 106.1 kJ/mol. Considering the activation energy for 

lattice self diffusion in Mg (135 kJ/mol), diffusion of Al in Mg (143 kJ/mol) 

and grain boundary diffusion (92 kJ/mol), the creep activation energy of die-

cast alloy is close to the value of the activation energy grain boundary 

diffusion at elevated temperature.  

From the above results, the dominant creep mechanism for the ATX641 alloy 

as dislocation climb which can be inferred from the stress exponent in the 

range from 30 MPa to 90 MPa at 150oC. In case of the ATX642 alloy, from 

the results of the creep property (n = 7.3) at relative high stress levels, it was 

inferred that dislocation climb was dominant creep deformation mechanism 

of die-cast ATX642 alloy in the range from 70 MPa to 90 MPa and 175oC to 

200oC. On the other hand, at low temperatures and low stress levels (n = 2.6 

& Q = 92.7 kJ/mol), it was inferred that grain boundary sliding was 

dominant creep mechanism in the range from 30MPa to 70 MPa at 150oC. 

However, even though dominant creep mechanisms are conventionally 

predicted from the stress exponent and the activation energy from previous 

literatures, various creep deformation modes can occur together in the 

engineering viewpoint. Therefore, extra analysis such as dislocation analysis 

or the use of internal variable theory should be investigated in order to 

examine combination effects of creep deformations in detail [80-82]. 

Nevertheless, when the normalized shear stress is approximately 4.5 x 10-3, 

and homologous temperatures are in the range from 0.42 to 0.54, it is in the 

region of power law creep from the Ashby`s creep mechanism map [31]. The 

dislocation creep deformation is achieved by dislocation glide or dislocation climb 

according to homologous temperature ranges, therefore it may have uncertainty in 

this alloy. The dominant creep mechanism for the ATX641 alloy can be 
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carefully thought as dislocation climb controlled creep, but future work with 

detailed analysis will be needed. Meanwhile, the Ashby`s creep mechanism 

map does not take into account grain size (or dendrite arm spacing) effect. In 

the case of the ATX642 alloy, it has lower dendrite arm spacing compared to 

the ATX641 alloy as indicated in Figure 3.3. Therefore, smaller dendrite arm 

spacing in the ATX642 alloy may increase the contribution of grain 

boundary sliding rather than the contribution of dislocation in a-Mg matrix 

even though thermally stable (Mg,Al)2Ca phase is finely precipitated at 

dendrite boundary region. This might be main reason for showing different 

creep mechanism compared to the ATX641 alloy. 

From the above analysis, it was possible to suggest that the theoretical 

background to develop improved alloy systems through the understanding of 

creep mechanisms for the developed magnesium alloys. 

  



 

 

 

 

 
97

 

(a) 

 

(b) 

 

Figure 4.13 Creep mechanisms for die-cast ATX641; (a) dependence of 

applied stress and (b) temperature.  
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(a) 

 

(b) 

 

Figure 4.14 Creep mechanisms for die-cast ATX642; (a) the dependence of 

applied stress and (b) temperature. 
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4.1.4. Development of New High Temperature Mg Alloys 

  

From the above investigation, new high temperature die-cast magnesium 

alloys were newly developed for automotive applications. The die-cast 

products are usually manufactured in near net shape, and plastic deformation 

should not occur at room and elevated temperatures. Therefore, the yield 

strength is a criterion for the quantitative targets rather than the tensile 

strength or elongation. Meanwhile, in the case of oil pan, engine oil 

temperature increased during driving. Then bolt load relaxation happens due 

to high temperature exposure. Bolt load relaxation characteristics of joints 

play a significant role in parts that serve at elevated temperatures. 

Insufficient bold load retention in different joint may result in oil leaking and 

increased noise, vibration and hardness of different vehicles. Therefore, 

commercially utilized automotive components including oil pan and 

transmission case need for heat resistance. The required quantitative targets 

of room and elevated temperature yield strength and creep strain at 70 MPa 

and 150oC for 200 hrs were indicated in Table 1.4. The quantitative targets of 

the yield strength at room temperature and 150oC are 150 MPa and 130 MPa, 

respectively, and the creep strain under the condition of 70 MPa and 150oC 

for 200 hrs is 0.4%. As shown in Figure 4.15, die-cast ATX642, ATX642J 

and ATX642E alloys were satisfied with the quantitative targets. Therefore, 

these alloys will be used in automotive components such as oil pan and 

transmission case. 
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(a) 

 

(b) 

Figure 4.15 Quantitative target of mechanical properties in die-cast Mg 

alloys to adopt for automobile applications; (a) yield strength at 

R.T. and 150oC and (b) creep strain under the condition of 70 

MPa and 150oC after 200 hrs.  
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4.2. Variability of tensile properties to microporosity variation 

 

Even though the yield strength of die-cast Mg alloys has importance as a 

criterion compared to the tensile strength and elongation in near net shape 

die-cast applications, the tensile strength and elongation have importance 

due to tensile stability especially in high pressure die-cast Mg alloys. The 

tensile strength and elongation in cast materials is strongly dependent on 

casting defects, therefore, effects of casting defects including gas pores and 

shrinkage pores on tensile stability of die-cast Mg-Al-Sn based alloys should 

be discussed. Mechanical properties of high pressure die-cast Mg-Al-Sn 

based alloys are shown in Figure 4.16. Typical die-cast Mg alloys have 

various range of the fraction of microporosity and have non-uniform 

microstructures, so the results were achieved by the average value of 7~9 

results from tensile tests. As shown, they show the variability in their tensile 

properties at room temperature. In case of the yield strength of these alloys 

does not vary with microporosity levels. On the other hand, the tensile 

strength and elongation of these alloys show variability in their values. 

Typical casting defects and normal fracture surface in the die-cast A6 alloy 

are shown in figure 4.17. Indicated region in red color represents shrinkage 

porosity and insufficient feeding during solidification, however, entrapped 

gas porosities were rarely observed. Nominal region is composed of quasi-

cleavage and fractured near the Mg17Al12 phase. Prediction of mechanical 

properties by using theoretical model was used to investigate the variability 

of tensile properties of high pressure die-cast Mg-Al-Sn based alloys 

quantitatively. 
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(a) 

 

(b) 

 

(c) 

Figure 4.16 Variability of mechanical properties in die-cast Mg-Al-Sn based 

alloys at room temperature; (a) yield strength, (b) tensile 

strength and (c) elongation.  
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Figure 4.17 Fracture surface indicating shrinkage pores (red color) and 

typical fracture mode after tensile loading in die-cast A6 alloy. 
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4.2.1 Ghosh`s constitutive model 

 

The constitutive model of a simple power law relation between true stress 

and strain, suggested by A. K. Ghosh, concerns the strain and strain related 

term, and can be expressed as follows [50, 59, 83]: 

σ =     ̇                          (3) 

Where σ and ε are the true stress and true strain, respectively, and 	  ̇ is 

the true strain rate in numerical form. In Equation (3),   and m represent 

the strain hardening exponent (SHE) and the strain rate sensitivity (SRS), 

which are numerically defined in Equation (4a) and (4b), respectively:  

 = (∂lnσ/ ∂lnε)ε,̇                     (4a) 

 = (∂lnσ/ ∂lnε̇)ε,                     (4b) 

Under the assumption that the material containing internal discontinuities 

experiences tensile loading under axial local equilibrium, the conventional 

equation for stress distribution can be expressed in terms of the load bearing 

area as follows:  

σ (1 −  )  e
   =     e

 ε                  (5) 

Where   ,    and   ,    are the true stress and strain within the void region 

and outside the void region, respectively, and    is the initial cross-

sectional area with a microporosity of f. Schematic draw for the geometric 

array of a microporosity existed in a material for constitutive model is 

illustrated in Figure 4.18. Combining Equation (3) and (5), the stress 

distribution equation can be simply expressed as follows [50, 59, 83]: 

(1 −  )e   ε 
 ε̇ 

 = e   ε 
 ε̇ 

                 (6) 

Differentiating Equation (6) over time leads to a general formula which is 

fundamentally time independent:  



 

 

 

 

 
105

(1 −  ) / e   / ε 
 / 

   = e   / ε 
 / 

 ε           (7) 

The relative increase of    and    can be calculated by the Newton-

Raphson iteration of Equation (7), as well as by other various methods in the 

form of a strain profile which consists of the relative increase of ∆   and 

∆   for given values of m, n and f. The basic formula of the Newton-

Raphson equation can be given simply as 

    =   −  
 (  )

 `(  )
                      (8) 

In addition, since the relative increase of ∆   is the difference of strain 

between the (i + 1)th and (i)th steps, (ε   − ε ), the relative increase of 

∆   can be determined using Equation (9), obtained by substituting Eq. (7) 

into Eq. (8). 

∆  =
(   ) /  

   / ∆ε [(∆ε / ) ε 
 / 

  (∆ε / )  ε 
 /     ε 

 / 
]

[    / ε
 
 / 

]
      (9) 

The solution of the basic formula shown in Eq. (9) can be expressed as a 

various form of the strain profile, which consists of the relative increase of 

∆   and ∆  , strain within the void region and the strain outside the void 

region for given values of m, n and f [50, 59, 83].  
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Figure 4.18 Schematic draw for the geometric array of a microporosity 

existed in a material for constitutive model [84]. 
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4.2.2. Modified constitutive model with consideration of porosity 

and precipitates distribution factors 

 

Ghosh`s constitutive model predicts tensile elongation of materials which 

has microporosity accurately compared with the Brown-Embury model or 

Thomason model for void coalescence mechanism, because it takes into 

account the strain related factors such as the strain hardening exponent, the 

strain rate sensitivity and microporosity term [84]. However, given that the 

microporosity term in the original Ghosh`s constitutive model is considered 

as only the total fraction of microporosity, however, there is a restriction that 

the predicted value for tensile elongation cannot be used to predict the 

distribution factors of microporosity with regard to variation in the size of 

and the spacing between microporosities. In addition, this model takes the 

approach of predicting the tensile elongation through selection of a limit for 

the fracture strain on the strain profile between the strain achievable in 

defect-free conditions through extrapolation of the experimental results [84]. 

This approach is difficult to support the scientific meaning and the physical 

definition of the stable and unstable deformation on the strain profile 

between the strain within and outside the void region. On the other hand, 

above constitutive model only considered the fraction of microporosity as 

nominal values for the entire microporosity area, there is a restriction that the 

predicted value for the tensile elongation cannot precisely reflect the 

distribution aspect of microporosity with regard to the variation in the size of 

and the spacing between microporosity. In addition, Ghosh`s approach for 

the prediction of tensile elongation was achieved through the selection of a 

limit fractured strain on the strain profile between the strain within and 

outside the void region. The limit strain can be obtained from the maximum 



 

 

 

 

 
108

strain achievable in the defect-free state through extrapolation of the 

experimental results. Furthermore, given that the constitutive model itself 

includes the strain-related factors describing the plastic deformation behavior, 

it is reasonable that the maximum tensile strain of a material should be 

described as an extreme strain resulting in unstable or quasi-stable 

deformation on the strain profile, rather than a limit fracture strain. In 

contrast, the modified constitutive model is composed of the plastic 

constraint factor including the geometric array of internal discontinuities 

such as the micro-voids and precipitates in the fracture surface, with a 

numerical expression for the void growth between ligaments, the Rice-

Tracey equation, and the numerical formula, which can be expressed as 

follows: 
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Where Af-void and Af-precipitates are the area fraction of microporosity and 

precipitates, respectively, a and ao are the diameter of microporosity after 

and before tensile deformation, respectively, and (a/ao) is the Rice-Tracey 

equation describing the velocity of void growth. As shown in Figure 4.19, 

spherical void and linear hardening model were simply used, and void 

growth rate perpendicular to the loading direction is dependent on stress 

triaxiality (sm/Y) where sm is mean stress value and Y is the yield strength. 

According to this calculation, void growth rate varies with stress triaxiality 

as a function of plastic strain. In case of die-cast A6 and ATX641 alloy, true 

strain was in the range from 5.9 to 9.6%. And in this region, void growth rate 

shows from 1 to 2% where (sm/Y) is 0.3. Therefore, difference between the 

fraction of initial void and void after tensile deformation is not large. P(a) is 
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defined as a plastic constraint factor that is described by the diameter (a) of 

microporosity and the spacing (l) between microporosities or precipitates. 

This factor demonstrates the distribution aspect of microporosities and their 

spacing, so it is related to the void coalescence. Its numerical form can be 

described by the following equation [85, 86]: 

P(a)=[a(n)/(a/l)2+1.24/(a/(a+l))0.5]              (2) 

Where a(n) has a functional relationship with the strain hardening exponent 

(n), 0.1+0.217n+4.83n2 [87].  

Since the true uniform strain of sound material is equivalent to the strain 

hardening exponent under maximum loading conditions, the tensile stress, 

σ 
∗ , with a microporosity f can be expressed as the following equation from 

the simple power relationship. 

  
∗

 ∗
=  

  
∗

  
 
 

=  
  
∗

 
 
 

                   (3) 

Where   
∗ is the premature true strain which has a microporosity f, and σ∗ 

and    are the true stress, and maximum strain to fracture of sound material, 

respectively. From the viewpoint of tension instability, the numerical form 

for the calculation of tensile strength is divided into two alternatives for the 

relative magnitude between the strain hardening exponent and true uniform 

strain as in the following equations [59, 83]. 
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Figure 4.19 Void growth rate calculated by Rice-Tracey model with 

assumption of spherical void and linear hardening according 

to stress triaxiality. 
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Deviation of the extreme strain from the iso-strain line with consideration of 

the microporosity distribution factors predicted from the modified Ghosh`s 

constitutive model is presented in Figure 4.20. The strain within the void 

region significantly deviated from the iso-strain line according to the ratio 

between the diameter of microporosity and the spacing between 

microporosities. When the diameter of microporosity displayed larger values 

than the spacing between microporosities, the plastic constraint factor 

decreased significantly, while decrease of the predicted elongation also 

occurred. Therefore, large values of the diameter of microporosities 

compared to the spacing between microporosities have a more detrimental 

effect on tensile elongation. In the case of the original Ghosh`s constitutive 

model, high deviation from the iso-strain line was observed than the 

modified constitutive model. Because the plastic constraint factor in the 

modified constitutive model gives reciprocal contribution to the 

microporosity variation. Deviation of the extreme strain from the iso-strain 

line according to the fraction of microporosities with consideration of the 

plastic constraint factors is presented in Figure 4.21. The ratios of 

(a/l)microporosity and (a/l)precipitate were assumed to be 1.5 and 1.0, respectively. 

At a given value of the strain related factors and plastic constraint factors, 

strain profiles from the iso-strain line displayed significant deviation as the 

fraction of microporosity increased. The tensile elongation can be calculated 

from the strain profiles at regions of infinite increase, as indicated in Figure 

4.21, which can give useful information to predict the tensile elongation of 

die-cast Mg alloys. 
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Figure 4.20 Deviation of the extreme strain from the iso-strain line with 

consideration of microporosity distribution factors. 
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Figure 4.21 Deviation of the extreme strain from the iso-strain line as a 

function of microporosity variation with consideration of 

distribution factors. 
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4.2.3 Effects of strain related factors on the defect susceptibility 

to microporosity variation 

 

The dependence of the tensile properties on the area fraction of microporosity 

on the fracture surface proposed by Gokhale et al., could be described as a 

simple power law equation, through quantitative fractographic analysis of cast 

alloys. The defect susceptibility of elongation to microporosity variation and 

maximum value in a defect-free state can be described by the power law 

relationship of tensile elongation with the area fraction of microporosity, as 

empirically determined via the following equation [55, 59, 62]. 

 =   [1 −  ]                       (1) 

 =   [1 −  ]                       (2) 

Where S is the tensile strength of a material with the area fraction of 

microporosity f; So is the tensile strength in a defect-free state, and a is the 

defect susceptibility of tensile strength to microporosity variation. e is the 

tensile elongation of a material with the area fraction of microporosity f; eo is 

the elongation in a defect-free state, and b is the defect susceptibility of 

tensile elongation to microporosity variation. 

The defect susceptibility of tensile elongation to microporosity variation, 

with consideration of various strain hardening exponents, is presented in 

Figure 4.22 (a). The ratio between the diameter of microporosities and the 

spacing between microporosities was assumed to be 1.5 when the fraction of 

microporosity was 0.3. In addition, the ratio between the diameter of the 

precipitate and the spacing between the precipitate was assumed to be 1.0 

while the fraction of precipitate was 0.1. As shown in Figure 4.22 (a), the 

defect susceptibility of elongation to microporosity variation was 

significantly increased with decrease of the strain hardening exponent. In 
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particular, the maximum elongation in a defect-free state was also 

significantly decreased with decrease of the strain hardening exponent. The 

dependence of the microporosity distribution factors on the defect 

susceptibility is presented in Figure 4.22 (b). The defect susceptibility of 

elongation to variation in microporosity changed dramatically with relative 

increase of the diameter of microporosities at fixed spacing between the 

microporosities. This demonstrates that not only the total fraction of 

microporosity, but also the ratio between a and l could leads to additional 

decrease of the tensile elongation of cast materials. Meanwhile, 

microstructural factors such as the fraction of precipitates and the spacing 

between adjacent precipitates also led to additional decrease of the tensile 

properties, together with the existence of microporosity in the die-cast Mg 

alloys. The sensitivity of tensile elongation to microporosity variation with 

consideration of the fraction of precipitates is presented in Figure 4.23 (a). 

The tensile elongation was slightly decreased with increasing fraction of 

precipitates, which acted as void nucleation in the dendrite boundaries or 

interior. However, the fraction of precipitates was insensitive to the defect 

susceptibility of tensile elongation to microporosity variation. The ratio of 

the size of precipitates and the spacing between precipitates also influenced 

the tensile elongation, as presented in Figure 4.23 (b). Tensile elongation was 

sensitive to the ratio of (a/l)precipitate at very low values of the fraction of 

microporosity. In contrast, it became insensitive with increasing fraction of 

microporosity.  
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(a) 

 

(b) 

 

Figure 4.22 Dependence of (a) strain hardening exponent and (b) porosity 

distribution on defect susceptibility of elongation to 

microporosity variation.  



 

 

 

 

 
117

 

(a) 

 

(b) 

 

Figure 4.23 Dependence of (a) precipitate fraction and (b) precipitate 

distribution factors on defect susceptibility of elongation to 

microporosity variation. 
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The defect susceptibility of tensile strength to microporosity variation, with 

consideration of various strain hardening exponents, is presented in Figure 

4.24 (a). As shown in Figure 4.24 (a), the defect susceptibility of tensile 

strength to microporosity variation was insensitively increased with 

increasing the strain hardening exponent. The dependence of the 

microporosity distribution factors on the defect susceptibility of tensile 

strength to microporosity variation is presented in Figure 4.24 (b). Similar 

with the defect susceptibility of elongation, the defect susceptibility of 

tensile strength to variation in microporosity changed dramatically with 

relative increase of the diameter of microporosities at fixed spacing between 

the microporosities. This demonstrates that not only the total fraction of 

microporosity, but also the ratio between a and l could lead to additional 

decrease of the tensile strength of cast materials. Meanwhile, microstructural 

factors such as the fraction of precipitates and the spacing between adjacent 

precipitates also led to additional decrease of the tensile properties, together 

with the existence of microporosity in the die-cast Mg alloys. The sensitivity 

of tensile strength to microporosity variation with consideration of the 

fraction of precipitates is presented in Figure 4.25 (a). The defect 

susceptibility of tensile strength to microporosity variation does not show 

significance with increasing fraction of precipitates, also in the view point of 

the ratio of the size of precipitates and the spacing between as presented in 

Figure 4.25 (b). Summarization of dependence of various factors on the 

defect susceptibility of tensile properties to microporosity variation is listed 

in Table 4.3. As shown, the ratio between the defect susceptibility of tensile 

strength to elongation has following relationship [88]. 

n (Strain hardening exponent) = (a / b)             (3) 
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(a) 

 

(b) 

 

Figure 4.24 Dependence of (a) strain hardening exponent and (b) porosity 

distribution on defect susceptibility of tensile strength to 

microporosity variation.  
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(a) 

 

(b) 

 

Figure 4.25 Dependence of (a) precipitate fraction and (b) precipitate 

distribution factors on defect susceptibility of tensile strength 

to microporosity variation.  
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Table 4.3 Summarization of dependence of various factors on the defect 

susceptibility of tensile properties to microporosity variation. 

Strain-related Factor Distribution and Microstructural Factor Defect Susceptibility 

SHE (n) SRS (m) (a/l)Void fPrecipitate (a/l)Precipitate U.T.S. Elong. 

0.1 

0.010 1.5 0.100 1.0 

0.540 5.397 

0.2 0.614 3.068 

0.3 0.657 2.190 

0.4 0.680 1.701 

0.5 0.692 1.384 

0.3 

0.005 

1.5 0.100 1.0 

0.011 2.191 

0.010 0.022 2.190 

0.050 0.112 2.233 

0.100 0.210 2.095 

0.200 0.360 1.799 

0.3 0.010 

0.1 

0.100 1.0 

0.027 0.091 

0.5 0.278 0.926 

1.0 0.532 1.774 

1.5 0.657 2.190 

2.0 0.730 2.433 

0.3 0.010 1.5 

0.050 

1.0 

0.563 1.885 

0.075 0.546 1.821 

0.100 0.532 1.774 

0.125 0.522 1.740 

0.150 0.513 1.711 

0.3 0.010 0.1 0.100 

0.1 0.651 2.169 

0.5 0.564 1.880 

1.0 0.532 1.774 

1.5 0.522 1.738 

2.0 0.516 1.721 
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4.2.4. Verification of constitutive model 

 

In order to verify experimental results by using the original and modified 

Ghosh`s constitutive model, the fraction of microporosity and the spacing 

between them were measured through the observation of fracture surfaces of 

tensile specimens with SEM. The information for the fraction of 

microporosity and porosity distribution factors of A6 and ATX641 alloys are 

listed in Table 4.4. They show the variability in the fraction of microporosity 

in each specimen, and overall trend in the ATX641 alloy shows relatively 

lower values than those of the A6 alloy. On the other hand, the plastic 

constraint factors in A6 and ATX641 alloys show similar values.  

Microstructural factors including the fraction of precipitates, average 

diameter of precipitates and average spacing between precipitates were 

analyzed at representative region with an optical micrograph. 

Microstructural factors of A6 and ATX641 alloys are listed in Table 4.5. In 

addition, the strain hardening exponent (n) and the strain rate sensitivity (m) 

were measured for the case of die-cast A6 and ATX641 alloys. The tensile 

stability could be determined more exactly with consideration of both than 

with consideration of the strain-hardening exponent alone, and the load 

bearing capacity could be significantly decreased by reduction of the strain 

rate sensitivity and strain hardening exponent [83]. The strain hardening 

exponent and the strain rate sensitivity of die-cast A6 and ATX641 alloys are 

listed in Table 4.6. The ATX641 alloy had a lower strain hardening exponent 

than that of the A6 alloy, at 0.291 compared to 0.318. The strain rate 

sensitivity of the die-cast A6 and ATX641 alloys, measured by the strain rate 

incremental test, was determined to be 0.009 and 0.010, respectively.  
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Table 4.4 Porosity distribution factors in die-cast A6 and ATX641 alloys. 

Alloy 

Fraction of porosity Porosity Distribution 

f -ln(1 - f) 

Ave. 

Diameter 

(a)(mm) 

Ave. 

Distance 

btw. Pores 

(l)(mm) 

a / l P(a) 

A6 

0.3837 0.4839 235.58 119.22 1.98 1.63 

0.4051 0.5194 275.01 104.57 2.63 1.51 

0.3516 0.4332 207.96 128.00 1.62 1.73 

0.3415 0.4177 290.16 130.50 2.22 1.58 

0.2964 0.3515 259.13 160.53 1.61 1.73 

0.3168 0.3810 257.22 161.76 1.59 1.74 

0.2636 0.3060 311.86 151.21 2.06 1.61 

Average 0.3369 0.4109 262.42 136.54 1.96 1.65 

ATX641 

0.3068 0.3068 333.52 153.18 2.18 1.56 

0.2586 0.2586 181.62 114.27 1.59 1.71 

0.2638 0.2638 215.55 145.13 1.49 1.75 

0.2204 0.2489 253.67 136.53 1.86 1.64 

0.2608 0.3021 197.81 152.04 1.30 1.85 

0.2896 0.3419 194.56 116.45 1.67 1.69 

0.3044 0.3629 221.44 127.30 1.74 1.67 

Average 0.2719 0.3173 228.31 134.99 1.69 1.68 
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Table 4.5 Typical values of microstructural characteristics of die-cast (a) A6 

and (b) ATX641 alloys. 

Alloys 
Total fraction of 

precipitates (%) 

Average Diameter of 

Precipitates (mm) 

Average Spacing 

btw. Precipitates 

(mm) 

A6 4.9 1.6 2.9 

ATX641 11.0 2.4 1.8 

 

 

 

Table 4.6 Strain hardening exponent and the strain rate sensitivity of die-cast 

A6 and ATX641 alloys. 

Alloys Strain hardening exponent (n) Strain rate sensitivity (m) 

A6 0.318 0.009 

ATX641 0.291 0.010 
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As mentioned above, overall trends of the fraction of microporosity and 

porosity distribution factors did not differ much between the A6 and ATX641 

alloys. However, the strain hardening exponent displayed a relatively lower 

value in the ATX641 alloy. In addition, the total fraction of precipitates in the 

ATX641 alloy was relatively higher due to the formation of various 

thermally stable precipitates, including Mg17Al12, CaMgSn and Al2Ca phases, 

while the A6 alloy included only the Mg17Al12 phase. Also, in the case of the 

ATX641 alloy, the plastic constraint factor with consideration of the 

precipitate distribution was lower than that of the A6 alloy due to the 

relatively smaller spacing between precipitates. Figure 4.26 (a) shows the 

overall contour of the strain profile with regard to the variation of 

microporosity levels at a given value of the strain hardening exponent of 

0.318 in the A6 alloy. As shown, the strain profiles deviated significantly 

from the iso-strain line as the fraction of microporosity increased. In the case 

of the ATX641 alloy, the strain profiles displayed more significant deviation 

from the iso-strain line compared to the A6 alloy. This was mainly due to the 

lower strain hardening exponent, high fraction of precipitates and higher 

ratio of (a / l)precipitate compared to those of the A6 alloy. From the strain 

profiles in Figure 4.24, the defect susceptibility of tensile elongation to 

variation in microporosity of the die-cast A6 and ATX641 alloys could be 

determined, as presented in Figure 4.25. The defect susceptibility of tensile 

elongation to microporosity variation predicted by the modified constitutive 

model matched better with the experimental values than the original Ghosh`s 

constitutive model. Therefore, it was concluded that the consideration of 

porosity distribution factors and microstructural factors provides more 

accurate results. While the original constitutive model considered total 

fraction of microporosity, it did not take into account the microstructural 
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factors, inducing additional decrease of the load bearing capacity. This 

caused the predicted tensile elongation calculated using the original 

constitutive model not to show good agreement with the experimental values. 

Quantitative values of the defect susceptibility of tensile strength and 

elongation, including experimental values and those predicted by the original 

Ghosh`s model and modified model for the A6 and ATX641 alloys, are 

summarized in Table 4.7 and Table 4.8. Comparison of the experimentally 

measured defect susceptibility of tensile strength to microporosity variation, 

of A6 and ATX641 alloy revealed the susceptibilities of 0.553 and 0.687, 

respectively. The ATX641 alloy showed higher sensitivity to variation in 

microporosity due to the lower strain hardening exponent, higher fraction of 

precipitates and lower plastic constraint factor of the precipitate. The values 

of the defect susceptibility predicted by the original constitutive model were 

1.109 and 1.261 for the A6 and ATX641 alloys, respectively. While the 

predicted value of the ATX641 alloy was also higher than the A6 alloy, 

similar to the experimental results, the values differed highly from the 

experimental values. In contrast, the modified constitutive model showed 

relatively similar values with the experimental values compared to the 

original constitutive model. Comparison of the experimentally measured 

defect susceptibility of elongation to microporosity variation, of A6 and 

ATX641 alloys revealed the susceptibilities of 1.998 and 2.274, respectively. 

The ATX641 alloy showed higher sensitivity to variation in microporosity 

due to the lower strain hardening exponent, higher fraction of precipitates 

and lower plastic constraint factor of the precipitate. This can serve as 

evidence to reinforce the higher defect susceptibility of elongation to 

microporosity variation of the ATX641 alloy. The values of the defect 

susceptibility predicted by the original constitutive model were 3.491 and 
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4.521 for the A6 and ATX641 alloys, respectively. While the predicted value 

of the ATX641 alloy was also higher than the A6 alloy, similar to the 

experimental results, the values differed highly from the experimental values. 

In contrast, the modified constitutive model showed relatively similar values 

with the experimental values compared to the original constitutive model.  

True stress and true strain values for die-cast A6 and ATX641 alloys with 

comparison of experimental results, defect-free condition from extrapolation 

of experimental results and defect-free condition calculated by modified 

constitutive model were represented in Figure 4.29. In Figure 4.29 (a), true 

stresses with microporosity, of die-cast A6 and ATX641 alloys show 

approximately 247 MPa and 265 MPa, respectively. And true stresses in a 

defect-free condition from extrapolation of experimental results of each alloy 

show 310 MPa and 341 MPa, respectively. Also true stresses in a defect-free 

condition calculated by modified constitutive model of each alloy were 340 

MPa and 363 MPa, respectively. Similar with results of true stresses, true 

strain in a defect-free condition of each alloy shows higher values than those 

of microporosity containing alloys as represented in Figure 4.29 (b). This 

implies that the removal of casting defects including gas or shrinkage 

porosity induces significant improvement of tensile strength and elongation. 

In the design of high strength and high ductility die-cast Mg alloys which 

have casting defects such as microporosity or brittle precipitates, use of the 

modified constitutive model may provide useful directions from the 

viewpoint of optimization of the high pressure die-casting process for 

removal of casting defects, or alloy design by the addition of alloying 

elements for modification of the microstructural factors. 
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(a) 

 

(b) 

 

Figure 4.26 Constitutive prediction of die-cast Mg alloys according to 

microporosity variation; (a) A6 and (b) ATX641 alloys. 
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(a) 

 

(b) 

 

Figure 4.27 Comparison of experimental results and constitutive prediction 

on the defect susceptibility of tensile strength to microporosity 

variation; (a) A6 and (b) ATX641 alloys.  
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(a) 

 

(b) 

 

Figure 4.28 Comparison of experimental results and constitutive prediction 

on the defect susceptibility of elongation to microporosity 

variation; (a) A6 and (b) ATX641 alloys. 
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Table 4.7 Defect susceptibility of tensile strength to microporosity variation 

and the comparison of experimental values, original constitutive 

model and modified constitutive model in die-cast A6 and 

ATX641 alloys. 

Alloys 
Defect Susceptibility (a) 

Experimental Original Model Modified Model 

A6 0.553 1.109 0.765 

ATX641 0.687 1.261 0.777 

 

 

Table 4.8 Defect susceptibility of tensile elongation to microporosity 

variation and the comparison of experimental values, original 

constitutive model and modified constitutive model in die-cast 

A6 and ATX641 alloys. 

Alloys 
Defect Susceptibility (b) 

Experimental Original Model Modified Model 

A6 1.998 3.491 2.468 

ATX641 2.274 4.521 2.788 
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(a) 

 

(b) 

Figure 4.29 (a) True stress and (b) true strain values of die-cast A6 and 

ATX641 alloys with comparison of experimental results, 

defect-free condition from extrapolation of experimental 

results and defect-free condition calculated by modified 

constitutive model.  



 

 

 

 

 
133

4.2.5. Analysis of fracture in high pressure die-cast Mg alloys 

 

Crack initiation and propagation, leading to fracture, can easily occur at gas 

or shrinkage porosity regions caused by stress concentrations. Once a crack 

initiates, elongation could be decreased dramatically. Therefore, in case of 

defect-free alloys, the tensile strength and elongation of high pressure die-

cast magnesium alloys show better tensile properties than those of 

microporosity containing alloys. Nevertheless, elongation of die-cast Mg 

alloys in a defect-free state varies with the addition of alloying elements due 

to the formation of brittle precipitates. Figure 4.30 demonstrates that 

fracturing occurred along the Mg17Al12 phase in the dendrite boundary 

region after tensile loading of die-cast A6 alloy, as observed by In-situ SEM 

observation. Void formation was induced by small-sized Mg17Al12 phase at 

the dendrite boundaries (in sequence 2), and the formation of a slip band in 

the a-Mg matrix was observed. Void formation at the Mg17Al12 phase led to 

crack propagation through adjacent precipitates presented sequence 5 and 6, 

while the amount of the slip band in the matrix increased. The fracture 

sequence of the die-cast ATX641 alloy is shown in Figure 4.31. In the case 

of the ATX641 alloy, the spacing between adjacent precipitates, including 

Mg17Al12 and CaMgSn, was smaller than that of the A6 alloy, and the crack 

propagation through these precipitates was clearly visible. A slip band was 

also observed in the ATX641 alloy, but the amount of slip band during 

tensile deformation was apparently smaller than that of the A6 alloy. J. Song 

et al. reported that the formation of a slip band before fracture can endure 

large amount of plastic deformation in die-cast AM50 alloy [89, 90]. These 

results also demonstrate that the A6 alloy bears large amount of plastic 

deformation during tensile loading. It is thought that the strain hardening 
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exponent of the A6 is higher than that of the ATX641 alloy. In conclusion, 

the defect susceptibility of elongation to variation in microporosity of the A6 

alloy was lower than that of the ATX641 alloy, as verified through the 

modified constitutive model.  

Figure 4.32 (a) and (b) shows the morphology of fracture surfaces after 

tensile deformation in die-cast A6 and ATX641 alloys tested at R.T. As 

observed in Figure 4.30, fracture mode of the A6 seems to the step shaped 

fracture that is partially deformed at the a-Mg matrix and quasi-cleavage 

form at the dendrite boundaries. However, the general fracture mode shows 

that crack is propagated along the interface between the matrix and the 

Mg17Al12 phase. In the case of the ATX641 alloy as presented Figure 4.32 (b), 

the plate shape CaMgSn is partially observed at dendrite interior and 

boundaries, and typically quasi-cleavage mode is also observed. 
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Figure 4.30 Intergranular fracture along precipitates during tensile 

deformation in die-cast (a) A6 alloy. 
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Figure 4.30 Continued. 
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Figure 4.31 Intergranular fracture along precipitates during tensile 

deformation in die-cast ATX641 alloy. 
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(a)                           

  

(b)  

 

Figure 4.32 Fracture surfaces of high pressure die-cast Mg alloys after 

tensile test at R.T.; (a) A6 and (b) ATX641 alloys. 
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Chapter 5 Conclusions 

 

In this dissertation, mechanical properties of high pressure die-cast Mg-Al-

Sn based alloys were investigated in the viewpoint of effects of 

microstructural changes by the addition of alloying elements and the 

quantitative relationship of casting defects. Conclusions are presented as 

follows. 

 

1. From the thermodynamic calculations, the Al8Mn5 phase was initially 

precipitated first, and then the a-Mg was formed in the A6 alloy. In 

case of the AT64 alloy, the Mg2Sn phase was newly precipitated. By 

the addition of Ca to the AT64 alloy, CaMgSn and Al2Ca phases were 

precipitated. Additional precipitates including Al-Sr and Al-Mm 

related phases were also precipitated by the addition of Sr and Mm. In 

all of investigated die-cast Mg alloys, the Mg17Al12 phase was finally 

precipitated at eutectic point. 

 

2. As expected in the thermodynamic calculations, the addition of Sn to 

the die-cast A6 alloy induces the formation of the Mg2Sn phase at 

dendrite boundaries. On the other hand, the addition of 1 wt.% and 2 

wt.% of Ca to the Mg-Al-Sn alloy caused the formation of coarse 

CaMgSn and Al2Ca phases rather than the Mg2Sn phase. In the 

ATX642 alloy, the Mg17Al12 phase was effectively suppressed by the 

addition of 2 wt.% Ca, and the Al2Ca phase precipitated in dendrite 

boundaries gives dominant effects on their mechanical properties 

rather than the coarse CaMgSn phase. 
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3. The addition of Sr to the ATX642 alloys induces the reduction in size 

of dendrite while the thermally stable Al-Sr related phases were finely 

distributed at dendrite boundaries. The addition of Mm to the ATX642 

induces the size reduction of coarse CaMgSn phase. 

 

4. Strengthening effects were analyzed in the view point of solid solution 

hardening and thermally stable precipitates at dendrite boundaries. 

Solute segregation behavior in the dendrite interior was investigated 

through SEM/EDS analysis. The addition of Sn to the die-cast A6 

alloy, and the combined addition of Sn and Ca to the die-cast AT64 

alloy lead the increase of solute concentration in dendrite interior 

while thermally stable phases were precipitated at dendrite boundaries. 

Thermally stable precipitates at dendrite boundaries after heat 

treatment at 400oC for 12 hrs were remaining except for the Mg17Al12 

phases, and these microstructural characteristics enhance mechanical 

properties at room and elevated temperature. 

 

5. Creep properties of high pressure die-cast Mg-6Al-4Sn alloy were 

significantly improved by the addition of alloying elements, especially 

the addition of 2 wt.% of Ca under the condition of 70 MPa and 150oC. 

Dominant creep mechanism for the ATX641 alloy is dislocation climb. 

In case of the ATX642 alloy, grain boundary sliding at relatively low 

applied stresses and dislocation climb controlled creep at higher 

applied stresses are dominant. It was possible to suggest that the 

theoretical background to develop improved alloy systems through the 

understanding of creep mechanisms for the developed magnesium 
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alloys.  

 

6. From the above investigations, the high temperature die-cast Mg-Al-

Sn based alloys were newly developed with the use of inexpensive 

alloying elements for automotive applications. The minimal required 

quantitative targets for automotive components including oil pan and 

transmission case are the yield strength of 150 MPa at R.T., 130 MPa 

at 150oC, respectively. Also the creep strain of 0.4% is needed at 70 

MPa and 150oC for 200 hrs. ATX642, ATX642J and ATX642E alloys 

were satisfied with the quantitative targets. Therefore, these alloys will 

be used in the high temperature applications such as oil pan and 

transmission case. 

 

7. In order to predict tensile elongation to microporosity variation of high 

pressure die-cast magnesium alloys, constitutive model proposed by 

Ghosh was used. This model suggests that the relative increase of 

strain inside void region could be deviated from the iso-strain for 

given values of the strain hardening exponent, the strain rate 

sensitivity and the area fraction of microporosity. However, this model 

takes into account the total microporosity fraction only. Therefore, the 

distribution factors including the diameter of each microporosity and 

the distance between microporosity were proposed to reinforce the 

weak point of the original Ghosh`s constitutive model. 

 

8. From the modified constitutive prediction, the variation in tensile 

elongation depends on the microporosity distribution factors including 

the ratio between the diameter of microporosity and the distance 
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between adjacent precipitates. The defect susceptibility of tensile 

elongation to microporosity was strongly dependant on the strain 

hardening exponent and microporosity distribution. 

 

9. The defect susceptibility of tensile elongation to microporosity 

variation slightly increased with the addition of Sn and Ca to the A6 

alloy, mainly due to lowering of the strain hardening exponent and 

microstructural features. This can be described from In-situ 

deformation observations. The A6 alloy had a higher strain hardening 

exponent due to the large slip band that appeared, which could bear 

larger plastic deformation compared to the die-cast ATX641 alloy. In 

addition, the overall fraction of precipitates increased with the addition 

of Sn and Ca, while the spacing between precipitates decreased. The 

large amount of precipitates, such as the CaMgSn phase, in the 

dendrite boundaries and interiors induced continuous crack 

propagation, leading to significant decrease of elongation to failure.  

 

10. The predicted tensile properties with microporosity variation using the 

modified constitutive model showed better agreement with the 

experimental values in die-cast A6 and ATX641 alloys rather than the 

original constitutive model. From this prediction, it is possible to 

determine the direction of high strength and ductility Mg alloy 

development from the view point of the control of microstructure and 

optimization of the high pressure die-casting conditions. 
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고압 다이캐스  (High Pressure Die-casting) 공  용탕  품 

상과 동일  속  내에 주입 는 공 , 타 주조 공 에 

해 품  생산주 가 짧아 생산 이 우 고, 께가 얇고 

상이 복잡  품   변  없이 게 주조   있는 

장  가지고 있다. 이  같  이  인해 주  알루미늄, 

마그 슘, 아연합  등 상  이 낮  속  이용 여 

자동차 부품, 자 부품 등  조 는데 이용 고 있다. 편, CO2 

가스 출에  지구 난 를 억  해 자동차 부품 

분야에  보다 경량  소재  요 이 증가 고 있 며, 도가 

약 2.7 g/cm3인 존  알루미늄  도가 1.74 g/cm3인 마그 슘  

체 고자 는 연구가 히 진행 고 있다. 특히 자동차에  

다이캐스  공  조 는 품  oil pan  transmission case 

등  높  도  에 노출 는 부품 , 상  계  특 뿐 

만 아니라 높  내크리  특 이 요구 다. 본 연구에 는 oil pan 

 transmission case 등  부품 용   가  다이캐스 용 

내열 마그 슘합  개 고자 며, 상   고  항복 강도, 

크리  특 , 그리고 다이캐스 용 마그 슘합 에   

생 는 미소 공과 연신 과  계를 량  분 고자 

다. 

본 연구  첫 번째 chapter에 는 Mg-Al-Sn 계 합 에 상  

가격이  합 원소를 소량 첨가 여 다이캐스 용 내열 



 

 

 

 

 
155

마그 슘합  고  계  특  향상시키고자 다. 

마그 슘합  진공 장 가 부착  320톤 고압 다이캐스  

장 에  조 며, 4 wt.%  Sn이 첨가  Mg-6 wt.% Al 합 에 

Ca, Sr  Mm  추가  첨가 다. Mg-6 wt.% Al-4 wt.% Sn 

(AT64) 합  미 조직  주  a-Mg, Mg17Al12 그리고 Mg2Sn 상이 

입계에 는 것  찰 었다. 이 합 에 1 wt.%  2 wt.%  

Ca이 첨가  경우, Mg2Sn 상 신 다소 조  CaMgSn 상과 Al2Ca 

상이 출 는 것  인 었다. 특히 2 wt.%  Ca이 첨가  

ATX642 합  경우 입계에  Al2Ca 상이 증가함에 라, 

열  불안  Mg17Al12 상이 억 었다. ATX642 합 에 

소량  Sr  Mm  첨가  경우, 지상 이 다소 미  었 며, 

조 게 출  CaMgSn 상  크 가 감소 다. 상   

고 에  인장 특  평가  결과, 합  원소가 첨가 에 라 

항복강도가 게 증가 며, 70 MPa  150oC 조건에  

크리  특  또  큰 폭  향상 었다. 다양    도 조건 

에  크리  실험  행 여, ATX641  ATX642 합  주  

크리  커니즘  분 고자 다. ATX641 합  경우 5.4  

지   106.1 kJ/mol   에 지를 가지는 것  조사 

었 며, dislocation climb이 주  크리  카니즘인 것  

단 었다. ATX642 합   지  경우, 30 ~ 70 MPa에 는 

2.6, 70 ~ 90 MPa에 는 7.3  grain boundary sliding  dislocation 

climb이 주  크리  커니즘인 것  었다.  다양  

합  원소  첨가를 통해 상   고  인장 특   크리  

특 이 우  다이캐스 용 내열 마그 슘합  개 며, 이 
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 ATX642, ATX642J  ATX642E 합 이 자동차 부품  oil pan  

transmission case 용   계  특  량  목 를 

만족 다. 

본 연구   번째 chapter에 는, 고압 다이캐스  공  조  

내열 마그 슘합 에 존재 는 미소 공이 계  특 에 미 는 

향  량  분 고, 인장 특    구  

모델  안 고자 다. 고압 다이캐스  공  많  장  

가지고 있 나,  내  용탕  주입 는 과   불가 게 

입 는 가스 공이나 고 과   고/액 도 차이에 해 

는 축공  인해 계  특 이 히 감소 는 단  

가지고 있다. 또  Mg-Al계 합  결 립계에 출 는 

Mg17Al12상  상  강도에는 여를 지만, 마그 슘 지  

계면에  크랙  여 연신  큰 폭  감소시키는 역  

다. 1980  Ghosh가 안  구  모델에 르면, 내부 공이 

존재 는 재료  변  재료  내부 인자인 가공경 지 , 

변 속도민감도  내부 공  분 에 라 내부 공이 

존재 지 않는 건  재료  여  차이를 나타내는 

것  보고 고 있 며, 이 모델에 면 낮  가공경 지   

변 속도민감도를 가지는 합 일  연신 이 욱 큰 폭  

감소 는 것   었다. 면, Ghosh가 안  구  모델  

체 미소 공  분  만  고 했  뿐 아니라 크랙  는 

출상  분   상 인자들  고 지 않아 실 인 검증  

해 는 이를 보  요가 있다. 본 연구에 는 개별 미소 공  

크   간격, 그리고 출상  직경  간격  고 여 존  
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구  모델  보 다. Mg-Al-Sn계 합  항복강도는 합  

원소 첨가에 라 큰 폭  증가  면, 연신  Sn  Ca  

복합 첨가에 라 게 감소 다. 미소 공 증가에 른 

연신  감소 도는 Sn과 Ca이 복합 첨가  ATX641 합 에  

크게 나타났 며, 이는 구  모델에    같이, A6 

합 에 해 상  낮  가공경 지 를 가짐과 동시에 

출상  분 이 크고 출상간 간격이 작  것에 인  것  

단 다. In-situ SEM 찰  통  실시간 변  거동에 도  

같  상이 뚜 이 나타났 며, 보  구   모델과 실험 

결과가 존 Ghosh  구  모델에 해  잘 일 는 

것  찰 었다. 본 연구에  시  구  모델  통해 

미소 공  포함 는 주조용 마그 슘합  인장 특  

함 써, 향후 고강도/고연  다이캐스  합  계  

다이캐스  공  주조 결함 어 안 시를 함에 있어 용  

보를 공   있  것  단 다. 

 

주요어: 다이캐스 , Mg-Al-Sn 합 , 미 조직, 미소 공, 계  

특 , 크리  특 , 구  모델 
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