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Chapter 1  

1 Introduction 

Magnesium and its alloys have very low density, less than 20%, and 70% steel and 

aluminum, respectively, and possess excellent specific strength. This property provides 

magnesium alloys with a wide range of application in weight-sensitive components, 

particularly in the automobile industry. Die-cast magnesium alloys, which are ideal 

materials for producing thin-wall structural components used in vehicles, are the essential 

branch of magnesium alloys. A good understanding of the relationship among the cooling 

rate during the die-cast process, microstructure, and die-cast magnesium's mechanical 

properties are essential.  

Previous studies about die-cast magnesium alloys have found that although die-cast 

magnesium alloys have such good strength-to-weight properties, their creep resistance at 

temperatures above 100˚C is poor.[1][2][3] Several techniques have developed to improve 

the creep resistance of die-cast magnesium alloys. The AE (Mg-Al-RE) series of 

magnesium alloys is one of the creep-resistant cast alloys with superior creep resistance at 

temperatures up to about 200oC. This alloy series contains 1~ 4 wt.% Rare Earth (RE) 

elements that react with the Al to form thermally stable Al-RE precipitates. Thus, AE alloys 

demonstrate improved mechanical properties at elevated temperature. Among AE series 

alloys, the AE44-4 (Mg-4Al-4RE) alloy containing Ce-rich mischmetal1 demonstrates a 

good balance between the elevated temperature mechanical properties and die cast-ability. 

Therefore, AE44-4 attracts industry and academia's attention. However, the high cost of 

Ce-rich RE additions (Ce, La, Pr, and Nd) impedes its application in the market. A new 

variant of AE44 alloy named AE44-2 has been developed, which still contains about 4 wt% 

 

1 Mischmetal is a mixture of rare earths (Ce, La, Pr…). 
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Aluminum and 4wt% RE additions. However, the RE additions comprise only two, less 

expensive elements, namely Ce and La. 

This study compares the local hardness, local stress-strain response, and creep resistance at 

both 25˚C and 200˚C to study the effects of different RE additions on the mechanical 

properties of AE44 alloys. Two forms of die-cast Mg - RE material are studied in this study. 

One is a high pressure die-cast (HPDC) panel provided by Meridian Lightweight 

Technologies Inc., while the other one is an HPDC pyramidal casting fabricated at Canmet 

laboratories (Hamilton, ON). The chemical composition and grain size are measured across 

the surface and core region of die-cast specimens. The measurement of chemical 

composition and microstructure was completed by Mr. Aria Khalili and Mr. Himmatpal 

Matharoo. The hardness of the panels was measured by Buehler Microhardness Machine. 

The microscale mechanical properties of both AE44-4 and AE44-2 HPDC specimens were 

studied using spherical micro-indentation tests at 25˚C and 200˚C. The load-depth data 

obtained from spherical micro-indentation tests were converted to stress-strain curves 

through a newly developed mathematical analysis. These results were compared with the 

stress-strain curves obtained from the uniaxial tensile test to evaluate the reliability of this 

analytical technique. The micro indentation tests were performed at different locations of 

pyramidal castings and panels to study the dependence of stress-strain response on the grain 

size. The constant-load Berkovich indentation creep tests were performed at 25˚C and 

200˚C to compare the steady-state creep rate of every specimen. From these data, we can 

assess the suitability of using the less expensive AE44-2 alloy variant for load-bearing 

applications at temperature up to 200˚C. 
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Chapter 2  

2 Literature Review 

The purpose of this study is to probe the mechanical properties of AE44-4 and AE44-2 Mg-

Al-RE alloys HPDC specimens by indentation technology and relate these properties with 

local microstructure. In this section, the necessary information on magnesium alloys and 

the relationship between microstructure and the mechanical properties of magnesium alloys 

will be introduced. Secondly, the development of the AE series of Mg-Al die-casting alloys 

will be presented with particular emphasis on the mechanical properties and microstructure 

of the AE42 and AE44 alloys. Thirdly, the method of spherical micro indentation and its 

application in assessing the local stress-strain response of material will be introduced and 

discussed. Finally, the creep behavior of magnesium alloys, especially AE alloys, will be 

addressed. 

2.1 Magnesium and its properties. 

Magnesium is one of the most abundant elements on earth. It was found by Humphrey 

Davy in 1808 and was isolated by Antoine Alexander Bussy in 1828.[4] Magnesium is the 

alkaline earth metal (group 2 metal) with shiny silver-grey color. The atomic number and 

atomic weight of magnesium are 12 and 24.32 g/mole, respectively. The density of pure 

magnesium is only 1.738 g/cm3 at 20˚C, making it the lightest structural metal.[4] The 

crystal structure of magnesium is HCP (hexagonal close-packed), which has less active 

dislocation slip systems than face-centered cubic (FCC). This crystal structure has 

potentially harmful effects on the ductility of magnesium and leads to its directionally 

anisotropic mechanical response. 

The mechanical properties of pure magnesium are relatively poor. For example, sand-cast 

Mg samples display a tensile strength of only about 90 MPa at 20˚C.[4] Adding alloying 
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elements can dramatically improve the mechanical properties and cast-ability of 

magnesium. The most common alloying elements are Aluminum, Zinc, and Manganese, 

Silicon, and, more recently, Rare Earth (RE) elements.[5][4][6]  

2.2 Magnesium-Aluminum based alloys 

Most commercial magnesium alloys are based on the Mg-Al alloy system and contain 

between about 1 and 10 wt% Al.[5] The beneficial effect of aluminum on the tensile 

strength, hardness, and cast-ability of magnesium was first reported in the early 1920s [6]. 

These benefits arise from the precipitation of the MgxAly intermetallic  phase, as indicated 

in the Mg-Al binary equilibrium phase diagram Fig.2.2.1.[7] Solid, HCP -phase 

magnesium has a relatively high solubility for Al at elevated temperature. The maximum 

solubility of Al in -Mg is about 11.8 at.% at 705K. (Fig.2.2.1) [7] The typical 

microstructure of an equilibrium cooled Mg- (1-10%) Al alloy is shown in Fig 2.2.2.a[8]. 

It should note that these alloys will form 100% HCP -phase when they are annealed at 

800-500K. Although the most die-cast Mg alloys contain only about 4% Al, their 

microstructure will have the Mg17Al12 -phase, probably at -phase grain boundaries, due 

to the high cooling rate during the die casting process. Fig. 2.2.2.b shows the 

nonequilibrium microstructure of a typical as -cast Mg-Al-Mn alloy [9] 

 

Figure 2.2.1 The Magnesium - Aluminum equilibrium binary phase diagram. (copy 

from [7]) 
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(a) 

(b) 

Figure 2.2.2 The microstructure of (a) an annealed Mg-Al alloy, (b) a typical as-cast 

Mg-Al-Mn alloy (nonequilibrium). (copy from [9]) 

As introduced previously, aluminum is the most common alloy addition of Mg alloys due 

to the beneficial effect on mechanical properties. The function of aluminum in magnesium 

alloys has been studied.[10] Firstly, The precipitation of -phase particles effectively pins 

the -phase grains and results in reduced -phase grain size. The small grain size can 

strengthen the alloy by the Hall-Petch law (see Section 2.6 of this chapter).[10][11] 

Secondly, the dissolved Al in the -Mg matrix introduces significant solid solution 

strengthening to the alloy.[11][12][13][14] Thirdly, the Mg17Al12 -phase precipitates act 

as physical barriers to the motion of dislocations through the -Mg matrix phase, increasing 
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its yield strength.[10]  

During normal casting, particularly during high pressure die casting of Mg-Al alloys, the 

cooling rate is fast, and thus solidification conditions are far from "equilibrium." Under 

these conditions, the equilibrium Mg-Al binary phase diagram may not accurately predict 

the actual microstructure of the casting. Besides, commercial Mg-Al alloys invariably 

contain small amounts of other alloying elements such as Mn or Zn. These tertiary or 

quaternary alloy additions alter the shape of the phase regions in the phase diagram. As a 

result, it is often observed that the as-cast microstructure of commercial Mg-Al alloys have 

some degree of eutectic morphology present even though the alloy does not cross a eutectic-

containing region in the equilibrium Mg-Al phase diagram. Also, the composition of the -

phase precipitates is often different than the expected Mg17Al12. Both these features can 

affect the mechanical strength and toughness of as-cast Mg-Al alloys. Figure 2.2.2 depicts 

the microstructure of a typical as-cast Mg-Al-Mn alloy. The properties of common 

commercial Mg-Al based alloys are listed in Table 2.2.1. 

High-pressure die casting is a common method used for the manufacture of Mg-Al alloy 

components. During this process, the local cooling rate within the casting is quite variable 

and depends upon the location within the particular casting. The effect of cooling rate on 

the microstructure and mechanical properties of a series of Mg-Al castings has been studied 

by several researchers.[15][16] These findings are presented in more detail in section 2.6 

of this chapter. The important point to note from these studies is that the local 

microstructure and mechanical properties of die-cast Mg alloys are highly variable. Thus, 

the subsequent chapters of this thesis focus on local properties of the AE44-4 and AE44-2 

Mg-Al-RE alloys. We performed actual die-casting of the test material and then perform 

mechanical tests and microstructural characterizations of various regions throughout the 

castings to assess the degree of variability.  
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Table 2.2.1 Mechanical properties and die cast-ability of common magnesium alloys 

Mechanical properties 
Die cast-

ability[17] 
Reference 

Yield 

Stress, 

MPa 

Ultimate 

Tensile 

Stress, MPa 

Elongation 

to 

fracture,% 

Creep strain 

%* 

0-5:  

(bad-good) 
 

AZ series (Mg- Al- Zn): AZ91D 

3.4 [6]  
139 (RT) 204 (RT) 3.1 (RT) 

0.08 (100˚C, 

50MPa) 

1.2 (150˚C, 

50MPa)  105 

(150˚C) 
169 (150˚C) 16 (150˚C) 

AM series ( Mg-Al-Mn): AM60 

2.5 [6][18][2] 
115 (RT) 205(RT) 6 (RT) 

0.97 (100˚C, 

100MPa) 

1.25 (150˚C, 

50MPa) 
87 (150˚C) 140 (150˚C) 24 (150˚C) 

AE series (Mg-Al-RE): AE42 

NA [6][18][19] 

139 (RT) 226 (RT) 11(RT) 

0.41 (150˚C, 

70MPa) 

118 

(121˚C) 
177 (121˚C) 23 (121˚C) 

106 

(177˚C) 
135 (177˚C) 28 (177˚C) 

AE44 

2.8 [20][21] 

135.1 (RT) 251.7 (RT) 8.2 (RT) 

0.11 (175˚C, 

60MPa) 

0.13 (200˚C, 

60MPa) 

0.3 (250, 

60MPa) 

0.17 (175˚C, 

75MPa) 

110 

(120˚C) 
163 (120˚C) 35 (120˚C) 

* Creep strain listed in Table 2.2.1 were obtained by virous papers, so the parameters 

of creep test vary.  
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2.3 Magnesium alloys for elevated temperature application. 

Although the magnesium alloys have excellent specific strength, the poor performance of 

magnesium alloys at elevated temperature remains a barrier to further application in the 

automobile industry.[1][22] As shown in the Table2.2.1, The tensile strength of AZ91D at 

150˚C is only 82% of that at room temperature. Besides, the creep resistance of Mg-Al 

alloys, especially the AZ91 and AM60B alloys, suffers a dramatic drop at the temperature 

higher than 125˚C [23] G. Foerster defined the temperature, at which the creep strain 

reaches 0.1% within 100 hours under a constant load (load=34.5 MPa), as the creep 

resistant temperature. G. Foerster compared the creep resistant temperature of different 

magnesium alloys (Table 2.3.1.[2]) and found that the AZ91 and AM60 have the poorest 

creep resistance. In contrast, the AE 42 (Mg-Al-RE) has the best creep resistance, almost 

double that of AZ91 and AM60. This drawback of magnesium-aluminum alloys is 

attributed to the poor thermostability of the Mg17Al12  phase, which tends to degrade at a 

temperature above 125˚C. Additionally, diffusion of aluminum atoms, which are released 

from the  phase, also accelerates the creep of these alloys.[22][24][25][26] 

Table 2.3.1 The creep resistant temperature of magnesium-aluminum alloys (creep 

strain=0.1%, time < 100h, load=34.5 MPa) [2] 

Alloy AZ91 AM60 AZ102 AS41 AS21 AE42 

Creep resistance temperature ˚C 121 121 177 149 177 260 

Some techniques have been developed to improve the elevated temperature mechanical 

properties of magnesium alloys. Firstly, introducing new alloying elements, which 

preferentially react with Al and forming a stable intermetallic phase.[27] The second 

method is forming coherent networking by a coherent phase to impede the grain boundary 
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sliding.[28][29] The third effective solution is removing aluminum element entirely from 

the magnesium alloys (i.e., the MEZ alloys [30][27] ) to eliminate the negative effect 

associated with thermal decomposition of the  phase. The magnesium alloying system for 

elevated temperature application can be classified into three groups: the first group is the 

modified Mg-Al-based alloys such as the AE series (Mg-Al-RE), AX series (Mg-Al-Ca), 

and ACM series (Mg-Al-Ca-RE). The second group consists of Mg-Zn and Mg-Sn-based 

alloys, which are cheap but have little creep resistance improvement. The third group is the 

non-aluminum magnesium-rare earth alloys, which have a good creep resistance but 

relatively low die cast-ability and high cost. Among these three general groups of Mg alloys, 

the Mg-Al-RE alloys with good creep resistance and die-castability have seen the most 

industrial application. This class of alloy will be studied and discussed in this thesis.  

2.4 Magnesium-aluminum-rare earth alloys 

The AE series alloys have significantly enhanced creep resistance. The effects of RE on the 

microstructure and mechanical properties of magnesium alloys have been studied. The rare 

earth elements react with aluminum forming the Al11RE3 and Al2RE intermetallic phases, 

which are more stable at elevated temperature than Mg17Al12. The Al11RE3 and Al2RE 

intermetallic phases can impede grain boundary sliding.[27][22][31][32] Dow Chemical 

Company developed AE42 (Mg-4 Al-2 RE) alloy, which has a good balance between 

elevated temperature mechanical properties and die-castability.[33] Fig. 2.4.1 shows the 

microstructure of the as-cast AE 42 alloy. In this microstructure, the Al11RE3 are present as 

lamellar shaped precipitates, while the Al2RE are present as fine globular shaped particles 

distributed throughout the -Mg matrix phase.[34] Moreno et al. confirmed the good creep 

resistance of AE42 alloy and reported the creep strain of AE42 alloy remains under  = 

0.005 for 400 hours at 150 ̊ C and 70 MPa.[35] Due to its good creep resistance, AE42 alloy 

has been recognized as the benchmark of creep resistance of magnesium alloys.[36] 

However, AE42 alloy loses its creep resistance when the temperature rises to 175˚C.[37][38] 

Powell et al. attribute this phenomenon to the decomposition reaction (shown below) of 
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Al11RE3 at the temperature above 150˚C.[33]  

𝐴𝑙11𝑅𝐸3  →  3 𝐴𝑙2𝑅𝐸 + 5 𝐴𝑙 [33] 

This opinion is supported by Moreno et al., who reported that the morphology of AE42 

alloy near the grain boundary changed after the creep test.[35] However, Zhu et al. propose 

a different opinion. they studied the thermostability of Al11RE3 and Al2RE and found that 

the intermetallic phase (Al11RE3 and Al2RE) did not change after aging at 200˚C for two 

weeks.[39] They concluded that the Al supersaturated -Mg phase would release aluminum 

atoms at elevated temperature and result in the continuous precipitation of the Mg17Al12 

phase, causing the degradation of creep resistance of the AE42 alloy.[39] 

 

Figure 2.4.1 Microstructure of AE42. (copy from[34]) 

2.5 AE44 (Mg-4Al-4RE) alloy 

In order to further improve the creep resistance of AE alloys, the AE44 alloy was 

developed.[40][20] Rzychoń et al. studied the microstructure of AE44 alloy and found that 

the weight fraction of both Al11RE3 and Al2RE in AE44 alloy is 5.0 wt.%, almost twice of 

that in AE42 alloy (2.6 wt.%).[41] Rzychoń et al. also found that the creep strain of AE44 

alloy is below  = 0.0015 at 200˚C at 60 MPa for 120 hours. (Fig. 2.5.1)[41] Rzychoń et 
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al.'s work suggests that the increase of these intermetallic phases could account for the 

improved creep resistance of the AE44 alloy.[41] Zhu et al. found that the minimum creep 

rate of AE44 alloy is much lower than that of AE42 alloy at the 175˚C, under the same 

stress. (Fig.2.5.2 )[42] By adding more RE elements, the content of aluminum in the -Mg 

matrix decreases and results in less the Mg17Al12, which impairs the creep resistance, 

forming in the AE44 alloys.[42] 

 

Figure 2.5.1 Creep curves of AE44 at different temperature ( applied stress: 60 

MPa)(copy from [41]) 

 

Figure 2.5.2 Comparison of minimum creep rate of AE44 and AE42 at 175˚C. (copy 

from [42]) 
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However, the high cost of rare earth elements hinders the wider commercial application of 

the AE (Mg-Al-RE) alloys. The chemical composition of AE44 is listed in Table. 2.5.1. The 

rare earth elements are added in the form of Ce-rich mischmetal, which contains four rare 

earth elements: Cerium, Lanthanum, Neodymium, and Praseodymium.[40][43] Due to the 

development of permanent-magnets, a high volume of neodymium and praseodymium are 

consumed, causing a high cost of Ce-rich mischmetal.[31][44] In order to reduce the cost 

of Ce-rich mischmetal, a cheaper version, which contains only cerium and lanthanum, has 

been developed.[31][37] To distinguish them, the AE44 alloy, which contains the mixture 

of only cerium and lanthanum RE elements, is referred to here as AE44-2, while the 

traditional AE44 alloy contains four RE elements will be referred to as AE44-4. Zhang et 

al. compared the mechanical properties and creep resistance of AE44-4 alloy and AE44-2 

alloys. They found that the AE44-2 alloy exhibits good creep resistance at temperature up 

to 200˚C, as shown in Fig. 2.5.3. They claimed that the creep resistance of the AE44-2 alloy 

is better than that of the AE44-4 alloy due to the better thermostability of the Al11(Ce, La)3 

precipitates.[31][45][46] The effects of individual rare earth elements have been studied, 

and it is reported that the lanthanum has the best effect on improving the creep resistance 

of AE44 alloy and the cerium has the second-best effect. Some studies indicates that the 

lanthanum and cerium have the best effect on improving the creep resistance of AE44 alloy 

because the thermostability of the Al11La3 and Al11Ce3 are more stable at elevated 

temperature, have higher decomposition energy than Al11Pr3 and Al11Nd3. [47][48][49] 

Table 2.5.1 Chemical composition (wt.%) of the AE44-4 and AE44-2 alloys 

Alloy 

Metallic additions Rare-Earth additions 

Al Zn Mn Ce La Nd Pr 

AE44 (AE44-4) 3.69 0.03 0.37 2.24 1.32 0.64 0.24 

AE44-2 4.03 0.02 0.27 2.51 1.56 0 0 
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Figure 2.5.3 Tensile creep strain as a function of time of AE44-4 and AE44-2 alloys at 

200˚C and 70MPa. (copy from [31]) 

2.6 Grain size effects 

During the high pressure die casting process, the grain size varies by the thickness of the 

casting.[50] Therefore, it is essential to understand the effects of grain size on the 

mechanical porperties of polycrystalline magnesium alloys.  

According to the Hall-Petch law ( equation 2.6.1), the yield strength y has a negative 

correlation with the square root of the grain size d [51][52] 

𝜎𝑦 = 𝜎0 + 𝑘𝑑−
1
2 (2.6.1) 

Where 𝜎0 and 𝑘 are material dependent parameters determined by experimentation, for 

example, Jonathan Weiler has developed an equation to calculate the initial indentation 

stress at various regions of an AM60B casting following the Hall-Petch law, where 𝑘 =

274 𝑀𝑃𝑎 ∙ µ𝑚1/2 and 𝜎0 = 10 𝑀𝑃𝑎.[15] 

Bettles et al. studied the creep behavior of Mg-RE based alloys with different grain size 
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and found that the grain size has some effect on the creep rate. Usually, the steady-state 

creep rate has a negative correlation with the grain size. However, as shown in Fig. 2.6.1, 

the relationship between steady-state creep rate and grain size is close to a parabola.[53] In 

Fig. 2.6.1, the steady-state creep rate peaks when the grain size is around 235 µm. At larger 

grain size (d > 235 µm), the steady-state creep rate decreases as the grain size increases.[53] 

At the smaller grain size (< 235 µm), the steady-state creep rate decrease with the grain 

size.[53] Bettles et al. assumed that the grain size of the grain-refined specimens is too 

small to affect the total creep behavior observably, so the internal grain structure might 

control the creep mechanism.[53] 

 

Figure 2.6.1 Effect of grain size on the steady-state creep rate of AE-SC1 alloys at 90 

MPa and 450 K. (copy from [53]) 

2.7 Creep behavior of magnesium alloys 

Generally, the creep deformation of the metals can be defined as three stages: primary creep, 

secondary creep, and tertiary creep.[54][55] The primary creep only occurs for a short time 

and does not show a steady creep rate. In the secondary creep stage, the creep rate becomes 

steady, and this "steady-state creep rate" is an important parameter for the creep behavior. 

In the last stage, the creep rate accelerates and the test specimen fails.[56] The steady-state 
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From Fig. 5.6.5, a negative creep strain rate can be seen. For AE44-4 at the core region, 

this result might result from the experimental error. The depth-time curve of this indentation 

test (Fig. 5.6.1.c) shows that the indentation displacement reduces with time. This behavior 

is unusual and might be caused by the thermal drift. Except for this unusual result, the 

difference in steady-state creep rate of these tests can be seen that the steady-state creep 

rate of both AE44-2 and AE44-4 specimens at 200˚C are higher than at 25 ˚C, the steady-

state creep rate of AE44-2 alloy at 200˚C is 1.03E-04 (1/s), while it is only 2.48E-05 (1/s) 

at 25˚C. For AE44-4 alloy, the steady-state creep rate is 1.00E-04 (1/s) at 200˚C and 4.21E-

05 at 25 ˚C. From 25˚C to 200˚C, the steady-state creep rate increases 315% for AE44-2 

and 137% for AE44-4 alloy. The number of 200˚C creep tests is not sufficient enough to 

support the conclusion that the AE44-4 alloy tends to remain the creep resistance at 200˚C. 

However, it is clear that the creep resistance of AE44-2 and AE44-4 reduces quickly at 

200˚C. 

 

Figure 5.6.5 The steady-state creep rate of the indentation creep tests. 
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Scheil Cooling of AE44-4 – simulates very fast cooling close to what happens during die 

casting 
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Comments: 

- In fast cooling, solidification terminates at lower temperature but Scheil simulation 

underestimates the final solidification point therefore calculations are terminated at 

1wt% liquid. Even, we sometimes terminate at 2wt% 

- More precipitates than slow cooling. 

- Around 5g Al3Re, 1.5g Laves_C15, 1.2g 𝛼-Al11Re3, and 0.2g Al8Mn5 

- Around 90g Mg solid solution is expected at room temperature; the rest is the above 

solid solution precipitates. 

 

 

 

Equilibrium cooling of AE44-2 
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Comments: 

- Unlike AE44-4, Al3Re decomposes and Al-Mn intermetallic form at different 

temperature ranges to finally end with around 1g of Al4Mn. 

 

 

Scheil Cooling of AE44-2 

Comment: 

- Similar precipitate types to AE44-4 but different amounts. 
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