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Abstract 

Magnesium (Mg) alloys are promising structural metallic materials owing to their low 

density and high specific strength. Mg alloys have been used in many industries including 

aerospace and vehicle parts, and portable electronic devices, where weight saving is of 

crucial importance. Researchers around the world are engaged in improve the mechanical 

properties of Mg alloys with various approaches, such as alloying, heat treatment, and 

deformation process.  

 

Among Mg alloys, AZ series (Mg-Al-Zn) Mg alloys possess suitable corrosion resistance, 

castability, and relatively satisfied mechanical properties. Compared to AZ31 and AZ91, 

AZ61 can be used in the forms of both as-cast state and the deformed state. In addition, 

AZ61 alloy possesses moderate strength and ductility. Further improvement of the 

mechanical properties by introducing the rare earth elements increases the cost of the 

production. In this study, in order to improve the mechanical properties of AZ61 Mg alloy, 

Sn (tin) and Pb (lead) were selected as alloying elements to modify the microstructures 

and mechanical properties of as-cast and rolled AZ61 Mg alloys. Certain amounts of Sn 

or Pb element were added as the alloying materials for the casting of AZ61 alloys. With 

the introducing of Sn or Pb elements into the AZ61 alloy system, the modification in 

phase and morphology of the intermetallic phases were examined. The mechanical 

properties, including wear resistance, hardness, and tensile properties, were tested and 

analysed. The experiments and results are summarized as follows:  

 

 (1) Different amounts of Sn alloying addition were managed to add into the AZ61 Mg 

alloy by using the high induction furnace. The XRD (X-Ray Diffraction) result and the 

optical microstructures indicate that primary α-Mg phase, eutectic α-Mg phase, divorced 

eutectic β-Mg17Al12 phase, and lamellar β-Mg17Al12 particles were formed in as-cast 

AZ61-Sn alloys. Moreover, Mg2Sn phase was found to coexist with Mg17Al12 phase in 

AZ61-3Sn and AZ61-5Sn alloys. SEM (Scanning Electron Microscope) examination 

indicated that Sn increased the elemental segregation, refined the dendrites and decreased 

the average grain sizes. The enhancement of wear resistance and hardness was observed 

in Sn-containingAZ61alloys. The yield strength of the alloy was improved with the 

increasing addition of Sn owing to the formation of Mg2Sn precipitates and refined 
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average grain sizes. However, an exceeding amount of Sn addition leads to the decrease 

of the UTS (Ultimate Tensile Strength) and elongation because of the continuous 

distribution of the intermetallic compounds. Furthermore, the Sn addition has changed 

the fracture mode of as-cast AZ61 alloy from transgranular fracture to intergranular 

fracture.  

 

(2) As-cast AZ61-Pb alloys were prepared by the high vacuum induction furnace to study 

the effect of Pb addition on the microstructure and mechanical properties. The XRD 

result suggested that Pb alloying did not change the kinds of phases in as-cast AZ61 alloy, 

which is attributed to the large solubility of Pb in Mg. The elemental distribution of Pb 

in as-cast AZ61 alloy was studied through EDS (Energy Dispersive Spectrometer). 

Results showed that Pb inclined to exist in the interdendrites rather than in the dendrites, 

and preferred to segregate in the α-Mg phase rather than to exist in eutectic β-Mg17Al12 

phase. The wear resistance and the hardness were improved slightly due to the solid 

solution strengthening effect. Pb also leads to the increase of yield strength. However, 

the tensile properties decreased with excess Pb additions due to the variation of 

morphology. The fracture mode of the as-cast Pb added AZ61 alloys remained as the 

transgranular feature.  

 

(3) Rolling deformation was applied on the homogenized AZ61-Sn alloy. The inter-pass 

annealing temperature is 340ºC and 400ºC respectively. The alloy samples were rolled 

with the total thickness reduction of 50% and 80%, followed by cooling in air. The 

microstructures of the rolled alloy were replaced with a large number of deformation 

twins. With increasing addition of Sn, the fraction of the deformation twins tended to rise 

after the rolling process. Another significant finding in the rolled AZ61-Sn alloys is that 

the fine precipitates of Mg2Sn phase were occurred.  

 

Subsequent isothermal annealing treatment was performed to release the residual work 

stress. The annealed alloys showed equiaxed grains owing to the static recovery and 

recrystallization. The grain growth was suppressed in the Sn-containing alloys with 

Mg2Sn precipitates. The mechanical properties of the rolled and annealed alloy were 

tested. The wear resistance, hardness, yield strength and UTS were increased with Sn 

additions due to the precipitation hardening, work hardening, and grain refinement 

effects. However, the elongation decreased with Sn addition in the rolled and annealed 
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AZ61 alloys.  

 

(4) AZ61-Pb alloys were homogenized and rolled to a final reduction rate of 80% with 

the inter-pass annealing temperature of 400ºC. The results showed that the Pb alloying 

element increased the fractions of twinning structure in the rolled AZ61 alloys. The 

isothermal annealing treatment was performed after rolling. The microstructures of the 

annealed alloys revealed equiaxed grains rather than the deformation twins owing to the 

static recovery and recrystallization. The average grain sizes of the annealed AZ61 alloys 

were decreased with 0.5 wt.% Pb addition. However, excessive additions of Pb result in 

the coarsening of grains. The wear resistance of Pb added AZ61 of rolled and annealed 

state were decreased. However, the hardness, yield strength and the UTS were generally 

enhanced by the Pb addition. The elongation of the rolled state was improved by Pb 

addition, while that of the annealed state was decreased.  

 

In summary, by introducing the alloying additions of Sn or Pb to AZ61 Mg alloy system, 

the microstructures and mechanical properties of the as-cast, rolled and annealed alloys 

have been evaluated systematically. Sn alloying formed Mg2Sn phase in the as-cast AZ61 

alloy, while Pb alloying did not change the kinds of phases in the system. The yield 

strength was improved with Sn addition due to the hard Mg2Sn particles. However, the 

UTS and elongation were slightly decreased owing to the coexistence of Mg2Sn and 

Mg17Al12 particles. Pb addition generally increased the strength and decreased the 

elongation in AZ61 alloys. The rolling deformation and subsequent annealing treatment 

endowed even better mechanical properties to AZ61 alloy by Sn and Pb additions, such 

as very high yield strength and UTS. Notably, the significant enhancement in strength of 

the Sn added alloys was achieved due to the existence of the precipitation after 

deformation. The possible strengthening mechanisms include the solid solution 

strengthening, precipitation strengthening, work hardening, and grain refinement 

strengthening. Meanwhile, the Pb addition generally improved the yield strength and 

UTS due to the solid solution strengthening. Furthermore, the ductility of rolled state 

AZ61 alloys was enhanced by Pb alloying.  
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Chapter 1 Introduction 

1.1 Background  

Mg alloys have gained much attention from researchers and industrialists around the 

world in the past decades, due to their low density, excellent heat dissipation, high 

damping capacity, especially the light-weight of the materials. These promising feature 

have made Mg alloy find applications in automotive industries, transportable machineries, 

portable devices, and so on [1-3]. The primary challenge of the study on Mg alloys is to 

improve their mechanical properties, particularly tensile strength and ductility. It is 

known that the tensile strength of Mg alloys is relatively low compared to Al alloys or 

steels, despite of the dominant specific strength. Considerable efforts [4-7] have been 

devoted to this task. General strengthening mechanisms include grain-boundary 

strengthening, precipitation strengthening, second phase strengthening, solid solution 

strengthening and strain hardening.  

 

Among the above-mentioned strengthening mechanisms, alloying is the most widely 

used, traditional and fundamental method to enhance the mechanical properties of Mg 

alloys. The alloying elements can either dissolve into Mg matrix or form intermetallic 

phases in Mg matrix. The second phases are usually hard particles, which can act 

effectively as the obstacles during the movement of dislocations, in the case that they are 

finely distributed.  

 

The mechanical properties can be improved after large deformation via strain hardening. 

A number of reports [8-12] showed that the tensile properties of Mg alloys were enhanced 

through severe plastic deformation (SPD). The dislocation tangles and piles up during 

deformation, making the further movement of dislocation even more challenging. 

Therefore, the strength of the materials increases while the ductility is usually 

compromised. Grain boundaries, which separates grains with different lattice orientations, 

act as barriers and hinder the movement of dislocations of the material during 

deformation [13]. Dislocations often pile up at grain boundaries, partly because the 

direction of the dislocation has to be changed if the motion of the dislocation passes 

through the grain boundaries. Another possible reason is that the disorder of the atoms 

within the grain boundary region leads to the discontinuity of the slip plane in the moving 
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process of dislocation [13]. Hence, the strength can be improved with the increasing 

density of grain boundaries in polycrystalline materials, i.e. fine-grained materials. 

1.2 Research objectives 

Preliminary research on the effects of Sn and Pb alloying additions in Mg alloys has been 

conducted by our research group [14-17]. Certain enhancement in mechanical properties 

of Mg alloys was attained. In various series of Mg alloys, AZ series (Mg-Al-Zn) alloys 

possess the moderate corrosion resistance, castability, and relatively satisfied mechanical 

properties. Compared to AZ31 and AZ91, AZ61 (Mg-6 wt.% Al-1 wt.% Zn) can be used 

as both as-cast Mg alloy and wrought Mg alloy. Furthermore, AZ61 alloy has moderate 

comprehensive mechanical properties in both strength and ductility.  

 

From the Mg-Sn binary phase diagram, the formation of Mg2Sn phase in Mg alloys is 

potential. Hard Mg2Sn phase may act as obstacles under the tensile or compressive 

conditions. In addition, the solubility of Sn in Mg is about 14.48 wt.% at 561ºC and drops 

to 0.17 wt.% at room temperature. Consequently, there is a possibility of precipitation 

strengthening by introducing Sn into Mg alloys. Pb has a large solubility of 41.73 wt.% 

in Mg-Pb binary phase diagram. It is possible to solid solution strengthen Mg alloys by 

introducing Pb addition. The study of potential effects of Pb on the microstructures and 

mechanical properties of Mg alloy remains a research gap to be filled.  

 

The intention of this study is to forward the understanding of the underlying mechanisms 

in improving the mechanical properties by introducing Sn or Pb, and deformation to 

AZ61 alloy. The underlying mechanism includes strengthening mechanisms in the as-

cast alloys and the deformed alloy, and improving the microstructures and mechanical 

properties of Sn or Pb added AZ61 Mg alloys in as-cast, rolled and annealed states.  

 

There are two major objectives in this study. First is to explore the effect of the various 

amounts of alloying elements of Sn or Pb on microstructures and the mechanical 

properties of as-cast AZ61 alloy. Second is to further improve the mechanical properties 

of Sn or Pb modified AZ61 alloy by deformation process and to examine the possible 

strengthening mechanisms. The specific goals of this research are summarized as follows:  

 

(1) Study the distribution of the alloying elemental and the modification of the second 
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phase with the additions of Sn or Pb in as-cast state AZ61 Mg alloys.  

 

To achieve this goal, the microstructure changes of the as-cast AZ61 Mg alloys 

containing various amounts of Sn or Pb alloying additions were studied by X-ray 

diffractometer (XRD), optical microscopy (OM), scanning electron microscopy (SEM), 

and energy dispersive spectrometer (EDS). By means of the detailed comparative study 

on AZ61 alloy and Sn or Pb added AZ61 alloys, it was expected that the effects of 

alloying additions on the microstructures, particularly the morphological change of the 

second phases and the change in element distributions could be revealed. 

 

(2) Investigate the effects of the alloying elements on the mechanical properties of as-

cast Sn or Pb added AZ61 alloys.  

 

In order to understand the effects of Sn or Pb alloying elements on the mechanical 

properties of as-cast state AZ61, the mechanical properties, including tensile properties, 

hardness and wear resistance, of the as-cast Sn or Pb added AZ61 Mg alloys were tested. 

A detailed examination on the microstructures of Sn or Pb added AZ61 alloys were 

conducted, in order to explain the variation trend of mechanical properties change.  

 

(3) Examine the effect of alloying elements on microstructures of the rolled sheets and 

annealed AZ61 alloys containing Sn or Pb.  

 

In this section, the microstructures of Sn or Pb added AZ61 alloys after rolling and 

annealing process were characterized by XRD, optical microscopy, SEM, EDS, and 

transmission electron microscopy(TEM). The phase change after rolling or annealing 

process was recorded. The fine precipitates formed in the samples were further studied 

by EDS and TEM, in order to clarify their compositions. A comparative study between 

AZ61 and Sn or Pb modified AZ61 alloy of rolled and annealed states were performed, 

with intention to understand the effects of the alloying elements on the microstructures 

of rolled and annealed samples.  

 

(4) Explore the mechanical properties of the rolled and annealed AZ61 with Sn or Pb 

additions, compare and explore the effects of Sn or Pb on the strengthening mechanism 

of the alloys.  
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Through the above studies, the effects of the alloying elements on the microstructures of 

the as-cast, rolled, and annealed alloys have been understood. These microstructural 

changes will eventually affect the mechanical properties of these alloys. Accordingly, 

tensile properties, hardness and wear resistance of the Sn or Pb-containing AZ61 alloys 

of rolled and annealed states were tested and compared with AZ61 alloy. It aims to a 

thorough understanding of the effects of alloying elements on the certain properties, such 

as tensile strength and elongation. Furthermore, the tendency of the properties change 

with contents of the alloying elements was investigated.  

1.3 Thesis outline 

This thesis contains eight chapters. Following introduction part in Chapter 1, Chapter 2 

reviews the existing literature on Mg alloys, in particular AZ61 alloys. Chapter 3 

describes the experimental design, experimental procedures, and testing methods. 

Chapter 4 and Chapter 5 report the casting process of AZ61 alloy with Sn or Pb elements 

respectively, and discuss the effects of Sn and Pb alloying additions on microstructures, 

which include phase characterization, the second phase morphology and element 

distribution, and the effects of Sn or Pb on mechanical properties of as-cast AZ61 alloy. 

Chapter 6 and Chapter 7 present the effects of Sn or Pb additions on rolling deformation 

behaviour of AZ61 alloy, including the variations of microstructures and mechanical 

properties after the rolling process. These two chapters explain the differences in 

microstructures and tensile properties of annealed AZ61 and Sn or Pb-containing AZ61 

alloys and explain the mechanisms that caused these differences. Chapter 8 summarizes 

the results and achievements of this thesis study and attempts a comparison of the effects 

of Sn and Pb on microstructures and mechanical properties of Mg alloy. The chapter also 

presents author’s perspective for the future work.  

 



 5 

Chapter 2 Literature review 

2.1 Introduction 

Structural material plays an essential role in supporting the components in buildings, 

automobiles, and other industries. However, with the rising problem of the fuel deficiency, 

lightening of the structural components in automobiles and other transportable devices 

has become a buzz topic in the material study. Among the metallic materials, Mg alloys 

is a potential option with the high strength to weight ratio, good electromagnetic 

interference, excellent thermal conductivity, etc. [18].  

 

Generally speaking, there is a limited amount of literature that provides valuable 

information on studying the microstructures and mechanical properties of Sn and Pb 

added Mg alloys. In order to provide a background of this study, this chapter starts with 

a brief introduction of magnesium and magnesium alloys, focusing on their characters 

and mechanical properties. Among many methods that enhance properties, by adding 

alloying elements is proved to be one of the most effective ways. Then, this chapter 

examines the effects of alloying elements in magnesium alloys with a focus on enhancing 

mechanical properties. In addition, the strengthening mechanisms in magnesium alloys 

are discussed in this chapter. Though the existing literature provides a solid background, 

a thorough study on the effects of Sn and Pb additions on AZ61 Mg alloys has not yet 

been reached. The research gap becomes the starting point of this doctoral thesis. 

2.1.1 Overview of magnesium 

Mg is one of the most abundant elements in the earth. It is number 12 in the periodic 

table of elements and belongs to the group of alkaline earth metals, which only can be 

found in nature in the form of combinations such as magnesite MgCO3, dolomite 

MgCO3 CaCO3, carnallite KCl MgCl2 6H2O and kieserite MgSO4 [1, 19]. The pure Mg 

element is extracted by electrolysis of MgCl2, by thermal reduction of dolomite, or 

extracted from the sea water [20]. The isotopes 24, 25 and 26 occur naturally in the 

proportions of about 7:1:1, giving an atomic weight of 24.32 [21]. The X-Ray emission 

of lines Kα and Kβ are at 9.889 and 9.558 Å, respectively. The K-absorption edge for X-

Ray is 9.512 Å [21]. The crystal structure of pure Mg is hexagonal-close-packed (hcp). 

The atomic positions of the magnesium unit cell are shown in Figure 1, along with the 
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principal planes and directions [20]. The lattice parameters of pure Mg at 25ºC were 

measured, and the results were in agreement within ±0.01% of the assessed values of a = 

0.32092 nm and, c = 0.52105 nm [20]. If alternating ABAB close-packed layers of atoms 

were made up of perfectly hard spheres, the c/a ratio would have the ideal value of 1.633 

[20]. Based on above data, the actual value at room temperature is 1.6236, making Mg 

nearly perfectly close-packed [20]. The physical properties of pure Mg are listed in Table 

1. 

 

 
 

Figure 1. The magnesium unit cell crystal. (a) Atomic position; (b) Principal planes of 

the [ ]  zone; (c) Principal planes of the [ ] zone; (d) principal directions [20].  
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Table 1 Properties of pure Magnesium [1]. 

Crystal Structure HCP 

Density 
1.738 g/cm3 at room temperature (RT);  

1.584 g/cm3 at Tm 

Young’s Modulus 45 GPa 

Ultimate Tensile Strength 80-180 MPa 

Fracture Elongation 1-12% 

Melting Point 650 0.5ºC 

Boiling Point 1090ºC 

Specific Heat Capacity 1.05 kJ/(kg K) 

Fusion Heat 195 kJ/kg 

Heat Conductivity 156 W/(m K) 

Linear Expansion Coefficient 26 10-6 K-1(RT) 

Shrinkage (solid-liquid) 4.2% 

Shrinkage (Ts-RT) ca. 5% 

Specific Electrical Conductivity 22.4 m/(  mm-2) 

Normal Potential -2.37 V 

 

2.1.2 Overview of magnesium alloys 

Normally, pure Mg cannot be used in the structural applications where combined 

mechanical properties are required. Therefore, Mg alloys with excellent tensile strength, 

reasonable ductility, good corrosion resistance, favourable castability as well as other 

properties are relatively essential to industries. Nowadays, super-light Mg alloys have 

been extensively used in weight-saving applications, performing as a potential 

replacement for plastics in electronic and computer applications. Since the reduction of 

the emissions to reduce the environmental impact is one of the goals in the next decades 

[1], Mg alloys are of particular significance in the transportation industry, where weight-

saving is crucial. As the lightest metallic structural material [20], Mg alloys possess many 

outstanding features including high strength to weight ratio, excellent thermal 

conductivity, convenience of reclaim, and high damping capacity [18]. Also, Mg alloys 

make themselves good candidates for audio and electronic devices because of their good 

performance in electromagnetic interference shielding properties [22]. Although Mg 
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alloy possesses these attractive properties, there are some disadvantages of Mg alloys 

should not be neglected, especially the poorness of cold working abilities. In order to be 

used in structural sections, it is essential for Mg to exhibit sufficient strength and ductility 

under dynamic loading and static loading at ambient and elevated temperatures [23].  

 

Table 2 ASTM codes for magnesium’s alloying elements: the major alloying element is 

placed on the further left of the naming system.  

Abbreviation letter Alloying element 

A Aluminium 

C Copper 

E Rare-Earths 

H Thorium 

K Zirconium 

L Lithium 

M Manganese 

P Lead 

Q Silver 

S Silicon 

T Tin 

W Yttrium 

Z Zinc 

 

The identification of Mg alloys is standardised worldwide in the American Society for 

Testing and Materials (ASTM) standard. The alloys are designated with letters 

representing their main alloying elements. Some of the designation letters of alloying 

elements in Mg alloys are shown in Table 2 based on the ASTM standard (ASTM B951-

11). In the nomenclature of Mg alloys, usually, there are two principal alloying element 

codes and two numbers which indicate the weight percentage of the elements, 

respectively [24]. The most commonly used Mg alloys are the AZ series in Mg-Al alloy 

system, which are in possession of good strength at ambient temperature and satisfying 

corrosion resistance properties [25]. AZ61 alloy is endowed with a suitable combination 

of strength and ductility. In this work, we attempted to improve the mechanical properties 

of AZ61 alloy further by alloying and deformation.  
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Mg alloys can be categorized into cast Mg alloys and wrought Mg alloys regarding the 

difference in processing [20]. Statistically, more than 90% of the structural Mg alloy 

components are manufactured by casting [18], which is a relatively ordinary 

manufacturing process. During casting, however, the mould shrinkage is about 4% when 

solidifying and 5% during cooling. Due to the microstructural and macrostructural 

casting defects, the mechanical properties of casting Mg alloys are not as good as 

wrought ones, which restricts the extensive use of Mg alloys [26]. Compared with casting 

Mg alloys, wrought Mg alloys have more promising prospects of the application. There 

are abundant forms of wrought Mg alloy products, for instance, rolled sheets or plates, 

extrusion parts, and forged pieces, which are necessary for establishing large-scale 

structural applications of metal in modern technology [21]. These worked forms hold an 

advantage in strength, ductility, as well as versatility concerning mechanical properties 

compared with cast ones. However, the processing of wrought Mg alloys has always been 

a challenge for manufacturing industries owing to their poor formability.  

2.2 Effects of alloying elements in magnesium alloys 

Alloying and micro-alloying are straightforward and efficient methods to modify the 

microstructure of Mg alloy and consequently improve its properties. By alloying, 

properties of Mg alloys, such as high-temperature strength, corrosion resistance, can be 

enhanced in a great way [27]. Meanwhile, much effort has been made to improve the 

mechanical properties of Mg alloys at both room temperature and elevated temperature 

[28] by alloying and micro-alloying. With the different alloying elements additions, the 

suppression of the second phase or the formation of more thermally stable precipitates 

[29] are expected. Also, the grain refinement was obtained with some alloying additions.  

2.2.1 Aluminium (Al) addition  

The improvement of the physical properties of Mg alloy with Al was already established 

in the 1920s [1]. The Mg-Al system has excellent die-castability and other physical 

properties. Al can increase the tensile strength and the hardness through the formation of 

Mg17Al12 phase particles. Apart from the improvements in mechanical properties, there 

is also a superiority in castability, which is due to the relatively low eutectic temperature 

(eutectic system, TE = 437ºC) (see Figure 2). C. Li et al. [30] reported that cast 

performance is better with higher Al content in the Mg-9Zn-xAl alloy. However, the 
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adverse effects of higher Al addition are the tendency for micro-porosity [1] and the 

formation of the interdendritic grain boundary phase Mg17Al12. The poor thermal stability 

of Mg17Al12 phase and its discontinuous distribution can lead to the grain boundary 

sliding at elevated temperatures. Thus, the inter-metallic phase decreases the strength and 

restricts the ductility of the alloy.  

 

 
Figure 2 Al-Mg binary phase diagram [31]. 

It has been pointed out that the Al addition has the refining effect in grain size in Mg-Zn 

alloy [30] and Mg-Sn alloy [32] with increasing Al content. C. Li et al. [30] stated that in 

Mg-9Zn-xAl (x=2, 4 and 6) Mg alloy, the amount of Al content could influence the 

morphology and the amount of the second phase, also the second phase affects the size 

and the morphology of the primary phase. Figure 3 [30] shows the SEM microstructures 

of Mg-9Zn-xAl alloys with 2, 4 and 6 wt.% Al content. C. Li et al. [30] indicated that the 

morphology of the second phase is isolated island-like when Al content is small (x=2), 

while the morphology of the second phase changes into a semi-continuous and 

continuous network structure when Al content increased to 4 and 6 wt.%, respectively. 

With the addition of Al element in Mg-5Sn Mg alloys, it is visible in Figure 4 that the 

grains with large dendritic structure tend to become uniform and equiaxed grains with 
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less continuous dendrites [32]. Meanwhile, Al increased the amount of intermetallics, 

which distribute along the grain boundaries region.  

 

 
Figure 3 SEM mages of different Al content addition: (a) x=2; (b) x=4; (c) x=6 [30]. 

 

 
Figure 4 Optical micrographs of Mg-5Sn-xAl magnesium alloys [32]. 

Generally speaking, Al element is an effective alloying addition in the enhancement of 

the mechanical properties, such as strength and hardness, at room temperature [33, 34]. 

Sasaki et al. [35] reported that the Al alloying addition gave the extra strength by solid 

solution hardening in Mg-2.2Sn-0.5Zn-1Al alloy system with the UTS of 354 MPa. Han 

et al. [32] also found that the Al addition improved the tensile strength while decreased 

the elongation. The formation of Mg17Al12 intermetallic phase restricts the movement of 

the grain boundaries and dislocations during deformation process [32].  
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Also, researchers [36-38] found that Al element is beneficial to the corrosion resistance 

of Mg alloys. More Mg17Al12 precipitates form with the increasing amount of Al addition, 

thus, Al impedes the corrosion reaction process and further improves the corrosion 

resistance [24].  

2.2.2 Zinc (Zn) addition 

Zinc is a widely used alloying element in commercial Mg alloys. Figure 5 Shows the 

binary phase diagram of Mg-Zn. Zn is used for the improvement of strength properties 

in both cast and wrought alloys [18]. MgZn phase forms in Zn-rich Mg alloy, which 

benefits the mechanical performance of Mg-Zn alloys on account of grain refinement, 

solid solution strengthening and the second phase strengthening [39]. Other researchers 

[40] found that the amount and distribution of the existing particles Mg2Sn in Mg-Sn-Al 

alloy system could be influenced by the addition of Zn element.  

 

 
Figure 5 Mg-Zn binary phase diagram [31]. 

The microstructures of as-cast state Mg-5Sn-xZn (TZ5x) alloys in Figure 6 indicate that 

with the increasing amount of Zn addition, the dendritic arm developed more in TZ5x 

alloys with typical dendritic structures [41]. This is because segregation of Zn at the 

interface of solid and liquid caused the constitutional undercooling [41]. In the as-

extruded TZ5x alloys, the molar percentages of the two intermetallic phases were 
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thermodynamically calculated as presented in Figure 7. The percentage of Mg2Sn phase 

remained unchanged while that of MgZn phase increased with Zn addition. Zn can form 

Mg-Zn-Y ternary phases in Mg-Y system, which is favourable to the mechanical 

properties [42]. There are three kinds of Mg-Zn-Y ternary phases. The ratio of Zn/Y 

determines which kind of ternary phase forms. However, the amount of the phase 

depends on the amount of Zn and Y additions [42]. 

 

  

  
Figure 6 Microstructures of as-cast TZ5x alloys: (a) TZ51 (b) TZ52 (c) TZ53 (d) TZ54 

[41]. 

The hot-extruded TZ5x alloys showed similar average grain size in spite of the difference 

in Zn addition [41]. However, as indicated in Figure 8, the grain size of solid solution 

treated Mg-xZn-1Y-0.5Nd-0.5Sn-0.3Zr-0.05Ca alloys decreases from 164 μm to 52 μm 

with a low content of 2 wt.% Zn, and increases to 116 μm with a high content of 4 wt.% 

Zn addition [42].  

 

With the increasing content of Zn addition, the hardness of Mg-Zn-RE-Sn-Zr-Ca alloys 

is improved as illustrated in Figure 9 due to the growing amount of ternary phases [42]. 

As mentioned above, the grain size of the alloy decreased first when the content of Zn 
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increased to 2%, and then increased when it exceeded 2%. It is well known that the 

mechanical properties have a close relationship with the grain size. Therefore, the best 

combination of UTS and elongation of the Zn-modified alloys is with 2% Zn addition as 

shown clearly in Figure 9 [42]. 

 

C. Yim et al. [41] have explored the corrosion behaviour of as-extruded Mg-5Sn alloy 

with different Zn content, and the results showed that the corrosion potential was 

improved with increasing Zn addition according to the potentiodynamic test as seen in 

Figure 10. The Zn element, which dissolved into the α-Mg phase, benefits the 

protectiveness of the film on the surface [41]. Song et al. [43] reported that the hydrogen 

evolution rate at the cathodic area was accelerated by the MgZn phase. According to the 

above result, the hydrogen evolution rate of the as-extruded Zn added TZ5x alloys would 

increase because of the growth of the MgZn phase [41]. In the as-extruded Mg-Zn binary 

alloy, the protectiveness of the passive film is also enhanced while Zn element is 

dissolved in Mg matrix [44]. 

 

 

 
Figure 7 Molar percentages of Mg2Sn and MgZn phases in as-extruded TZ5x alloys [41].   
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Figure 8 Variation of the average grain size with Zn content [42].  

 

 

 
Figure 9 Variations of the mechanical properties with Zn content of Mg-Zn-RE-Sn-Zr-Ca 

alloys [42]. 
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Figure 10 Potentiodynamic polarization curves of as-extruded TZ5x alloys [41]. 

2.2.3 Tin (Sn) addition 

The Mg-Sn system is a good candidate for precipitation hardening since the solid 

solubility is as high as 14.48 wt.% (equivalent to 3.35 at.%) at 561  and drops to 0.17 

wt.% (equivalent to 0.035 at.%) at ambient temperature [45]. Figure 11 presents the 

binary equilibrium phase diagram of Mg-Sn system. It shows the formation of Mg2Sn 

phase, with an FCC crystal structure, a = 6.76 Å, point group of m m [46] and a high 

melting point of 770ºC [45]. Mg2Sn is a hard and brittle phase with an HV value of 119 

[47] and can work as the hard and dispersedly distributed particles in precipitation 

strengthening. The Mg2Sn particles which scattered in the matrix, can effectively hinder 

the movement of dislocation and lead to the pile-up of dislocation, thus increase the 

strength of Mg alloys [48].  

 

Several researchers have investigated the effects of Sn on microstructures of Mg alloys. 

H. Liu et al. [14] pointed out that the increasing Sn addition could decrease the secondary 

dendritic arm spacing (DAS) in Mg-Sn alloys as illustrated in Figure 12. It was reported 

that the DAS of Mg-1Sn is 69.4 μm while that of Mg-10Sn is reduced to 25.5 μm [14]. 

Y. Turen et al. [49] indicated that with 0.5 wt.% Sn content added into AZ91 Mg alloy, 
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the Mg17Al12 phase was refined, along with the formation of Mg2Sn phase. X. Dong et 

al. [50] investigated the microstructure and tensile properties of Mg-6Al-4Zn alloys with 

a different content of Sn element addition. The study indicated that the increasing Sn 

content (up to 1.8 wt.%) gradually refines the α-Mg dendrites and also the interdendritic 

intermetallics of Mg21(Al, Zn)17 and Mg17Al12 can be refined with 0.6 wt.% Sn addition. 

However, the higher Sn content results in the coarsening and continuous distribution of 

the compounds due to the stronger segregation of Al and Zn elements. A Study conducted 

by J. Chen et al. [51] showed that Mg-6Zn-2Al alloys with Sn addition are composed of 

α-Mg, MgZn and Mg2Sn phases while no ternary phase was detected. It  [51] also 

suggested that Sn suppresses the eutectic process and refines the divorced eutectics, but 

Sn does not have effective grain refining results. C. Jin et al. [52] reported that with the 

increasing amount of Sn addition to Mg-12Li-1Zn alloy, apart from the β-Li phase, the 

secondary Mg2Sn phase particles are found in the grain boundary regions and the 

interdendritic areas (see Figure 13). Mappings of EDS elemental distribution in Figure 

14 reveal that Zn distributes uniformly in the matrix while Sn segregates in the secondary 

phase. Besides, Sn addition has a distinct grain refining effect in Mg-Li alloy, which is 

different from the findings [51] in Mg-Zn-Al alloy mentioned previously.  

 

 
Figure 11 Mg-Sn binary phase diagram [31]. 
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Figure 12 Optical microscopy microstructures of the Mg-Sn alloys: (a) Mg-1Sn, (b) Mg-

3Sn, (c) Mg-5Sn, (d) Mg-7Sn, (e) Mg-10Sn [14]. 

In H. Liu’s study [14], the micro-hardness of the Mg-xSn alloys increases with the 

increasing Sn content, while Mg-5Sn alloy exhibits the best tensile strength and 

elongation among the studied alloys. Bakke et al. [53] observed that Mg alloys with high 

Sn content display tensile yield strength value above that of AZ91D, along with an 

equivalent UTS. Minor addition of Sn to Mg-6Zn-2Al is beneficial to the formation of 

dispersed rod-shape Mg2Sn particles, which improves the tensile strength at room 

temperature and elevated temperature [51]. However, coarsening of Mg2Sn particles 

would occur with excessive Sn addition, and thus decreases the strength and ductility. Y. 

Turen et al. [49] also demonstrated that 0.5 wt.% Sn in AZ91 alloy results in the 
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improvement of tensile strength and elongation, however, with Sn content above 0.5 

wt.%, the mechanical properties of AZ91 alloy decreases owing to the cluster of Mg2Sn 

phase. Table 3 lists the tensile properties of Sn added Mg-7Zn-5Al (ZA75) alloys of as-

cast state and aged state at both room temperature and elevated temperatures [54]. Sn 

addition increases the yield strength remarkably, particularly at elevated temperatures, 

but excessive Sn leads to the decrease of UTS and elongation. The strengthening effect 

may come from the solid solution strengthening of Sn in the α-Mg matrix and the 

refinement of τ-phase. However, the higher Sn content results in the decrease of the UTS 

due to the distribution of Mg2Sn and τ-phase particles at the grain boundaries.  

 

The high-temperature stability of the Mg2Sn phase gives Mg-Sn-based alloys great 

potential to be used in creep resistant applications at elevated temperatures [55]. In Mg-

Sn alloy system, the indentation creep resistance tested at 150   was improved 

dramatically with the increasing Sn content [14]. R. Mahmud et al. [29] investigated the 

creep behaviour of AZ91 Mg alloy with 0.5 to 2 wt.% Sn addition by impression test. 

The study showed that AZ91-2Sn possessed the best creep resistance. The improvement 

ascribed to the formation of Mg2Sn, the decreased amount of β-Mg17Al12 phase and solid 

solution strengthening effects of Sn in the α-Mg matrix.  

 

 
Figure 13 Microstructure of the as-cast alloys: (a) Mg-12Li-1Zn; (b) Mg-12Li-1Zn-1Sn; 

(c)Mg-12Li-1Zn-3Sn; (d) Mg-12Li-1Zn-5Sn; (e) Mg-12Li-1Zn-8Sn [52].  
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Figure 14 SEM image and EDS element distribution maps of the as-cast Mg-12Li-1Zn-

3Sn alloy [52].  

 

Table 3 Tensile properties of the as-cast and aged alloys tested at different temperatures 

[54]. 

 
 

It has been reported that Sn element possesses high hydrogen evolution over-potential 

and makes the cathodic hydrogen reaction on the surface relatively difficult [41, 56]. K. 

Park [57] and J. Chen et al. [58] demonstrated that Sn alloying addition could improve 

the corrosion resistance of Mg-Al-Zn alloys. However, a study conducted by Kim et al. 

[59] indicated that the corrosion resistance of AM60 alloy was slightly decreased with 

the Sn alloying addition. Song [60] also found that 2 wt.% of Sn addition accelerates the 

corrosion process of AM70 alloy when the immersion time longer than 70 h in 5% NaCl 
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solution, though Sn decreases the susceptibility of the alloy to localized corrosion attack. 

The effect of Sn on corrosion resistance seems to be related to the Sn-containing particles 

and the solute of Sn in the α-Mg matrix, which leads to the change of the electrochemical 

polarization behaviour [60]. 

2.2.4 Lead (Pb) addition  

It is known that the vapour of Pb is hazardous to human’s body; however, an addition of 

small amount of Pb could be safe as long as proper care is taken and operating procedures 

are strictly followed [61]. Figure 15 displays the binary equilibrium phase diagram of 

Mg-Pb system. The solubility of Pb in Mg at eutectic temperature of 466.2ºC is 41.73 

wt.%, which is quite large compared with other alloying elements mentioned previously. 

Normally, with a limited amount of Pb addition in Mg alloy, the Pb element is expected 

to be dissolved into the α-Mg solid solution given the large solubility of Pb in Mg.  

 

 

 
Figure 15 Mg-Pb binary phase diagram [31]. 
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Figure 16 LOM (light optical microscope) micrographs of the investigated alloys; (a) 

MgAlSi, (b) MgAlSi-1Pb [62]. 

  
Figure 17 Cross-sectional SEM images of studied alloys after the corrosion test (black 

features on the surfaces are associated with corrosion products): (a) AZ91 alloy, (b) 1.0 

wt.% Pb added AZ91 alloy [61]. 

Y. Sun et al. [62] examined the microstructure (see Figure 16) of Mg-10Al-2Si alloy with 

1 wt.% Pb addition by XRD and EDS, and they found that only α-Mg, Mg2Si and 

Mg17Al12 phases in the sample. This is consistent with the large solubility of Pb in Mg 

according to the Mg-Pb binary phase diagram. However, the volume fraction of the 

polygonal Mg2Si particles decreased with Pb content ranging from 0.2 to 1 wt.%. S. 

Candan et al. examined [61] the effect of Pb on microstructures of as-cast AZ91 Mg 

alloys. No new compounds formed in Pb added AZ91, which containing only α-Mg and 

β-Mg17Al12 phases. The result showed that 1 wt.% Pb addition refined the net-like 

intermetallic phase, reduced its amount remarkably and made the particles distributed 

randomly throughout the matrix as presented in Figure 17. The author [61] pointed out 

the reason for that is Pb addition lowered the diffusion of Al and Mg elements and thus 

affected the formation and growth of the precipitates. Srinivasan et al. [63] presented a 

similar finding in the ageing behaviour of AZ91-2Pb Mg alloy that Pb suppressed the 

(b) (a) 
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formation and growth of the intermetallic compound Mg17Al12. Q. Wang et al. [64] 

investigated the microstructure of Mg-5Sn-(0-1 wt.%)Pb alloys, confirming that the grain 

size was gradually refined with the increasing Pb addition. It [64] was stated that the 

dissolved Pb in the liquid during solidification process increased the constitutional 

supercooling between the solid and liquid interface, thus promoted the nucleation and 

impeded the growth of the grains. Other researchers [65] pointed out that Pb can reduce 

the strain energy at the grain boundary of Mg-Al alloy. Therefore, the amount of the 

precipitates was decreased by Pb addition.  

 

 
Figure 18  Ultimate tensile strength (UTS) and yield strength (YS) of AZ91 alloy as a 

function of its Pb content [61]. 

S. Wei et al. [66] examined the mechanical properties of the as-cast Mg-4Zn alloys with 

1 wt.% Pb addition, showing that the UTS was improved from 213 MPa to 225 MPa and 

the elongation was increased from 14% to 20%. The enhancement of the mechanical 

properties was attributed to the microstructural change with Pb element addition, which 

is less amount of the intermetallic compounds and smaller average grain size. S. Candan 

[61] also indicated the enhancement of mechanical properties of magnesium alloy by 

adding Pb alloying. The result showed that by adding 0.2 to 1.0 wt.% Pb element to AZ91, 

an increase of ultimate tensile strength by 42%, yield strength by 58% and elongation by 
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20% could be obtained as shown Figure 18 and Figure 19. The enhancement of the 

mechanical property is ascribed to the suppression of intermetallic phase (β-Mg17Al12 

and α-Mg + β-eutectic) casued by Pb alloying addition. However, the hardness of AZ91 

was not altered much with the different Pb content as illustrated in Figure 20. Unlike the 

finding in hardness of Pb added AZ91, Y. Sun et al. [62] reported the decrease of hardness 

from 120 HV to 80 HV with 1 wt.% Pb in Mg-10Al-2Si alloys.  

 

 
Figure 19 Elongation (EL) of AZ91 alloy as a function of its Pb content [61]. 

Q. Wang et al. [64] examined the creep resistance properties of as-cast Mg-5Sn alloys 

with different Pb addition ranging from 0 to 1 wt.%. The result indicated that the 

compressive creep resistance was decreased remarkably with Pb alloying element 

addition at 175ºC with the applied load of 55 MPa. The principle of the excellent creep 

resistance of Mg-Sn alloys is the existence of the α-Mg and Mg2Sn eutectics along the 

grain boundaries. However, with the Pb addition in the Mg-Sn system, the amount of 

eutectics decreased and also the fine grains favoured the grain boundary sliding during 

the compressive creep test [64].  
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Figure 20 Hardness (HV) of AZ91 alloy as a function of its Pb content [61]. 

Y. Sun [62] conducted the immersion test on Pb added Mg-10Al-2Si alloys in 3.5% NaCl 

solution for 24 h. The curves of the weight loss of the studies alloys versus corrosion time 

are plotted in Figure 21. It showed that Mg-10Al-2Si-1Pb alloy possessed the best 

corrosion resistance among the studied alloys. Also, the macrostructure images of the 

corroded surfaces after immersion test, as presented in Figure 22, indicated that Pb 

addition decreased the corrosion process. The authors [62] explained the reason for the 

improvement of corrosion resistance properties with Pb addition in Mg-Al-Si alloy, 

indicating that Pb decreased the volume fraction of the intermetallic phase Mg2Si phase 

in the matrix since Mg2Si particles decrease the corrosion resistance of alloys. S. Candan 

et al. [61] investigated the corrosion behaviour of AZ91 with Pb and the result showed 

that the weight loss of Pb added AZ91 alloys after corrosion test was decreased with the 

increasing Pb content as illustrated in Figure 23. The potentiodynamic polarisation curves 

are presented in Figure 24, suggesting that the corrosion resistance was improved with 

increasing Pb content. It [67] was noticed that intermetallic phases Mg17Al12 could work 

as both the effective barrier and the active cathode to the matrix during the corrosion 

process.  
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Figure 21 Weight loss of the investigated alloys with respect to test period [62]. 

 

 

  
Figure 22 Macro structure photographs of corroded surfaces of the investigated alloys 

after immersion corrosion test: (a) MgAlSi, (b) MgAlSi-1Pb [62]. 
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Figure 23 Corrosion loss of the corroded AZ91 alloys from the immersion tests [61]. 

 

 

 

 
Figure 24 Potentiodynamic polarisation curves of AZ91 alloys with different Pb content 

[61]. 
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2.3 Deformation mechanisms  

A better understanding of deformation mechanism in Mg and its alloys is essential and 

helps guide the microstructure design to enhance the mechanical properties [68]. 

Magnesium crystallises in the hexagonal close packed structure and has only limited 

number of operative slip systems at room temperature. Consequently, the cold 

workability of Mg alloy is intrinsically weak. Deformation at high temperature would 

bring in more cost. Therefore understanding the deformation mechanism is crucial to 

solving the poor workability at low temperature. Different deformation temperature and 

strain rate will lead to a difference in deformation mechanism. Temperature is a critical 

factor for the deformation of Mg since Mg shows limited formability at ambient 

temperature due to its hcp structure [69]. Above 220ºC, however, additional gliding 

systems become thermally activated, and Mg becomes highly deformable [70]. 

2.3.1 Dislocation slip  

Slip on the following planes is paramount in Mg alloys: (0001) basal, (1100) prismatic 

and (11 2) second order pyramidal [71]. Basal slip is the easiest slip to activate in Mg 

alloys during plastic deformation, and it is responsible for the significant amount of 

plastic strain at ambient temperature in randomly textured Mg alloys [68]. The critical 

resolved shear stress (CRSS) for non-basal slip plane is much higher than that for basal 

slip, which gives rise to anisotropy of mechanical properties [18]. A. Akhtar [72] and L. 

Jiang [73] pointed out that in Mg single crystal, the Al addition increased the CRSS value 

for basal slip while decrease the value for prismatic slip. The formability of Mg alloys at 

low temperature is severely limited, and The CRSS also decreases with the increase of 

temperature at a more rapid rate [68]. Table 4 shows the CRSS values for slip in Mg at 

different temperatures.  

 

Table 4 Critical resolved shear stress (g/mm2) for slip in Mg as determined in tension by 

various investigators [21].  

Systems 25ºC 150ºC 286ºC 

(0001) <11 0>, basal 83 - 66 

{10 1} <11 0>, pyramidal 52 1400 110 

{10 1} <11 0>, prismatic 4000 1600 130 

 



 29 

Below the temperature of 225ºC, the possible deformation systems are {0001} <11 0> 

basal plane slipping and pyramidal {1012} <1011> twinning [74]. Pure magnesium and 

as-cast alloys usually show a trend of brittleness because of intergranular fracture and 

local transgranular fracture at twin zones or {0001} basal planes with large grains [74]. 

Above the temperature of 225ºC, {1011} basal planes are activated, and magnesium 

exhibits good deformation property, which indicating that severe deformation only 

appears above this temperature [74].  

 
Figure 25 Slip traces and accompanying pole figures illustrating the method used to 

identify the most like activate deformation mode after strain of 0.19. The line on the pole 

figures corresponds to the trace of the slip plane (arrowed pole) closest to the observed 
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slip trace. The deviations between the two are given in parentheses (RD- rolling direction, 

TD- transverse direction) [71]. 

Keshavarz, Z. [71] studied the deformation modes in Mg-3Al-1Zn by using Electron back 

scattered diffraction (EBSD) and slip line trace analysis. The received AZ31 samples 

were annealed to generate the equiaxed structure with the grain size of 7 μm. Samples 

were ground and polished with colloidal silica slurry and etched to reveal the 

microstructure. Then the tensile test was conducted at ambient temperature by an in situ 

tensile stage equipped in a scanning electron microscope (SEM). The crystallographic 

orientation was examined by EBSD mapping. The different slip modes observed is 

presented in Figure 25. The study showed the importance of the prismatic slip at room 

temperature. The prismatic slip was observed within the grain interior. This suggests that 

the activation may not be dependent on proximity to grain boundaries for the average 

grain size. 

2.3.2 Twinning  

Deformation twinning is significant for the accommodation of plastic strain in Mg and 

its alloys [68]. Mg twins easily to accommodate the stress applied on and compensated 

the situation of lack of activated slip systems [75]. At room temperature, primary 

twinning occurs across the {10 2} planes; secondary twinning occurs across the {30 4} 

planes [76, 77]. At elevated temperatures, twinning also occurs across the {10 3} planes 

[76, 77]. Twinning is a vital deformation mechanism in Mg, since the CRSS value of <a 

+ c> dislocation slip is very high [78]. Twinning in polycrystalline magnesium becomes 

less important at elevated temperatures, but it cannot be concluded whether this is 

intrinsic to the twinning mechanism, since the critical stresses for non-basal slip and grain 

boundary deformation decrease rapidly with increasing temperature [21].  

 

Twinning is suppressed as the temperature increases and stimulated with the growth of 

grain size [35, 75, 79]. Figure 26 presents twinning and slip occurred during various 

deformation processes with different temperature and grain size. The relationship is 

obtained from compression tests of the extruded AZ31 Mg alloy. It can be seen from 

Figure 26 that twinning is active in many different manufacturing processes [75].  
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Figure 26 Plot of the transition between slip and twinning dominated deformation as a 

function of temperature and grain size for Mg alloy AZ31. Different deformations and 

textures may cause slip to dominate in the twinning region but not vice versa. 

Approximate ‘windows’ are shown for the main wrought processes. [75, 80] 

The formation of twinning starts with a nucleation, which is normally at the grain 

boundary region [81, 82]. However, in some cases, the interfaces of twins can provide 

sites for the formation of twinning, such as secondary twinning [76]. Beyerlein [83] 

reported that high stress leads more formation of twins. After nucleation, the twin grows 

rapidly over the grain in the shape of a wedge, disk or ellipsoid [75]. The stress for the 

growth of the twins is much less than that required for the twin nucleation [84, 85].  

 

J. Koike [78] investigated the microstructure of the AZ31 rolled sheets during tensile 

deformation at RT. In Figure 27(a), there is a thick lenticular twin, identified as {01 2} 
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twins by EBSD analysis. In Figure 27(b) and (c), there are narrow banded twins, 

identified as {10 1} and {30 2} twins, respectively. In Mg, {10 2} twins are predictable 

when there is a tension along the <c>-axis, while {10 1} twins are expected when there 

is a compression along the <c>-axis in a grain. However, twinning in polycrystalline Mg 

is not straightforward (see Figure 27).  

 

 
Figure 27 Three twin types observed in AZ31 rolled sheets during tensile deformation at 

RT. A lenticular type in (a) is {10 2} after 5% elongation, determined by EBSD. A narrow 

banded type in (b) and (c) are {10 1} and {30 2}, respectively, after fracture [78]. 

N. Stanford [86] examined the microstructure of three extruded wrought Mg alloys Mg-

3Al-1Zn (AZ31), Mg-1.5Mn (M1) and Mg-1Mn-0.4RE (ME10). The as-cast state billets 

were solid solution treated depending on the composition. Then the specimens were 

extruded to each alloy exhibits a grain size of 22  5 μm. Tensile specimens of 3 mm 

diameter and 12 mm gauge length were machined from the extrudates. Figure 28 shows 

the optical microstructure of the sample tensile deformed to failure and the specimens 

were sectioned along the tensile axis. M1 shows minimal twinning. AZ31 displays 

extensive twinning along the tensile direction of the sample. ME10 alloy presents a large 
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amount of twinning; however, the amount of twinning is lower than that in AZ31 [86]. 

In addition, in AZ31, the twins have a thin, needle-like appearance, and etch black. This 

is consistent with {10 1} contraction twin. In contrast to AZ31, the twins in ME10 are 

thicker, etch white in their interior, and have a more rounded form. This is consistent with 

{10 2} twins [86].  

 

 
Figure 28 Optical micrographs of the three alloys examined after deformation to failure. 

Extrusion direction is horizontal [86]. 

2.3.3 Grain boundary sliding (GBS)  

 

 
Figure 29 An FIB image of a sample surface of AZ31 rolled sheets after tensile 

deformation to 10% at RT. Vertical lines were drawn by the FIB and were straight before 

the test but shifted at grain boundaries after the test, indicating the evidence of GBS [78]. 
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The evidence of grain boundary sliding was recently explored by J. Koike et al. [78] as 

shown in Figure 29. The figure shows a focused ion-beam (FIB) image of the AZ31 rolled 

sheet deformed at room temperature to 10% in tension. Prior to the test, straight lines 

were etched by the FIB on the electrochemically polished sample surface. A 

discontinuous shift of the lines can be observed at grain boundaries after 10% of 

deformation. The GBS can contribute to plastic deformation in a positive manner. It can 

bring about ductility improvement even at room temperature [78]. The grain refinement 

and the improvement of the GBS contribution are helpful to improve ductility at both 

high temperatures and ambient temperature [78].  

2.4 Strengthening mechanisms in Mg alloys 

 

 

Figure 30 A 'dislocation-eye' view of the slip plane across which it must move [87]. 

One can see from the information above that wrought Mg alloys have a significant and 

promising future in the industry, due to its better comprehensive properties. However, the 

sticking point for processing wrought alloys is their poor cold workability, while good 

ductility will benefit much for their deformation process. Consequently, Mg alloys with 

good ductility and strength will be very much appreciated. To improve the strength of the 

polycrystalline materials is to make the movement of dislocation harder [87]. Each 

strengthening mechanism provides a series of obstacles for the dislocations [87].  

Figure 30(a) is a drawing of a perfect lattice, and  
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Figure 30(b) illustrates the solution strengthening by introducing atomic size obstacles 

to the motion of dislocations [87].  

Figure 30(c) presents the precipitation strengthening via the existence of larger 

precipitate particles. The work hardening is revealed in  

Figure 30(d) with the presence of forest dislocations and slip steps.  

2.4.1 Solid solution strengthening 

Attempts have been made to improve the properties of Mg alloys by using different 

alloying elements in order to gain solid-solution strengthening results and additional 

precipitation hardening [1]. Materials can be easily strengthened by making it impure [88] 

to obtain the formation of solid solution with one or more element additions [89]. By 

introducing solute atoms, stress fields are generated, which can interact with dislocations 

and impede the movement of dislocations [89]. Therefore, the material is strengthened. 

The solid solution can be either substitutional or interstitial. Solid solution strengthening 

depends on the differences in atomic radii of elements involved. The analysis of the 

relative effects of the size factor in the alloying of Mg has been presented by Carapella 

[90]. The atomic sizes within the favourable ±15% range concerning Mg are shown 

within the shaded band of Figure 31.  
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Figure 31 Atomic diameters of the elements and favourable size-factor zone with respect 

to magnesium [20].  
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2.4.2 Precipitation strengthening 

 
Figure 32 How dispersed precipitates help prevent the movement of dislocations, and 

help prevent plastic flow of materials [88].  

Usually, if the alloying element is dissolved in a metal at elevated temperature, the 

alloying element may precipitate in the form of small particles when the alloy is cold 

[88]. The effect of precipitation hardening largely related to a reduced solubility at lower 

temperatures, the Mg content of the inter-metallic phases with most alloying elements, 

the stability of the phase increasing with the electronegativity of the other element [1]. 

The small particles also can be introduced into the matrix by powder metallurgy [88]. 

Figure 32 illustrates how the dispersed precipitates impede the motion of dislocations. 

The dislocation can escape the particles when 

 Eq. 1 

where  is the dislocation yield strength, T is the line tension, b is the Burgers vector, 
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 is the force per nuit length, L is the obstacle spacing [88]. It can be seen from Eq. 1 

that the closely spaced precipitates can produce greatest strengthening effect [88].  

2.4.3 Grain-boundary strengthening 

The existence of grain boundaries in a polycrystalline metallic material contributes to the 

yield strength since the grain boundaries work as obstacles to the motion of dislocations 

[88]. Dislocations in one grain pile up against the grain boundary, and cannot slide into 

the adjacent grain [87]. The contribution to the dislocation yield strength is given by the 

equation as follows:  

 Eq. 2 [88] 

where  is the Petch constant, d is the grain size. Therefore, the finer in the grain size, 

the higher yield strength the materials possess. It is obvious that improving strength and 

ductility by grain refinement is possible. Therefore, it is important to enhance their 

properties through obtaining fine grains. Researchers [91-93] have found different ways 

to achieve grain refinement.  

 

The rapidly solidified alloys are produced by rapidly solidifying droplets of the molten 

alloy into multi-granular spheroidal particles [20]. The extremely fine grain size of the 

starting material can be thus acquired. In addition to the microstructure modification of 

grain refinement, the expansion of solid solubility of alloying elements has been 

conducted by the employment of rapid solidification processes [94-98]. A different 

method for rapid solidification of alloys, named rapid-solidification processing (RSP), 

has attracted much interest during the past decade because the use of extremely high rates 

of cooling (e.g. 105 to 106 K/s) can not only produce fine homogeneous microstructures, 

but also extend solid solubility and introduce new phases [20]. The use of RSP has 

enhanced mechanical properties, particularly at elevated temperatures.  

2.4.4 Strain hardening 

Before deformation, the dislocation density is in the range of 106 cm/cm3, which is a 

small concentration of dislocations, while the dislocation density increased to 

approximately 1012 cm/cm3 during strain hardening [99]. With too many dislocations in 

the metallic material, the movement of dislocations would interfere with each other [99]. 

Therefore, the strength increases with the sacrificing of ductility.  
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Severe plastic deformation is a technique to realize strain hardening. The drawback of 

this approach is that much cost would be involved such as high working temperature, and 

many passes are required in order to achieve the desired properties. Recently, there have 

been some instances where ductility is significantly improved even at room temperature 

in Mg alloys by severe plastic deformation such as repetitive equal channel angular 

extrusion (ECAE) [100-106], rolling, and annealing. ECAE processed Mg alloys have a 

fine-grained structure, superior tensile properties and superplasticity trend [18]. 

2.5 Challenges in Mg alloys 

Enhancement of mechanical properties of Mg alloys is an intriguing and significant topic 

for Mg alloy researchers. Mg alloys with higher strength are expected in various fields 

of industries, and wrought Mg alloys with better ductility are desired for the plastic 

processing and manufacture. This thesis aims at improving the mechanical properties of 

AZ61 alloy by alloying with Sn or Pb elements. A thorough study of the effects of Sn and 

Pb on the microstructures and mechanical properties is performed.  

 

Little attention [107, 108] has been paid to the effects of Sn or Pb on the microstructures 

and mechanical properties of AZ61 Mg alloy. A thorough study on the effects of Sn or 

Pb additions on AZ61 including microstructures, elemental distribution, mechanical 

properties and deformation performance has not yet been reached. Besides, the study on 

the enhancement of the elongation of AZ61 remains a tough problem. This thesis 

investigates the microstructure, elemental distribution and mechanical properties of Pb 

for the purpose of enhancing the elongation of AZ61 Mg alloy. A systematic investigation 

on how Sn or Pb alloying addition affects the microstructures (such as elemental 

distribution, second phase particles, etc.), mechanical properties and the plastic 

deformation performance remains open for study.  
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Chapter 3 Experimental design and procedures 

3.1 Introduction 

Mg alloys are the light structural metallic materials which have been used in various 

fields [109], such as automobiles, aircraft industries, and portable devices, etc. However, 

the improvement of the strength and ductility of the existing Mg alloys systems is still a 

hot topic among materials researchers [110-113], because the mechanical properties of 

Mg alloys are relatively low in comparison with their counterparts such as Al alloys and 

steels.  

 

Various ways have been attempted in order to achieve the goal of producing Mg alloys 

with enhanced mechanical properties. Normally, mechanical properties would be 

increased when the microstructures of the material have been modified to a certain extent. 

A number of efforts have been made to enhance the properties of Mg alloys by adding in 

other alloying elements, rapid speed solidification [20], heat treatment strengthening [114, 

115], severe plastic deformation (SPD) [18] and so forth.  

 

Alloying has been applied extensively as an initial manufacturing approach to increase 

the properties of Mg. Some alloying elements could serve as numerous nuclei of 

crystalline grains during the solidification to refine the grain size of Mg alloys [116, 117]. 

In addition, the formation of intermetallic compounds may occur with the alloying 

elements added. The mechanical properties increase when the intermetallic compounds 

are hard particles and dispersively distributed in the matrix.  

 

Severe plastic deformation is being used in wrought Mg alloys with the aim of increasing 

their mechanical properties. To some extent, deformation can decrease the inner stresses 

generated during the solidification, and eliminate the casting defects, such as shrinkage 

porosities, of as-cast state Mg alloys in a wide range. Meanwhile, the microstructures 

change into a uniform and fine-grained feature. Furthermore, the strength and ductility 

of the material can be improved after large deformation.  

 

In this study, alloying elements of Sn and Pb were introduced into the AZ series Mg 

alloys to modify the microstructures and to enhance the mechanical properties of the 
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studied alloys. As a severe deformation, multi-pass rolling was conducted on the 

modified alloys in order to further improve the mechanical properties.  

3.2 Experimental design 

Permanent mould casting was employed in this experiment with the intention to prepare 

Sn and Pb modified AZ series Mg alloys. Afterwards, rolling was conducted on solid 

solution treated samples in order to study the effect of alloying elements on deformation.  

3.2.1 Selection of alloying elements  

There are several advantages of use Sn and Pb. Firstly, compared to those high-cost 

alloying elements, such as Nd and Y, Sn and Pb are relatively cheap choices to add into 

Mg alloys in order to improve their properties. Secondly, Sn and Pb are in the favourable 

size-factor zone with respect to magnesium in Figure 31. They are both relatively easy 

to dissolve into Mg crystals, which may provide solid solution hardening effects. Thirdly, 

the solubility of Sn in Mg decreases with the fall of temperature, making the precipitation 

of hard Mg2Sn particles with high melting temperature possible. Also, the possible 

formation of Mg2Pb intermetallic compounds is a potential strengthening approach. 

Besides, the melting points of Sn and Pb are relatively low, which makes the smelting 

process much easier. 

3.2.2 Design of hot rolling  

Hot rolling is a conventional rolling method in processing Mg alloys. In this study, rolling 

was conducted on the solid solution treated alloys in the condition where the rolling 

sheets were heated while the rolling mill was at room temperature. Cracks can be 

effectively avoided through this hot rolling method. Dynamic precipitation might occur 

during the rolling process if precipitation phase existed.   

3.3 Experimental procedures 

In this study, the experimental procedures cover smelting of Mg alloys, rolling 

deformation, annealing treatment, microstructure characterization, and mechanical 

properties tests. The methods are described in detail as follows.  

3.3.1 Materials 

Different amounts of alloying elements Sn or Pb were weighted according to the nominal 
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composition listed in Table 5. The weighted metals were used as starting materials in 

together with Mg, Al and Zn metals (as Mg-6Al-1Zn, AZ61 alloy). The smelting was 

conducted in a high vacuum induction furnace with argon gas protection. During 

smelting, the raw materials were heated in a steel crucible by high-frequency induction 

coils. The melt was stirred for 2 mins at 720ºC for homogeneity and then settled for 10 

mins. The melt was poured into a preheated 300ºC mild steel mould with a dimension of 

20 mm × 12 mm × 70 mm afterwards. The casting block was removed from the mould 

at 80ºC.  

 

Specimens were sectioned by DK7725-B1(F) Wire-Cut Electrical Discharge Machine 

(EDM) from the same position of the casting block in order to minimize the effect of 

cooling condition. Different shapes were cut for tensile test, rolling test and optical 

observations, etc.  

 

Table 5 Nominal composition of Sn and Pb modified AZ61 alloys (wt.%).  

Alloy designation Sn Pb Al Zn Mg 

AZ61 0 0 6 1 Bal. 

AZ61-1.5Sn 1.5 0 6 1 Bal. 

AZ61-3Sn 3 0 6 1 Bal. 

AZ61-5Sn 5 0 6 1 Bal. 

AZ61-0.5Pb 0 0.5 6 1 Bal. 

AZ61-2Pb 0 2 6 1 Bal. 

AZ61-4Pb 0 4 6 1 Bal. 

 

3.3.2 Heat treatment 

Solid solution treatment was conducted with argon protection in a tube furnace in order 

to eliminate the dendritic structures and to dissolve intermetallic compounds. The heat 

treatment parameters of time and temperature are listed in Table 6. The samples were 

removed from the tube furnace with a subsequent process of quenching in cold water.  

 

Table 6 Solid solution treatment parameters for Sn and Pb modified AZ61 alloys.  
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 Homogenization temperature and time 

AZ61 400ºC for 15 h, quench in water 

AZ61-1.5Sn 400ºC for 15 h, quench in water 

AZ61-3Sn 400ºC for 15 h, quench in water, 455ºC for 30 mins, quench in water 

AZ61-0.5Pb 400ºC for 15 h, quench in water 

AZ61-2Pb 400ºC for 15 h, quench in water 

 

3.3.3 Hot rolling 

(1) Rolling deformation 

The dimension of the rolling specimens was 70 mm × 20 mm × 4 mm. The surfaces of 

the rolling sheets were ground to #1200 silicon carbide paper. The sheets were annealed 

at 340ºC for 15 mins before each pass. The two rollers were at ambient temperature with 

the diameter of 64 mm. Rolling was conducted at a speed of about 1 m/min with a 

reduction rate of proximately 5% per pass. The sheets were cooled in air after final rolling 

pass, with a total reduction rate of 50% and a thickness of 2 mm. Another batch of rolling 

deformation was carried out at the inter-pass annealing temperature of 400ºC and final 

reduction of 80%, with a thickness of 0.8 mm.  

(2) Annealing 

The isothermal static recrystallization after rolling was studied. After hot rolling to the 

final reduction at a certain temperature, some of the rolled samples were subsequently 

annealed in a salt bath furnace at 350ºC for 20 mins. After that, the samples were 

quenched in cold water immediately. The samples for annealing were tightly wrapped up 

with thin Al foil to prevent reactions between the molten salt and Mg alloy samples. Since 

the Al foil is thin and the thermal conductivity is assumed to be good, and the samples 

can reach the desired annealing temperature in a quick pace.  

3.3.4 Mechanical properties tests 

(1) Tensile test 

The uniaxial tensile test was carried out on alloys of as-cast, rolled and annealed states 

using INSTRON tensile machine (model 3367). The flat tension test specimens with a 

gauge length of 8 mm, and a transversal section of 2 mm × 2 mm (dimension of 400ºC 
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rolled and annealed tension test samples were 2 mm × 0.8 mm) were cut using an 

electrical discharge machine. The surfaces of the tensile samples were ground by silicon 

carbide paper with the grit of 1200 in order to avoid the premature failure causing by 

scratches or roughness [118]. The tensile direction was parallel to rolling direction for 

the samples of rolled and annealed states. The test was conducted at room temperature 

with a crosshead speed of 0.5 mm/min. An extensometer was used to measure tensile 

strain and elongation. At least four tensile tests were conducted for each sample.  

(2) Hardness test 

Vickers hardness was tested using an M-400 LECO Hardness Tester at a load of 1 kg 

force for 15 s on etched samples. The hardness value of each sample was an average of 

at least 15 measurements.  

(3) Wear resistance test 

Wear resistance test was engaged in the characterization of the mechanical properties of 

the studied samples. It is admitted that wear resistance test has seldom mentioned 

regarding structural materials. However, it is an importance feature in properties, which 

reflects the wear performance of materials. As it is known that Mg alloy is a relatively 

soft material, therefore, the wear resistance test can tell whether it is easy or difficult to 

wear.  

 

The wear resistance test was carried out on samples using a tribometer with a friction 

counterpart of a ceramic ball with the diameter of 6 mm. As-cast alloys were ground and 

polished to 1 μm according to the procedures of preparing metallographic samples. The 

test was conducted at room temperature with a disk speed of 100 rpm and amplitude of 

10 mm for 10 mins under a load of 1 N.  

 

Figure 33 illustrates the schematic diagram of the wear resistance test. The wear volume 

loss V (mm3) of the tested specimens was calculated based on the following relationship:  

 Eq. 3 [119] 

Where B refers to the length of the wear track (mm), R is the radius of the ceramic ball 

(mm) and b regards to the width of the wear track (mm).  
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Figure 33 The schematic drawing of the wear resistance test.  

3.3.5 Characterization of microstructures 

(1) Metallurgical samples preparation and characterization 

The microstructures were examined using an optical microscope (OLYMPUS BX60M) 

and FEI Quanta 200 Scanning Electron Microscope (SEM). The element analysis was 

performed by using Energy Dispersive Spectrometer (EDS) equipped with SEM. 

Backscatter detector was selected to examine the contrast of different alloying elements 

at a working voltage of 20 keV. Samples for the optical microscope and SEM were cut 

from the whole casting or the large sample for the sake of representing the typical 

structure and feature. Samples with irregular shape or small size were mounted by epoxy 

resin if it is necessary. Samples were ground by silicon carbide paper with grit from 120 

to P4000, and then polished with 3 μm and 1 μm diamond paste, and finally polishing 

was achieved with 0.04 μm colloidal silica. The polished samples were washed using 

ethanol and cleaned in an ultrasonic cleaner. Samples were etched by the acetic-picric 

etchant, which was comprised of 5 ml acetic acid, 6 g picric acid, 10 ml water, and 100 

ml ethanol (95%), until a brown colour was shown on the surface. In the case of deformed 

alloys, samples were electropolished at room temperature in 5% nital solution at 10 V for 

12 s and stayed in the solution for another 8 s with no power supply afterwards, so that 
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the scratches and twins generated by mechanical polish were removed. Finally, the 

samples were cleaned in ultrasonic cleaner in ethanol.  

 

The tips of the fractured samples were cut from the ruptured tensile specimens directly. 

For the optical observation of the vertical section of the fractured samples, epoxy resin 

was employed in order to protect the morphology of fracture surface from the drags 

caused by grinding and polishing. The fractography was examined using SEM with the 

secondary electron detector and an accelerating voltage of 5 keV.  

(2) Grain size measurement 

Lineal intercept method is a commonly used method to calculate the average grain size. 

According to ASTM E112-12 standard, the mean lineal intercept length, , which can be 

calculated by Eq. 4 below:  

 Eq. 4 

where  is the total length of test lines, and  is the total number of intersections where 

a test line was cut by a grain boundary.  

 

As for counting of intercepts, ½ intercept is scored with segments at the end of the line 

which penetrates in a grain. When the end of the test line touches a grain boundary, the 

½ intersection should be counted. If a tangential intersection with a grain boundary shows, 

it is recorded as one intersection. 1½ intersections are noted if the line goes exactly 

through a junction of three grains.  

 

The volume diameter   can be obtained according to Kelvin polyhedron or 

tetrakaidecahedron shape model proposed by Thompson [120]: 

 Eq. 5 

In the present study, the average grain sizes of Sn modified AZ61 alloys after heat 

treatment at 400  for 15 h were measured and calculated based on Eq. 5. In this study, 

for each sample, the interceptions were counted on at least 5 fields with about 300 points 

in total on the basis of ASTM E112-12 standard.  

(3) Determining volume fraction  

The test method of systematic manual point count was used to determine the volume 

fraction of twins of the alloys after rolling deformation according to the ASTM E562-11 
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standard. A planar test grid of 12 points by 8 points was superimposed on the optical 

micrographs digitally when capturing the images. A typical micrograph with test grid on 

is illustrated in Figure 34. For each sample, 20 micrographs in total were taken from 

different fields of calculation. The number of points that fall on the twins was counted. 

For the points falling on the boundary are counted as one-half. The points, which are 

doubtful as to inside or outside the twins are counted as one-half. The percentage of grid 

points in the twins observed on the ith field  is given as below:  

Eq. 6 

where  is the point count on the ith grid,  is the total number of points in the test grid. 

Then,  , the arithmetic average of , is given by the following equation: 

 Eq. 7 

where n is the number of fields count.  

 

The volume fraction of twins (%)  is calculated as follows:  

Eq. 8 

 

Eq. 9 

 

 Eq. 10 

 

where s is the estimate of the standard deviation,  is 95% confidence interval, t is 

a multiplier related to the number of fields examined (in the case of n = 20, t is taken as 

2.093).  
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Figure 34 Illustration of systematic manual point count with grid of 12 × 8: a typical 

optical micrograph with test grid superimposed over of 400ºC rolled AZ61 alloy with a 

reduction of 80%.  

(4) TEM 

Samples for TEM were ground by P4000 silicon carbide paper to a thickness of about 

100 μm followed by punching into thin foils with a diameter of 3 mm. Twin jet polishing 

was applied to reduce the thickness using the electrolyte comprising 8.3 g LiCl, 18.6 g 

Mg(ClO4)2, 833.4 ml methanol, and 166.7 ml 2-butoxy-ethanol [121]. Polishing was 

conducted with a voltage of 90 V at -45ºC. The low temperature was achieved by adding 

liquid nitrogen into the electrolyte until the desired temperature was attained. After twin 

jet polishing, the samples were cleaned by ethanol thoroughly and then kept in acetone 

before TEM observation. TEM was conducted using Tecnai FEG20 at 200 keV with a 

double tilted stage. 

(5) XRD 

X-Ray Diffraction (XRD) technique was applied for phase characterization of as-cast, 

solid solution treated, rolled and annealed alloys. BRUKER D2 Phaser with 

monochromatic Cu-Kα radiation source was used. The diffraction patterns were recorded 
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at a step size of 0.02° with 2γ ranging from 20° to 80° on a rotating sample. The phase 

and lattice parameters were analysed by DIFFRAC.SUITE EVA 2 software.  

3.4 Summary 

The effects of Sn and Pb on microstructures and mechanical properties of as-cast, rolled 

and annealed states of AZ61 alloys have been examined in the present study. The 

distribution of alloying elements, phase characterization, and intermetallic compounds 

morphology were discussed. Mechanical properties AZ61 alloys with Sn and Pb 

additions of the different states have also been studied and discussed.  
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Chapter 4 The effects of Sn addition on microstructures and 

mechanical properties of as-cast AZ61 Mg alloy 

Contents partially published in Modern Physics Letters B (Hou et al. 2013).  

Contents partially published in Journal of Alloys and Compounds (Hou et al. 

forthcoming). 

 

4.1 Introduction 

The Mg-Al alloys are made of low-cost raw materials and have excellent strength 

because of the formation of Mg17Al12 phase during solidification [122]. Modifying the 

microstructure could be achieved by introducing alloying elements, which have a high 

affinity to Al, such as Zr, Ca and rare earth elements [25]. The formation of Al-containing 

intermetallic compounds of Al3Zr2, Al2Zr, Al2Ca, and Al11RE3, with a relatively high 

melting temperature, declines the amount of Mg17Al12 phase [123-126]. The 

corresponding mechanical properties are changed accordingly to the modified 

microstructures. Also, Ti element has been attempted to add into Mg alloys to improve 

the microstructures and properties. Many works [127-130] show that Ti has extraordinary 

grain refining effect on the Mg-Al alloys even at very low concentration and enhances 

the mechanical properties.  

 

The Mg-Sn alloy system has drawn more and more attention due to the large solid 

solubility of Sn in α-Mg matrix over a wide temperature range and due to the possible 

formation of Mg2Sn precipitates during the solidification or ageing processes [14, 54, 55, 

131-133]. The hard Mg2Sn, with a higher melting point of 770ºC than that of Mg17Al12 

phase, is beneficial for the creep resistance properties at elevated temperatures [25, 64], 

and it is low cost compared with rare earth metals. By introducing Sn element to Mg 

alloys, the morphology of the second phase and α-Mg would be changed. Y. Turen [49] 

reported that with the addition of Sn into AZ91 alloy, the Mg17Al12 phase was refined and 

a new phase of Mg2Sn was formed. Meanwhile, J. Chen et al. [51] reported that minor 

addition of Sn addition to as-cast Mg-6Zn-2Al alloy refines the divorced eutectics, and 

therefore improves the strength at both ambient temperature and elevated temperature. 

However, the strength and plasticity will be declined with excessive Sn addition due to 
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the coarsening of Mg2Sn particles [51]. Besides, the melting point of Sn is as low as 

232ºC, and it is reported that minor Sn content can improve the castability in Mg alloys 

[49]. Furthermore, it has been reported that Sn with a high hydrogen overvoltage, can 

improve the corrosion resistance of Mg-Al-Zn alloys [134].  

 

Sn-containing Mg alloys have excellent heat resistance [54] and increased yield strength 

[17, 54, 135]. Alloying element Sr was added to Mg-Sn-Al-Si alloy by Lee [136] in order 

to improve the corrosion and mechanical properties by modifying the shape of 

precipitates in the matrix. Xiao [54] found that the addition of Sn refines the τ-Mg31(Al, 

Zn)49 phase and suppresses the formation of network-shaped phase in Mg-4Zn-5Al alloys.  

 

As there is a solid body of literature concentrating on AZ91 alloys with different alloying 

elements [137-139], few have discussed AZ61 alloys. In the present chapter, the effects 

of different Sn contents on microstructures and mechanical properties of the as-cast state 

AZ61 were systematically studied. In addition, the possible strengthening mechanisms 

were discussed as well.  

4.2 Experimental procedures  

4.2.1 Materials 

Table 7 Nominal composition of Sn modified AZ61 alloys (wt.%).  

Alloy designation Sn Al Zn Mg 

AZ61 0 6 1 Bal. 

AZ61-1.5Sn 1.5 6 1 Bal. 

AZ61-3Sn 3 6 1 Bal. 

AZ61-5Sn 5 6 1 Bal. 

 

Different amounts of Sn were added into the Mg-6Al-1Zn (AZ61) alloys. The nominal 

composition of the alloys is shown in Table 7. The metals were weighted according to 

Table 7. The high vacuum furnace was employed to complete the smelting process. 

Certain quantities of pure metals were heated in a steel crucible with the Ar atmosphere 

as the protection gas. The materials were stirred for 2 mins for homogeneity when the 

temperature reached 720ºC. Afterwards, the melt was poured into a preheated mould after 
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10 mins of settling time. The casting block obtained was with a dimension of 20 mm × 

12 mm × 70 mm.  

4.2.2 Microstructure characterization 

Specimens were sectioned by DK7725-B1(F) Wire-Cut Electrical Discharge Machine 

(EDM) from the same position of the casting block in order to minimise the effect of 

cooling condition. X-Ray Diffraction (XRD) technique was applied for phase 

characterization of as cast, homogenized and rolled alloys by a BRUKER D2 Phaser. The 

result of XRD was analysed by DIFFRAC.SUITE EVA 2 software. Microstructures were 

examined using an optical microscope (OLYMPUS BX60M) and FEI Quanta 200 

Scanning Electron Microscope (SEM). The element analysis was performed using 

Energy Dispersive Spectrometer (EDS) equipped with SEM. Backscatter detector was 

selected to show the contrast of different alloying elements at a working voltage of 20 

keV.  

 

Specimens for the microstructural characterization were firstly cut from the casting 

blocks by using the DK7725-B1(F) Wire-Cut Electrical Discharge Machine (EDM). 

Afterwards, samples for the optical microscope and SEM were ground to P4000 silicon 

carbide paper, polished with 3 μm and 1 μm diamond paste, and finally polished with 

0.04 μm colloidal silica. The polished samples were rinsed with ethanol and cleaned in 

an ultrasonic cleaner. Etching was accomplished by using the acetic-picric etchant (5 ml 

acetic acid, 6 g picric acid, 10 ml water, and 100 ml ethanol (95%)), until a brown colour 

was shown on the polished surface. After etching, the surface was rinsed with the running 

water to wash away the brown etching products. And finally cleaned by ethanol and dried. 

The specimens for XRD measurement were prepared as for microscopes but without 

etching. The fractured samples were cut and mounted by epoxy resin to protect the 

fractured morphology from grinding and polishing.  

 

The grain size of the AZ61 alloys with Sn addition was calculated with samples heat 

treated at 400ºC for 15 h followed by quenching in cold water in order to eliminate the 

dendritic structures. The mean lineal intercept length was measured according to ASTM 

E112-12 standard with about 300 intercepts counted in total for each alloy. The 

procedures of heat treatment and calculations of average grain size have been described 

in detail in Chapter 3. 
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4.2.3 Mechanical properties 

The wear resistance test was carried out on as-cast AZ61-Sn alloys using a micro-

tribometer. A ceramic ball with the diameter of 6 mm was used as a friction counterpart. 

Samples were ground and polished to 1 μm as the same procedure as preparing 

metallographic samples. The experiment was achieved at room temperature with the disk 

speed of 100 rpm and amplitude of 10 mm for 10 mins under the load of 1 N. The width 

of the wear track was measured, and the volume loss V (mm3) was calculated according 

to Eq. 3, as illustrated in Chapter 3.  

 

Vickers hardness was tested at a load of 1 kg force for 15 s by M-400 LECO Hardness 

Tester, and the average value of hardness was based on at least 15 measurements for each 

sample.  

 

INSTRON tensile machine (model 3367) was employed to test the tensile properties of 

as-cast Sn added AZ61 alloys. Specimens with a gauge length of 8 mm were cut using 

the electrical discharge machine and ground to #1200 silicon carbide paper. The tensile 

test was carried out at ambient temperature with a crosshead speed of 0.5 mm/min. The 

true tensile strain and elongation were recorded by using an extensometer.  

4.3 Results and discussions 

4.3.1 Microstructures  

The morphology of the as-cast AZ61-Sn alloys, phase characterization, elemental 

distribution, and average grain size are extensively studied.  

(1) Optical microstructure and phase characterization 

In Figure 35, as-cast state AZ61-Sn alloys display a dendritic structure in metallography, 

which comprises the α-Mg matrix and intermetallic compounds in the interdendritic area 

and along the grain boundaries region. With the increasing amount of Sn alloying element, 

the segregation at the interdendritic and grain boundaries region becomes more intense. 

It also can be seen that the dendritic structure of the AZ61 alloy is refined with increasing 

Sn content, which is similar to the effect of Sn in Mg-4Zn alloy [135] and Mg-Sn alloy 

system [47]. Such finding is echoed with the study on Sn addition in AZ91 alloy [25]. 

The effect of refinement of dendritic structure can be seen clearly in the higher 
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magnification micrographs in Figure 36.  

 

  

   

Figure 35 Optical microstructure of as-cast state AZ61 alloys with a different content of 

Sn addition: (a) AZ61; (b) AZ61-1.5Sn; (c) AZ61-3Sn; (d) AZ61-5Sn.   

Detailed microstructures of intermetallic compounds of AZ61 alloys are shown in Figure 

36(a). Based on XRD results in Figure 37, two phases in AZ61 alloy, i.e. α-Mg and β-

Mg17Al12, are identified. The morphologies of Mg17Al12 phase exhibit in two different 

kinds of forms, the fully divorced eutectic phase with irregular shape and the lamellar 

structure of α-Mg and β-Mg17Al12 phase, which are indicated by arrows in Figure 36(a). 

Here, take AZ61 as an example to describe the solidification process. The primary α-Mg 

dendrites formed firstly, rejecting the solutes atoms of Al and Zn to the remaining liquid. 

When the temperature drops to the eutectic temperature, the eutectic α-Mg formed. Since 

the solidification in the mould was a non-equilibrium cooling process, the formation of 

β-Mg17Al12 was retarded because of the difficulty in nucleation. With the higher 

concentration of solute atoms in the residual liquid, divorced eutectic β-Mg17Al12 phase 

can form due to the constitutional cooling. After solidification, the lamellar β-Mg17Al12 

and α-Mg precipitates were formed from the eutectic α-Mg phase close to divorced 

eutectic β-Mg17Al12, as shown in Figure 36(a)) [140], since the concentration of the 

supersaturated Al is higher than other locations of the eutectic α-Mg phase. Precisely 

(b) (a) 

(c) (d) 
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speaking, the as-cast state AZ61 alloy consists of primary α-Mg, eutectic α-Mg, divorced 

eutectic β-Mg17Al12 phase and lamellar precipitates.  

  

  

Figure 36 Optical micrographs showing the morphology of intermetallic phases in as-

cast state AZ61 alloys with a different content of Sn addition: (a) AZ61; (b) AZ61-1.5Sn; 

(c) AZ61-3Sn; (d) AZ61-5Sn.  

 
Figure 37 X-ray diffraction pattern of as-cast AZ61 and Sn modified alloys 
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The alloy with 1.5 wt.% Sn additions shows the similar morphology of AZ61, with one 

exception, is that the contrast of primary α-Mg dendrites and eutectic α-Mg is higher than 

that of AZ61 alloy (see Figure 36(b)). This finding suggests that Sn alloying element 

increased the segregation in as-cast AZ61 alloy. Liang [141] stated that Mg2Sn phase 

could be found with 0.5 wt.% Sn addition to AZ61, and Mg2Sn phase was found by Chen 

[142] with 1.5 wt.% Sn added. However, this thesis finds that AZ61-1.5Sn has the same 

phases with AZ61 detected by the XRD. The difference of the results may come from 

respective smelting conditions, including burning loss during smelting and settlement, as 

well as certain cooling condition. The 1.5 wt.% Sn alloying addition could be 

supersaturated in Mg matrix and substitute some atoms of Mg17Al12 phase during 

solidification, given that the content of Sn is relatively small. In summary, AZ61-1.5Sn 

contains α-Mg and β-Mg17Al12 phase in the present study.  

 

When the content of Sn increased to 3 wt.%, there are two types of precipitates exist in 

the sample. One type is Mg17Al12 phase that has a similar morphology to AZ61 alloy, and 

the other type is particles with black irregular shape distributing (indicated by arrow in 

Figure 36(c)) along the grain boundaries and in the interdendritic area. According to the 

XRD results, apart from the α-Mg and β-Mg17Al12 phase, these black particles correspond 

to Mg2Sn phase (Figure 37). From the Mg-Sn binary phase diagram (Figure 11), it can 

be seen that the solubility of Sn in Mg drops from 14.85 wt.% at the eutectic temperature 

of 561ºC to 0.45 wt.% at 200ºC [135]. Except for the Sn supersaturated in Mg matrix, 

the excessive Sn element formed Mg2Sn phase. Based on the fact that the electronegative 

values of Mg, Al, Zn and Sn are 1.31, 1.61, 1.65, 1.96 [51] respectively, the Mg-Sn 

compound is most likely to form in the Mg-Al-Zn-Sn system considering the largest 

difference of electronegative values between Mg and Sn. Compared with the XRD result 

of AZ61-3Sn alloy, no new phase was formed in AZ61-5Sn alloy except for the 

increasing peak intensity of Mg2Sn phase (see Figure 37). It is a reasonable result since 

the amount of black phase shown in the optical micrograph (Figure 36(c)) is increased in 

comparison to that of AZ61-3Sn (Figure 36(d)). Moreover, the overall size of the black 

particles became larger than those in AZ61-3Sn alloy. In brief, AZ61-3Sn and AZ61-5Sn 

contain Mg2Sn phase other than the α-Mg and β-Mg17Al12 phase.  

 

Along with the increase of the Sn content in AZ61 alloys, the second phase shows a 

tendency of a smaller size of particles. The quantity, size, shape and distribution of the 
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second phase show a fairly close relationship to the mechanical properties. Besides, the 

orientations of the matrix and the second phase may also affect the mechanical properties. 

The non-uniform, net-shape and bone-shape distribution of the second phase will not 

benefit to the mechanical properties of the materials. With the increasing of Sn element 

addition, the refining of divorced β-Mg17Al12 phase was revealed. In summary, Sn can 

refine the divorced eutectic β-Mg17Al12 phase.  

 

The average grain size of Sn modified AZ61 alloys after heat treatment at 400ºC for 15 

h was measured using the lineal intercept method. And the average grain size was 

calculated by Eq. 5 in Chapter 3 from the Kelvin polyhedron model. The effect of Sn 

alloying element on grain size is shown in Table 8. With 1.5 wt.% Sn additions, the grain 

size of AZ61has decreased from 119 μm to 114 μm. And with even more Sn additions of 

3 and 5 wt.%, the grain sizes are 111 μm and 99 μm, respectively. This indicates that Sn 

restrains the growth of grains and has the grain refining effect to AZ61 alloy. The grain 

refinement effect of Sn may ascribe to the Mg2Sn particles formed during the grain 

growth.  

 

Table 8 Average grain sizes of AZ61-Sn alloys after heat treatment at 400ºC for 15 h.  

Cast alloys Average grain size (μm) 

AZ61 119 

AZ61-1.5Sn 114 

AZ61-3Sn 111 

AZ61-5Sn 99 

 

(2) Precipitate morphology and element distribution  

Figure 38(a) presents the backscattered electron SEM image of as-cast AZ61 alloy. The 

image contrast indicates the segregation of solute elements. The light colour β-Mg17Al12 

phase of irregular shape and lamellar structure are distributed along the grain boundary 

region and the interdendrites. Figure 38(b), (c), and (d) show the EDS mapping of Mg, 

solute element Al, and solute element Zn in AZ61 alloy, respectively. Concentrations of 

Al and Zn elements are higher in the interdendritic area than those in primary dendrites, 

which suggest that Al and Zn atoms segregate at the interdendritic and grain boundary 
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regions. During the non-equilibrium solidification process, the primary α-Mg solidified 

in the first place and expelled alloying elements (Al and Zn) and impurities to the residual 

liquid. With the growth of primary and secondary dendrites, Al and Zn elements will 

enrich in the interdendritic region. When the temperature of the casting decreased to the 

equilibrium solidus, some Al and Zn elements still exist in the liquid. In certain parts of 

the liquid, where the content of Al has reached the eutectic composition, the liquid will 

decompose into divorced eutectic β-Mg17Al12 phase [143]. In short, the Al-rich and Zn-

rich particles indicated by arrows in Figure 38(a) are the Zn modified Mg17Al12 phase.  

 

  

  

Figure 38 SEM image showing the microstructure of as-cast state AZ61 alloy: (a) 

Backscattered electron image, (b, c, d) EDS mappings of Mg element, Al element, and Zn 

element, respectively. 

 

Figure 39 presents a typical morphology of intermetallic particles in as-cast AZ61-1.5Sn 

(b) (a) 

(d) (c) 
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alloy. The dendrites and segregation of elements can be seen from the contrast in Figure 

39(a). Some parts of the particle are brighter which probably indicates the chemical 

heterogeneity of the particle, such as the segregation of Sn in the particle. In order to 

confirm this, the EDS line scan was carried out along the trace line drawn across the 

intermetallic particle, as shown in Figure 39(a). The curve demonstrates the change of 

content of different elements along the testing line is presented in Figure 39(b). Within 

the eutectic α-Mg area, the content of Mg decreases and Al, Zn, and Sn have a tendency 

of increasing, while the line is approaching the second phase particle. When the line 

extended to the particle, the content of Al increased dramatically. This indicates the 

particle comprises a considerable amount of Al, and it is the intermetallic compound of 

Mg-Al. The brighter area in the middle of the particle corresponds to the higher content 

of Sn, which suggests the segregation or heterogeneous distribution of minor alloying 

element of Sn in the β-Mg17Al12 particle. In summary, with 1.5 wt.% Sn additions, Sn 

atoms substitute some of the Al atoms in the β-Mg17Al12 particle.  

 

 

(a) 
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Figure 39 SEM line scan result of as-cast AZ61-1.5Sn alloy: (a) Backscattered electron 

image of as-cast AZ61-1.5Sn alloy, (b) EDS line scan of Mg, Al, Zn, Sn elements along 

the trace line in (a).  

 

Here, we take AZ61-5Sn as a case study to interpret the elemental distribution and the 

analysis of the particles with even high Sn addition, since similar results were found in 

as-cast state AZ61-3Sn and AZ61-5Sn alloys. The backscattered electron SEM image of 

as-cast AZ61-5Sn is shown in Figure 40(a). The segregation of elements is more severe 

compared to as-cast AZ61 alloy in Figure 38(a). Particles lie along the grain boundary 

area and the interdendritic regions. Some of these particles are in white colour under the 

contrast condition of the backscattered electron image. According to the EDS mapping 

of Mg, Al, Zn and Sn elements in Figure 40(b, c, d, e), the white colour particles are rich 

in Sn content and low in Mg content, while the other particles in grey colour are rich in 

Al content. On the basis of the atomic ratio tested on the points of the particles, it could 

be deduced that the white particles are Mg2Sn phase and the grey ones are Mg-Al 

compound, respectively.  

 

(b) 
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Figure 40 SEM image showing the microstructure of as-cast state AZ61-5Sn alloy: (a) 

Backscattered electron image, (b, c, d, e) EDS mappings of Mg element, Al element, Zn 

element and Sn element, respectively. 

(a) 

(e) (d) 

(c) (b) 
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Figure 41 SEM line scan result of as-cast AZ61-5Sn alloy: (a) Backscattered electron 

image of as-cast AZ61-5Sn alloy, (b) EDS line scan of Mg, Al, Zn, Sn elements along the 

trace line in (a).  

 

Mg2Sn 

Mg17Al12 

(a) 

(b) 
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The morphology of a typical intermetallic phase in as-cast AZ61-5Sn is presented in 

Figure 41(a). The particle contains two parts, one is the relatively brighter region 

compared to the matrix (indicated by an arrow on the left), and the other is white colour 

irregular shape particle (indicated by an arrow on the right). The left part is confirmed to 

be β-Mg17Al12 phase by the EDS element analysis. The EDS line scan was conducted 

along the trace line indicated in Figure 41(a) to examine the element distribution across 

the white colour particle. The EDS result presented in Figure 41(b) suggests that the 

particle contains a significant amount of Sn element compare to the α-Mg matrix. 

Meanwhile, the content of Al element decreased dramatically by comparison with the 

content of Al dissolved in the α-Mg matrix. Also, the content of Zn alloying element 

reduced when the testing line approaches the white particle. Thus, the white particle has 

Sn the most, followed by Mg element, while the contents of Al and Zn in this particle are 

rather small. This indicates the white colour particle in the backscattered electron image, 

also seen in black colour in optical micrograph (Figure 36), corresponds to Mg2Sn phase. 

Besides, the relatively large electronegativity difference between Mg and Sn elements 

leads to the formation of Mg2Sn intermetallic compound [29]. Generally speaking, the 

intermetallic compounds in as-cast AZ61-5Sn are usually a combination of β-Mg17Al12 

phase (including Sn-modified β-Mg17Al12) and Mg2Sn phase.  

 

In this study, based on the EDS analysis of some of the particles exist in Mg matrix, we 

found that those particles corresponds to the Mg2Si particles. It should be noted that 

Mg2Si particles are often found adjacent to Mg2Sn particles. The impurity of Mg2Si 

particles from the Mg ingot has a relatively high melting point of 1102ºC, which indicates 

that the particles did not melt during the smelting process. With the temperature of the 

melt cooling down during the solidification process, the primary α-Mg dendrites grow 

and expel the impurities to the residual liquid. According to the Mg-Sn binary phase 

diagram, when the temperature drops under the eutectic temperature of 561ºC, the 

impurities could act as nuclei for the formation of Mg2Sn particles. Analogously, some 

Mg17Al12 particles were also found existing adjacent to the Mg2Sn particles. The similar 

microstructure was observed in cast AZ91-2Sn alloy [29] and Mg-7Zn-5Al-Sn (1-6 wt.%) 

based alloys with the other intermetallic compounds coexist with Mg2Sn particles [54]. 

This indicates that at the following stage of solidification, the excessive Al element can 

form the eutectic Mg17Al12 phase either in the liquid or around the Mg2Sn particles as the 
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preferential nucleation sites at temperatures below the eutectic temperature of 437ºC, on 

the basis of the Al-Mg binary phase diagram Figure 2.  

 

Theotetically, the amount of Mg2Sn precipitates could be calculated according to Scheil 

equation, basing on several assumptions [144]: a) There is limited diffusion in the solid 

phases once they are formed; b) Complete diffusions in the liquid at all temperatures; c) 

The phase diagram is valid at the interface of solid and liquid; d) The solidus and liquidus 

lines are straight; e) Other alloying elements, Al and Zn, do not affect the solubility and 

the solidification process of Sn in Mg in the present study.  

 

 
Figure 42 Composition distribution in the solid and liquid for the “normal freezing” 

[144]. 

Normally, the form of the Scheil equation is as follows:  

 Eq. 11 [144] 

where CL is the concentration of the liquid, k is the partition coefficient,  is the initial 

concentration, g is the fraction of the solid.  

 

If the above-mentioned assumptions are valid, the solidification process would be as 

follows. Before the solidification starts, the concentration of the melt liquid is confirmed 
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basing on the composition of the starting materials in Table 7. When the temperature 

drops to the intersection of the liquidus line with certain Sn content, the α-Mg phase starts 

to form. With the temperature drops down, the concentration of the liquid goes along the 

liquidus line, and the α-Mg phase keeps forming from the liquid. The eutectic reaction 

will occur, until the concentration of the liquid reaches to the eutectic concentration at 

eutectic temperature. Under this circumstance, the residual liquid with eutectic 

concentration would transform into α-Mg + Mg2Sn eutectic phases. 

4.3.2 Mechanical properties 

The wear resistance property, microhardness, tensile properties were tested and analysed 

as follows.  

(1) Wear resistance property 

  

Figure 43 Wear tracks of as-cast alloys under the loading of 1 N for 10 mins: (a) AZ61, 

(b) AZ61-5Sn.  

The wear tracks of as-cast AZ61 and AZ61-5Sn are presented in Figure 43. The width of 

the wear track of AZ61-5Sn is narrower than that of AZ61. Based on the micrograph 

analysis, the width of AZ61 is about 697 μm while the width drops to 503 μm with 5 wt.% 

of Sn addition. Calculation of wear volume loss (V) was carried out according to Eq. 3 

illustrated in Chapter 3. Figure 44 presents the difference of the wear volume loss with 

and without 5 wt.% Sn in as-cast AZ61 alloy. The wear volume loss has been reduced 

from 95 × 106 μm3 to 36 × 106 μm3 with Sn addition. The result of the wear resistance 

test suggests that Sn element can improve the wear resistance properties of as-cast AZ61 

alloy. The improvement of wear resistance could ascribe to the existence of hard particles 

of Mg2Sn phase.  

697 ± 12 μm 503 ± 6 μm 

(b) (a) 
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Figure 44 Wear volume loss of as-cast state AZ61 and AZ61-5Sn alloys.  

 (2) Hardness  

 
Figure 45 Vickers hardness of as-cast AZ61 alloy with a different content of Sn addition. 

With the addition of 1.5 wt.% Sn into Mg-6Al-1Zn, the HV value on the Mg matrix 
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increased from 53 to 57. This is because of the dissolution of Sn element in the Mg matrix. 

With even more Sn addition of 3 and 5 wt.% Sn, hardness reached 58 and 63, respectively. 

As Mg17Al12 particles as the hard phase in as-cast AZ61 alloy, Mg2Sn with the HV value 

of 119 [47] benefits the hardness of as-cast AZ61-3Sn and AZ61-5Sn alloys.  

(3) Tensile property 

The results of the tensile test of as-cast alloys conducted at room temperature are 

summarized in Table 9. The 0.2% proof strength of the as-cast state is increased by 1.5 

wt.% Sn additions in AZ61 from 97.8 MPa to 104.8 MPa. With 3 wt.% Sn added, the 

yield strength (YS) did not change much. However, the yield strength reached to a high 

value of 133.5 MPa when 5 wt.% Sn was added to AZ61 alloy. The improvement in yield 

strength may come from the formation of Mg2Sn particles. Therefore, the morphology 

change of the second phase particles with Sn addition is beneficial for strength. Also, 

according to Hall-Petch relationship, the yield strength may increase with the reduction 

of grain size. Besides, the solid solution strengthening effect of Sn addition in α-Mg 

matrix favours the yield strength.  

 

The values of ultimate tensile strength (UTS) of as-cast AZ61 and AZ61-1.5Sn are 

similar and comparative of about 270.4 MPa. But the UTS of 3 and 5 wt.% Sn added 

AZ61 alloys have decreased significantly to 252.9 and 256.6 MPa, respectively. Alloys 

with a high concentration of Sn possess the nearly net-shaped intermetallic phase, which 

is distributing along the grain boundary region. The morphology of the continuous 

intermetallic compounds will lead to early fracture, which does not benefit the UTS. The 

decreasing of UTS with higher Sn addition may ascribe to the existence of continuous 

particles of Mg2Sn and the coexistence with β-Mg17Al12 [145]. The aggregation and 

coarsening of the second phases provide an easy path for the propagation and coalescence 

of microcracks and lead to the early failure with relatively low UTS values at a low strain 

level.  

 

The elongation-to-failure (Ef) of as-cast AZ61 alloy was decreased with the addition of 

Sn. Sample with 1.5 wt.% Sn element has an elongation of 15.3%, which is slightly lower 

than that of the AZ61 alloy of 17.0%.  When the content of Sn addition reached to 3 and 

5 wt.%, the elongation dropped to 11.0% and 7.3%, respectively. The decrease in 

ductility and elongation of alloys with Sn content higher than 3 wt.% may ascribe to the 
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coarsening of Mg2Sn particles. The similar phenomena were found in AZ91 alloy with 

more than 0.5 wt.% Sn addition [49] and Mg-6Zn-2Al alloy [51].  Also, Mg2Sn phase 

often exists with Mg17Al12 phase. The continuous distribution of the intermetallic 

compounds along the grain boundary is detrimental to the ductility.  

 

Table 9 Tensile properties of as-cast state Sn modified AZ61 alloys. 

As-cast alloys 0.2% YS (MPa) UTS (MPa) Ef (%) 

AZ61 97.8 ± 7.5 270.4 ± 6.2 17.0 ± 1.5 

AZ61-1.5Sn 104.8 ± 4.6 271.7 ± 6.1 15.3 ± 1.4 

AZ61-3Sn 106.1 ± 1.77 252.9 ± 4.5 11.0 ± 1.0 

AZ61-5Sn 133.5 ± 8.7 256.6 ± 13.2 7.3 ± 1.3 

 

(4) Fractography 

The microstructures of vertical sections of fractured samples are shown in Figure 46. The 

as-cast state AZ61 exhibits transgranular fracture, as seen in Figure 46 (a) that the crack 

propagated inside the grain rather than propagated along the grain boundaries. However, 

with 1.5 wt.% Sn added to as-cast AZ61, the sample shows the characteristic of both 

transgranular fracture and intergranular fracture. The cracks propagated inside the grain, 

and also some part spread along the grain boundaries, as indicated by arrows in Figure 

46 (b). When the addition of Sn increased to 3 and 5 wt.%, the alloys clearly show the 

feature of intergranular fracture (Figure 46(c, d)). Cracks propagated along grain 

boundaries and the interface between irregular intermetallic compounds and matrix, 

where the large and continuous intermetallic particles were often distributed along the 

grain boundary region. A high content of Sn addition results in the coarsening of Mg2Sn 

particles, and together with the coexistence of Mg2Sn and β-Mg17Al12. The similar result 

was found in AZ91 alloy with a high percentage of intermetallic particles distributing 

continuously along the grain boundary [66, 146]. Kim [97] stated that alloys containing 

a large amount of intermetallic compound particles were less competitive in elongation, 

as geometrically necessary dislocations are formed surrounding the hard particle, which 

leads to the formation of voids between particles and matrix. Also, the brittle intermetallic 

compounds could be the initiation of cracks when a load applies on since the particles 

cannot plastically deform as much as the Mg matrix to compensate the deformation. 
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Figure 46 Optical micrographs showing vertical sections of as-cast state fractured tensile 

samples: (a) AZ61; (b) AZ61-1.5Sn; (c) AZ61-3Sn; (d) AZ61-5Sn.  

Normally, Mg alloy possesses cleavage or quasi-cleavage features after failure, and 

ductile fracture with the characteristic of dimples is not the main fracture modes [66, 

147]. The fractography of as-cast AZ61 alloy presents a structure of many dimples and 

some cleavage facets (as shown in Figure 47(a)). The micro-cracks mostly develop along 

the basal plane (0001) in Mg alloys [147, 148]. With 3 wt.% Sn additions, a fracture 

surface with relatively larger and fewer dimples and more cleavage facets was observed, 

as indicated by arrows in Figure 47(b). These cleavage facets and changes in dimples 

suggest that Sn added alloy is more brittle than the as-cast AZ61 alloy. The reduction in 

ductility may ascribe to the fact that the presence of hard Mg2Sn phase and β-Mg17Al12 

phase locate at the grain boundary area. Especially, with a high content of Sn addition, 

the coarsening of Mg2Sn particles favours the initiation and propagation of micro-cracks.  

 

Grain boundaries 

Intermetallic 
compounds 

Transgranular 
fracture 

Transgranular 
fracture 

Grain boundaries 

(a) (b) 

Intermetallic 
compounds 

Grain 
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compounds 

Grain boundaries 

(d) (c) 

Grain boundaries 
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Figure 47 SEM fractographic images of as-cast alloys: (a) AZ61; (b) AZ61-3Sn alloys.  

4.4 Summary 

The Sn effects on microstructure and mechanical properties of as-cast AZ61 alloys were 

studied in this chapter. The conclusions can be drawn as follows:  

 

1) As-cast AZ61 alloy comprises primary α-Mg phase, eutectic α-Mg phase, divorced 

eutectic β-Mg17Al12 phase, and lamellar β-Mg17Al12 particles. As-cast state AZ61-1.5Sn 

contains the same phases as AZ61, i.e. α-Mg phase, and β-Mg17Al12 phase. With Sn 

content increased to 3 and 5 wt.%, the alloys contain α-Mg, β-Mg17Al12 phase and Mg2Sn 

phase. There is no ternary phase found in all of these alloys.  

 

2) With the increasing amount of Sn addition to as-cast AZ61 alloy, the segregation of 

solute elements increases. The dendrites are refined, and the dendritic arm spacing 

decreases. Sn also has a mild effect of grain refinement on as-cast AZ61 alloy.  

 

3) The particles in as-cast AZ61 alloy are β-Mg17Al12 phase with some of Zn atoms in. 

With 1.5 wt.% Sn added into AZ61, Sn substituted some of the atoms in β-Mg17Al12 

phase. When the content of Sn addition reached to 3 and 5 wt.%, the Mg2Sn phase appears 

and often it coexists with β-Mg17Al12 phase or the impurities of Mg2Si.  

 

4) The wear resistance increases with the addition of Sn of as-cast state AZ61 alloy. With 

the increasing amount of Sn element added into AZ61 alloy, the Vickers hardness 

improved gradually from 53 to 63. The enhancement of wear resistance and hardness 

(a) (b) 
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could ascribe to the formation of the hard Mg2Sn phase and the Sn atoms dissolved in 

the α-Mg matrix.  

 

5) The yield strength of as-cast AZ61 alloy increases with the increasing content of Sn 

additions. The improvement of yield strength ascribes to the solid solution mechanism, 

the precipitates of new Mg2Sn particles and the grain refinement with the addition of Sn 

in as-cast AZ61 alloys. The ultimate tensile strength generally decreased with a high 

concentration of Sn addition. The continuous intermetallic compounds are responsible 

for the decline in UTS and reduction in ductility. The easy path for microcracks along the 

intermetallic compounds leads to the fracture at a low strain level.  

 

6) As-cast AZ61 alloy shows a transgranular fracture while AZ61-1.5Sn reveals both 

features of transgranular and intergranular fracture. With the addition of Sn content 

higher than 3 wt.%, the alloy shows intergranular feature due to the coarsening of Mg2Sn 

phase and Mg17Al12 phase distributing along the grain boundaries.  
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Chapter 5 The effects of Pb addition on microstructures and 

mechanical properties of as-cast AZ61 Mg alloy 

Contents partially published in Modern Physics Letters B (Hou et al. 2013).  

Contents partially published in Modern Physics Letters B (Hou et al. forthcoming).  

 

5.1 Introduction 

Some efforts [16, 65, 115, 149-151] were made to study the influence of Pb alloying 

element in Mg alloys. Lead is a cheap material, though its vapour is hazardous to the 

human body, handling with small a amount of Pb addition with the protective measure is 

in the safety range [149]. Studies [149, 150] showed that the Pb addition suppresses the 

formation and growth of discontinuous precipitation in AZ91 alloy since the presence of 

Pb inhibits the diffusion of Al and Mg atoms. The tensile strength and ductility of Mg-

4Zn alloy [66] and AZ91 alloy [152] are improved with Pb addition. However, Pb 

decreases the hardness of Mg-10Al-2Si alloy [62].  

 

Among Mg alloys, AZ61 alloy has a good combination of castability, ductility, and 

strength [149]. In AZ61 alloy, Al ensures the castability and the mechanical properties, 

while Zn provides the solid solution strengthening [149]. As mentioned in the previous 

chapter, the effect of alloying elements on AZ61 is seldom discussed. Here in this chapter, 

Pb element was attempted to add into the AZ61 alloy. In order to study the effect of Pb 

addition on the microstructure and mechanical properties of as-cast AZ61 alloys, alloys 

with varying contents of Pb addition were prepared. The elemental distribution with Pb 

alloying was explicitly studied.  

5.2 Experimental procedures 

5.2.1 Materials 

AZ61 alloys with varying amounts of Pb were prepared using the high vacuum furnace 

under argon gas protection by following the procedures elaborately described in Chapter 

3. The nominal composition of Pb added alloys is summarized in Table 10. The casting 

blocks with the dimension of 20 mm ×12 mm ×70 mm were obtained.  
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Table 10 Nominal composition of Pb modified AZ61 alloys (wt.%).  

Alloys designation Pb Al Zn Mg 

AZ61 0 6 1 Bal.  

AZ61-0.5Pb 0.5 6 1 Bal. 

AZ61-2Pb 2 6 1 Bal. 

AZ61-4Pb 4 6 1 Bal. 

 

5.2.2 Microstructural analysis 

Samples for microstructural analysis were firstly cut by the electrical discharge machine. 

X-Ray Diffraction were conducted to characterize the phases in as-cast Pb modified 

AZ61 alloys. The fractured samples for microscopy were mounted by epoxy resin to 

protect the morphology of the top surfaces from grinding and polishing. The 

microstructures of these alloys were examined by optical microscope and SEM. EDS was 

carried out on the specimens to study the elemental distribution.  

5.2.3 Mechanical properties test 

The wear resistance was tested by a micro-tribometer, and the width of the wear track 

and the wear volume loss were examined and calculated. The microhardness test was 

carried out on the Pb added as-cast AZ61 alloys. The tensile samples with a gauge length 

of 8 mm were cut, ground and tested till failure by the INSTRON tensile machine with a 

crosshead speed of 0.5 mm/min. An extensometer was employed to record the tensile 

strain and elongation during the tensile test. The details of sample preparation procedure 

and operating procedure for the above mechanical property tests were well described in 

Chapter 3.  

5.3 Results and discussions 

5.3.1 Microstructures  

The microstructures, phase characterization, and elemental distribution of Pb added as-

cast AZ61 alloys are examined and discussed below.  
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(1) Optical microstructure and phase characterization 

 

  

  

Figure 48 Optical microstructure of as-cast state AZ61 alloys with different content of 

Pb addition: (a) AZ61; (b) AZ61-0.5Pb; (c) AZ61-2Pb; (d) AZ61-4Pb.  

The optical microstructures of as-cast state AZ61 alloys with varying amounts of Pb at 

low magnification are presented in Figure 48. These alloys contain α-Mg matrix and 

intermetallic compounds distributing along the grain boundaries and the interdendritic 

regions. The intermetallic compounds are refined and less continuous with 0.5 wt.% Pb 

in AZ61. However, when 2 wt.% Pb was added into the alloy, some of the divorced 

intermetallic compounds appeared in a larger size. With 4 wt.% Pb additions in AZ61 

alloy, the intermetallic compounds tend to locate along the grain boundaries rather than 

in the interdendritic areas. Moreover, the intermetallic compounds are distributed more 

continuously than as-cast AZ61 alloy.  

 

(b) (a) 

(d) (c) 
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Figure 49 Optical micrographs showing the morphology of intermetallic phases in as-

cast state AZ61 alloys with a different content of Pb additions: (a) AZ61; (b) AZ61-0.5Pb; 

(c) AZ61-2Pb; (d) AZ61-4Pb.  

The intermetallic compounds are presented more clearly in Figure 49, which shows the 

optical micrographs of as-cast AZ61-Pb at higher magnification. As aforementioned in 

Chapter 4, as-cast AZ61 alloy comprises of α-Mg and β-Mg17Al12. The β-Mg17Al12 exists 

in the forms of fully divorced eutectic phase and lamellar structure. Considering the XRD 

test (see Figure 50), the alloy with 0.5 wt.% Pb additions possesses only two phases, i.e. 

α-Mg and β-Mg17Al12. The fully divorced eutectic particles of irregular shape have a 

tendency in a smaller size and the particles located along the grain are less continuous 

than AZ61 alloy [153]. In as-cast AZ61-4Pb alloy, no new phase was detected by XRD 

in Figure 50. The lamellar shape eutectic α-Mg and β-Mg17Al12 distributing along the 

grain boundaries are in a higher fraction than that of AZ61 alloy. In all the Pb added AZ61 

alloys, there is no Mg2Pb phase or ternary phase detected. However, S. Pawar [154] 

detected Mg2Pb phase in melt-conditioned twin-rolled-cast AZ91D Mg alloys with 0.7 

at.% Pb, which is a higher concentration in comparison to this study.  

(a) (b) 

(d) (c) 

Lamellar 
precipitates 

Primary dendrites 

Eutectic α-Mg  

Eutectic 
Mg17Al12 phase  
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Figure 50 X-ray diffraction (XRD) patterns of as-cast AZ61 with Pb addition: (a) AZ61; 

(b) AZ61-0.5Pb; (c) AZ61-2Pb; (d) AZ61-4Pb.  

(2) Precipitate morphology and elemental distribution  

Figure 51(a) displays the backscattered electron image of as-cast AZ61-0.5Pb alloy with 

the morphology of dendritic structures. Figure 51(b), (c), and (d) are the EDS spectrums 

of spot detection at the dark dendritic region, interdendritic area, and the 2nd phase 

particle, respectively. During the solidification process, Al and Zn were expelled from 

the solid/liquid interface to the residual liquid with the growth of primary dendrites. 

Therefore, the EDS result in the table in Figure 51(b) shows that small amounts of Al and 

Zn elements and a little Pb detected at spot b indicated in Figure 51(a) in the primary 

dendrite part. Figure 51(c) shows EDS spectrum and the data detected at the 

interdendritic area (spot c in Figure 51(a)). Clearly, contents of Al, Zn, and Pb are higher 

than that in the dendritic region (spot b), due to the accumulation of expelled alloying 

elements in the interdendritic region with the growth of primary dendrites. Even higher 

contents of Al and Zn (spot d in Figure 51(a)) were found in the intermetallic compound 

particle. This indicates that the particle is Mg-Al intermetallic compounds with some of 

the atoms substituted by alloying elements Zn and Pb. The eutectic particles in the as-

cast alloy are supposed to form at the last stage of the solidification process through the 
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eutectic reaction. The further growth of primary dendrite caused more alloying elements 

Al, Zn, and Pb being expelled into the interdendritic liquid. Final solidification occurred 

at the interdendritic regions where concentrations of alloying elements are high enough 

to trigger the eutectic reaction and form the divorced eutectic β-phase particles. Besides, 

the solubility of Pb in Mg is 41.7 wt.% at 739 K according to the Mg-Pb binary phase 

diagram Figure 15. Given that only 0.5 wt.% Pb was added into this alloy, most of Pb 

may dissolve into the α-Mg matrix. Hence, it is reasonable that Pb content in β-phase is 

relatively low. Furthermore, according to the tables in Figure 51 (c) and (d), the Pb 

contents in the interdendritic region and the particles are 0.29 at.% and 0.20 at.%, 

respectively. It can be deduced that the Pb addition was expelled when forming the 

Mg17Al12 intermetallic compounds.  
 

  

 

  

Figure 51 SEM image of as-cast AZ61-0.5Pb alloy (a) and EDS spot scan spectrums (b), 

(c) and (d) obtained from the positions indicating in the image (a). 

Element At.%
Mg 94.04
Al 3.24 
Zn 0.92 
Pb 0.13 
Mn 0.05 
O 1.62 
Total 100 

Element At.% 
Mg 88.85
Al 7.38 
Zn 1.09 
Pb 0.29 
Mn 0.17 
O 2.21 
Total 100 

 

Element At.%
Mg 78.18
Al 18.34
Zn 1.96 
Pb 0.20 
Mn 0.14 
O 1.18 
Total 100 
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Figure 52 EDS mapping of alloying elements of cast AZ61-2Pb: (a) Backscattered 

electron SEM image of as-cast AZ61-2Pb; (b-e) ESD mapping of Mg, Al, Zn and Pb 

elemental distribution corresponds to (a).  

 

(Si, Mn) 

(Fe) 

(Si) 

(Mn) 

(a) 

(c) (b) 
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EDS mapping was conducted in order to examine the distribution of alloying elements 

in as-cast AZ61-2Pb alloy, and the result is presented in Figure 52. Figure 52(a) shows 

the typical backscattered electron image with dendritic structure and intermetallic 

compound particles. It can be seen in Figure 52(b) that Mg mainly exists in the dendrite 

area, and the concentration of Mg in and around the intermetallic compound particles is 

low. A nucleus firstly formed to start the development of a grain during the early stage of 

solidification process, and it grew by expanding the primary dendrites. During the growth 

of dendrites, other alloying elements were expelled to the interdendritic regions and grain 

boundary regions, leading to the low concentration of Mg atoms in those areas. Al has 

distinct segregation in the interdendritic region and has an extremely high concentration 

in the Mg17Al12 eutectic particles in Figure 52(c). The contrast of Zn solute between 

dendrites and interdendrites is not as high as Al, as can be seen from Figure 52(c) and (d). 

It dissolves well in the matrix and has an increased concentration in intermetallic 

compounds. The Zn atoms have modified the composition of Mg-Al intermetallic 

compound. However, compared to Al and Zn, the distribution of Pb in AZ61 alloys seems 

more uniform. This is due to the large solubility of Pb in Mg. Also, this might because 

of the low content of Pb addition in the alloy, and the mapping of Pb did not show the 

distribution of solute element clearly. 

 

 

Grain boundary 

(a) 

Intermetallic particle 
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Figure 53 SEM line scan result of as-cast AZ61-2Pb alloy: (a) Backscattered electron 

image of as-cast AZ61-2Pb alloy, (b) EDS line scan of Mg, Al, Zn, Pb elements along the 

trace line in (a).  

In order to further study the distribution of Pb addition in and around the particles, an 

EDS line scan was conducted across a fully divorced eutectic phase. The line scan path 

goes grain boundary-dendrite-particle located along another grain boundary-dendrite, 

which is displayed in the SEM image in Figure 53(a). According to the EDS line scan 

result in Figure 53(b), Mg content increases from the grain boundary part to dendritic 

region and then decreases when approaching to the intermetallic compound particle. And 

then, the concentration of Mg plunges down in the particle, followed by gradually 

increasing while the path extends to dendrite. The segregation of Al in interdendrites can 

be seen from the scan. The content increased substantially in the particle, which indicates 

the particle contains Al element the second most. This assures the eutectic particles 

Mg17Al12 phase. Zn also has an increased concentration in the particle, which means it 

acts as solute atoms in the intermetallic compounds. Pb in the dendrites and interdendrites 

regions appears homogeneously distributed. However, the content of Pb drops in the 

eutectic particle, which suggests that Pb is expelled during the formation of the in 

intermetallic compounds and is not solute atoms in Mg17Al12 particles.  

(b) 
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Figure 54 EDS analysis at different locations in as cast AZ61-2Pb: (a) Backscattered 

electron image of cast AZ61-2Pb alloy; (b) EDS composition analysis of various 

locations indicated in (a).  
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To get a better understanding of the distribution of Pb in Mg matrix, spot scan of EDS 

was carried out to examine the compositions in the dendrites and interdendritic parts. 

EDS compositions of positions 1, 2, 3 and 4 are arrowed in Figure 54(a). Position 1 in 

the dark region represents the dendrite, and position 2 in the bright area is a representative 

for interdendrites. From the EDS result in Figure 54(b), it is clearly revealed that the Pb 

content in dendrites is lower than that in interdendrites. It can be concluded that the 

distribution of Pb in Mg matrix is not homogeneous. Pb atoms were rejected to the 

remaining liquid during the growth of primary dendrites, causing the segregation of Pb 

in interdendrites. Besides, Pb content in the intermetallic phase particle was also analysed. 

The EDS result of position 3 in Figure 54(b) shows that there is only 0.11 at.% of Pb in 

the particle, which is even less than that in the α-Mg dendrites in position 1. It is proper 

to say that Pb addition is distributed in Mg matrix with segregation in the interdendritic 

region rather than in the dendrites or the intermetallic compounds. Also, position 4 is 

located in a particle with brighter contrast. The result in Figure 54(b) indicates that it 

contains certain amounts of Fe and Mn impurities. Some other particles arrowed in Figure 

54(a) are turned out to be Fe or Mn inclusions.  
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Figure 55 EDS analysis at different locations in as-cast AZ61-4Pb alloy: (a) 

Backscattered electron image of as-cast AZ61-4Pb at magnification of 4000; (b) 

magnified backscattered electron image of cast AZ61-4Pb of squared area in (a); (c) EDS 

spectrums and (d) EDS composition of locations 1-5 arrowed in (a) and (b).  

Figure 55(a) is a typical backscattered electron image of as-cast state AZ61-4Pb alloy 

with dendritic structure and intermetallic compounds mostly distributed along the grain 

boundaries. The lamellar precipitates occupy significant percentage in comparison to the 

AZ61 alloys with lower Pb additions. H. Liu et.al [155] stated that Pb addition could 

reduce the tendency of forming the fully divorced eutectic phase in as-cast AZ61 alloy. 

The magnified image of the lamellar precipitates is presented in Figure 55(b). The EDS 

analysis was applied to the different locations. Position 1 was chosen from the dendrite 

with a dark colour, while position 2 represents the interdendrites with a brighter colour 

than position 1 (indicated in Figure 55(a)). The intensity of alloying elements Al, Zn and 

Pb in EDS spectrums (Figure 55 (c)) is higher in interdendrites than in dendrites. This is 

understandable since the solute atoms are expelled to the interdendritic area and segregate 

during the growth of the primary dendrites. Location 3 lies in a fully divorced eutectic β-

phase (see Figure 55(b)). The atomic concentration of Pb in eutectic β-phase is only 0.13 

at.%, which is very low since the concentration is 0.41 at.% even in the primary dendrites 

at location 1 (see Figure 55(d)). Therefore, eutectic Mg17Al12 phase prone to be formed 

with fewer Pb atoms. In order to study how the alloying elements distribute in lamellar 

α-Mg and β-Mg17Al12 precipitates, compositions of α-Mg at location 4 and β-phase at 

location 5 in Figure 55(b) were measured, respectively. It is shown in Figure 55(c) and 

(d)  
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(d) that the composition of β-phase has a lower Pb content of 0.66 at.% than that of α-

Mg phase of 0.75 at.% in lamellar morphology. This suggests that Pb tends to dissolve in 

α-Mg rather than the intermetallic compounds in the lamellar precipitates.  

 

A SEM line scan was conducted along the trace line across the eutectic phase in the as-

cast AZ61-4Pb alloy in Figure 56(a). The line scan goes from the dark dendrite area to 

the bright interdendritic area, and across the divorced β phase, and finally the eutectic β 

phase. The result in Figure 56(b) shows that there is some segregation of Al and Pb 

elements in the interdendritic region. However, when the trace line goes into the divorced 

eutectic β phase, Al and Zn become the second and third primary elements, while the Pb 

content is extremely low. The content of Pb in the eutectic β phase is less compared to 

that in the interdendritic area. This means that Pb element does not tend to substitute 

atoms in divorced Mg17Al12 intermetallic compounds. When EDS scan goes through the 

lamellar α-Mg phase + β-Mg17Al12 phase, the concentration of Pb is slightly higher than 

that in the interdendritic region. The irregular divorced eutectic phase was formed at the 

final stage of solidification [140], when the concentration of the alloying elements in the 

residual liquid has been brought to a high level. However, the precipitates of Mg17Al12 

phase with a lamellar morphology were formed from the α-Mg phase during the cooling 

after solidification. To be precise, the precipitation usually took place in the interdendritic 

region where the concentration of alloying elements was higher than that in the dendrites. 

After solidification, Pb was expelled from the eutectic Mg17Al12 compound to the 

interdendrites. Hence the content of Pb in interdendrites are relatively high. During the 

cooling process after solidification, the lamellar precipitates are liable to be formed in the 

interdendritic region where alloying elements of Al, Zn, and Pb are sufficient. Since the 

lamellar β-phase is formed from the interdendritic region, the concentration of Pb is 

higher in the lamellar Mg17Al12 phase compared to eutectic Mg17Al12 phase.  
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Figure 56 SEM line scan result of as-cast AZ61-4Pb alloy: (a) Backscattered electron 

image of as-cast AZ61-4Pb alloy, (b) EDS line scan of Mg, Al, Zn, Pb elements along the 

trace line in (a). 

(a) 

(b) 
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5.3.2 Mechanical properties 

The mechanical properties were examined, including wear resistance property, Vickers 

hardness, and tensile property, and the results are listed and discussed.  

(1) Wear resistance property 

 

  

Figure 57 Wear tracks of as-cast alloys under the loading of 1N for 10 mins: (a) AZ61, 

(b) AZ61-2Pb.  

 
Figure 58 Wear volume loss of as-cast state AZ61 and AZ61-2Pb alloys.  

697 ± 12 μm 675 ± 7 μm 

(b) (a) 
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Figure 57 shows the wear tracks of AZ61-2Pb alloy, and as-cast AZ61 was included for 

comparison reason. The width of the tracks was measured on the optical microscope 

image. The width of the as-cast AZ61-2Pb alloy is about 675 μm, which is slightly 

narrower than AZ61 of 697 μm. The wear volume loss (V) was also calculated basing on 

Eq. 3. With 2 wt.% Pb addition in as-cast AZ61 alloy, the wear volume loss decreased 

from 95 × 106 μm3
 to 86 × 106 μm3, as illustrated in Figure 58. The improvement of the 

wear resistance property with Pb addition in as-cast AZ61 alloy is probably due to the 

effect of solid solution strengthening.  

(2) Hardness 

The following image in Figure 59 shows the Vickers hardness change of as-cast AZ61 

alloys with different Pb contents. As shown in Figure 59, the microhardness almost 

remains the same as AZ61 alloy with 0.5 wt.% Pb additions. With the increasing content 

of Pb addition to 2 and 4 wt.%, the microhardness gradually increases. The enhancement 

of Vickers hardness ascribes to Pb elements as solute atoms in the matrix since Pb tends 

to exist in Mg-phase more than Mg17Al12 intermetallic compounds. This can be explained 

by the large solubility of Pb in Mg.  

 

 
Figure 59 Vickers hardness of as-cast AZ61 alloy with different Pb content.  
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(3) Tensile properties 

Tensile test of as-cast state AZ61-Pb alloys was conducted at room temperature. The 

tensile properties are summarized in Table 11 below. It is clearly shown that the yield 

strength of as-cast AZ61 is increased with the increasing Pb addition. With 0.5 wt.% Pb 

additions, the 0.2% proof strength has been improved from 97.8 MPa to 115.3 MPa. 

When the Pb content was added to 2 and 4 wt.%, the yield strength increased to 123.4 

MPa and 127.2 MPa, respectively. The increase in yield strength is probably due to the 

following reasons. Firstly, the solid solution of Pb element in AZ61 alloy is beneficial to 

the yield strength. Secondly, the Mg17Al12 phase is likely to exist in the morphology of 

lamellar structure rather than in the fully divorced eutectic phase. The lamellar shape 

phase is smaller in particle size than the fully divorced particles. More importantly, it also 

contains significant amounts of interfaces. These interfaces impede the propagation of 

the cracks and require more energy for the cracks to pass through the lamellar particles.  

 

The UTS values of Pb added as-cast AZ61 alloys are all increased in comparison to that 

of AZ61, which is 270.4 MPa. The UTS of the as-cast AZ61-0.5Pb alloy is about 310.0 

MPa, which is much higher than that of AZ61 alloy. The morphology of the intermetallic 

phase in AZ61-0.5Pb alloy is less continuous and in a smaller size. This favours the UTS 

value. When the Pb addition increased to a content of 2 and 4 wt.%, the UTS of the alloys 

successively decreased to 296.8 MPa and 284.3 MPa, respectively. The fully divorced 

eutectic phase of AZ61-2Pb alloy is inclined to distribute along the grain boundary parts. 

4 wt.% Pb additions cause the eutectic phase tend to distribute along the grain boundary 

region, which is easy to cause the propagation of cracks and final failure.  

 

The elongation-to-failure of as-cast AZ61 alloy was increased slightly with 0.5 wt.% Pb 

additions. However, the ductility is getting worse with more Pb addition of 2 wt.%. This 

is different with the finding reported in [155], where the elongation has been improved 

with 2 wt.% Pb addition to AZ61 alloy. The inconsistency might come from the 

difference in casting conditions and sizes of tensile specimens. And when Pb is added to 

4 wt.% to AZ61 alloy, the elongation is only 11.4%., The elongation shows similar 

variation tendency to the UTS of as-cast AZ61-Pb. With a small amount of Pb, the 

intermetallic compounds in AZ61-0.5Pb alloy tend to distribute less continuously and be 

smaller in size [153]. However, higher content of Pb lead to the morphology of divorced 

eutectic phase exists along the grain boundary. This favours the propagation of cracks 
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and enables the early fracture at low strains.  

 

Table 11 Tensile properties of as-cast Pb added AZ61 alloys at room temperature. 

As-cast alloys 0.2% YS (MPa) UTS (MPa) Ef (%) 

AZ61 97.8 ± 7.5 270.4 ± 6.2 17.0 ± 1.5 

AZ61-0.5Pb 115.3 ± 16.5 310.0 ± 14.3 17.1 ± 2.7 

AZ61-2Pb 123.4 ± 9.1 296.8 ± 10.6 12.2 ± 2.4 

AZ61-4Pb 127.2 ± 11.7 284.3 ± 8.9 11.4 ± 2.0 

 

(4) Fracture analysis 

 

  

 

Figure 60 Optical micrographs showing vertical sections of as-cast state fractured tensile 

samples: (a) AZ61; (b) AZ61-0.5Pb; (c) AZ61-2Pb.  

Figure 60 shows the microstructures of the vertical sections of the fractured as-cast 

AZ61-Pb alloys, which are examined by the optical microscope. From the previous 

chapter, it is known that as-cast state AZ61 alloy displays a transgranular fracture feature 

Grain boundaries 

Transgranular 
fracture 

Transgranular 
fracture 

Grain boundaries 

(b) (a) 

Transgranular 
fracture 

Grain boundaries 

(c) 
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(see Figure 60(a)). With 0.5 wt.% Pb additions, the alloy shows characteristics of 

transgranular fracture. Cracks still propagated inside the grains as indicated by arrows in 

Figure 60(b), rather than fracture along the grain boundaries. When the content of Pb 

addition increased to 2 wt.%, the cracks propagated inside the grains as noted in Figure 

60(c). Therefore, Pb addition does not alter the fracture mode of as-cast AZ61 alloys, and 

the alloys exhibit transgranular fracture mode.  

5.3.3 Comparative analysis of the effects of Sn and Pb additions on as-cast 

AZ61 alloy 

According to the experiments and analysis performed in the previous and this chapters, 

the effects of Sn/Pb additions on microstructures and mechanical properties of as-cast 

AZ61 Mg alloys are clearly revealed. The different influences that these two alloying 

elements brought to AZ61 are summarized in Table 12. 

 

The effects of Sn/Pb on the microstructures of as-cast AZ61 are compared, including 

phase characterization, morphologies of intermetallic compounds and elemental 

distribution. It is proved that Sn introduced the Mg2Sn phase into as-cast AZ61, while Pb 

addition did not change the phases. The Mg2Sn particles tend to coexist with Mg17Al12 

phase and impurities, whereas the addition of Pb makes Mg17Al12 phase inclined to 

distribute along the grain boundaries. In Sn-containing alloys, Sn segregates in the 

interdendritic areas and substitutes some atoms in Mg17Al12. However, Pb element is 

prone to exist in the α-Mg matrix rather than in Mg17Al12 phase, with segregations in the 

interdendritic regions.  

 

The tendencies of mechanical properties with increasing content of Sn/Pb elements on 

as-cast AZ61 alloys are analysed and listed in Table 12. The wear resistance of Sn added 

alloys are improved due to the presence of the hard Mg2Sn particles, whereas Pb slightly 

improves the wear resistance of AZ61 owing to the solid solution strengthening effect. 

Sn and Pb additions show a similar influence on hardness, which is gradually increased. 

For the tensile properties, the yield strength was enhanced with the increasing content of 

Sn/Pb. This is ascribed to the existence of new and hard Mg2Sn phase in AZ61-Sn alloys 

and solid solution strengthening in Pb containing alloys, respectively. The UTS of Sn 

added samples was increased first due to the solid solution strengthening. However, the 

excessive addition of Sn caused the coexistence of Mg2Sn and Mg17Al12 phases, which 
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lead to early fractures and reduction in elongation during tensile deformation. With the 

addition of Pb, high alloying element resulted in the continuous distribution of Mg17Al12 

along the grain boundaries. Therefore, both the UTS and elongation are generally 

decreased. The increasing content of Sn has altered the fracture mode from the 

transgranular fracture to transgranular/intergranular fracture, and finally to the 

intergranular fracture. However, the Pb added AZ61 alloys remain the same fracture 

mode of transgranular fracture.  
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Table 12 Effects of Sn and Pb on microstructures and mechanical properties of as-cast state AZ61 Mg alloys.  

 Sn addition Pb addition 

M
icrostructures 

Phase Mg2Sn phase formed in AZ61-3/5Sn No new phases formed  

Morphology of 

intermetallics 

Mg2Sn phase tends to coexist with Mg17Al12 and 

impurities with the increasing addition of Sn 

Intermetallic compounds tend to locate along the grain 

boundaries with the increasing addition of Pb 

Elemental 

distribution 

Sn tends to substitute atoms in Mg17Al12, Sn segregates 

in interdendritic regions 

Pb inclines to present in α-Mg matrix rather than in 

Mg17Al12, Pb segregates in the interdendritic regions  

M
echanical properties 

Wear resistance Improved due to the presence of hard Mg2Sn phase Improved slightly due to the solid solution strengthening 

Hardness Enhanced gradually Enhanced gradually 

Tensile 

properties 

YS Increased gradually owing to the Mg2Sn particles 
Increased gradually owing to the solid solution 

strengthening 

UTS 
Generally weakened due to early fracture caused by the 

coexistence of Mg2Sn and Mg17Al12 particles 

Increased first and decreased with excessive Pb due to the 

distribution of intermetallics along the grain boundaries 

Ef 
Reduced especially in high Sn-containing alloys due to 

the continuous distribution of the compounds 
Generally decreased 

Fracture 
Transgranular - transgranular/intergranular - 

intergranular  
Transgranular  
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5.4 Summary 

In this chapter, the Pb effects on microstructure and mechanical properties of as-cast 

AZ61 alloys were studied. The conclusions are drawn below: 

 

1) The as-cast AZ61 alloys with 0.5, 2, 4 wt.% Pb additions comprise α-Mg phase and β-

Mg17Al12 phase. There is no Mg2Pb phase or any ternary phases detected. This is mainly 

related to the high solubility of Pb in Mg.  

 

2) The Pb element distribution in as-cast AZ61 alloy is clear. The Pb inclines to distribute 

in α-Mg phase rather than eutectic β-Mg17Al12 phase. The concentration of Pb in the 

interdendrites is higher than that in dendrites. Pb atoms are expelled when forming the 

divorced eutectic Mg17Al12 intermetallic compounds in AZ61-Pb.  

 

3) The distribution of Pb addition in lamellar precipitates shows similar feature as in the 

fully divorced β-Mg17Al12 phase and α-Mg matrix. Though the overall content of Pb in 

the lamellar structure is increased, the content of Pb in α-Mg is still higher than in the β 

precipitates. Pb addition does not tend to substitute atoms in both fully divorced and 

lamellar Mg17Al12 intermetallic phase.  

 

4) The wear resistance property and Vickers hardness were both slightly improved with 

Pb addition to as-cast AZ61 alloys. The improvements may ascribe to the solid solution 

strengthening effect of Pb element.  

 

5) The yield strength of as-cast AZ61 alloy is increased with the increasing addition of 

Pb element. The improvement ascribes to the solid solution strengthening effect and the 

morphology change of the intermetallic compounds particles. The UTS and the ductility 

increased with 0.5 wt.% Pb addition in the AZ61 alloy. More Pb addition causes the 

decrease in UTS and ductility due to the morphology variation.  

 

6) The Pb addition does not alter the fracture mode in as-cast AZ61 alloys. The AZ61-Pb 

alloys exhibit transgranular fracture.  
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Chapter 6 The effects of Sn addition on microstructures and 

mechanical properties of rolled and annealed AZ61 alloys  

Contents partially published in Journal of Alloys and Compounds (Hou et al. 

forthcoming).  

 

6.1 Introduction 

Mg alloys have been used in automobile, portable devices, etc. due to its low density and 

high strength to weight ratio. However, the extensive application of Mg alloys is 

restricted on account of the relatively low strength compared to materials such as Al 

alloys and steel [127]. The improvement of mechanical properties of Mg alloys is an 

intensive topic among researchers. Many efforts have been made, including alloying 

[156-161], heat treatment [162-164], work hardening [165-171] and so forth, in order to 

improve the mechanical properties of Mg alloys.  

 

Nowadays, most of the products are made from cast state Mg alloys. The application of 

wrought Mg alloys is not as wide as cast alloys since the formability of Mg alloys is poor. 

The deformation process is usually carried out at high temperatures to activate the 

prismatic and pyramidal slip systems to perform the plastic deformation. It has been 

reported that Mg-9.8Sn-1.2Zn-1.0Al alloys extruded at 250ºC exhibited high tensile yield 

strength of 308 MPa, and the high strength attributed to the dynamic recrystallization and 

precipitation of spherical Mg2Sn phase occurred during extrusion process [35]. Ultimate 

tensile strength as high as 390 MPa was obtained in extruded Mg-9Al-2Sn alloy by H. 

Son et al. [172]. The TEM observation suggested that the Mg17Al12 precipitates with a 

plate shape, which have Burgers orientation relationship with the matrix, are responsible 

for the enhanced strength [172]. D. Chen et al. [173] investigated the microstructures and 

mechanical properties of the as-extruded Mg-7Sn, indicating that Sn refined the grains 

remarkably, and the Mg2Sn particles were distributed uniformly in the α-matrix with the 

increased UTS. Sn has also been added to the RE containing Mg alloys. H. Lim et al. [97] 

studied the microstructures and mechanical properties of Mg-2MM-2Sn-1Al-1Zn alloy 

processed by severe plastic deformation of combined extrusion and rolling. A dramatic 

increase in strength and elongation was attained due to the refinement of grain size and 
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homogeneously distributed particles of Al2MM.  

 

The above-mentioned literature all involves hot working, which would increase the cost 

of production. In this chapter, a new thermomechanical processing scheme of rolling 

deformation is carried out. The rolling mill is at room temperature with only the annealing 

of rolling sheets during the inter passes. Moreover, few works have been done on the 

effect of Sn on rolling of AZ61 Mg alloy. In order to further improve the mechanical 

properties of AZ61 alloy, rolling deformation and subsequent annealing were conducted 

on Sn modified AZ61 alloys. This chapter systematically examines the effect of Sn 

addition on rolling behaviour of AZ61, the microstructural evolution, and the mechanical 

properties after rolling process.  

6.2 Experimental procedures 

6.2.1 Materials 

Different amounts of Sn were added into the AZ61 alloys. The nominal composition of 

the alloys is listed in Table 13. The metals were weighted according to in Table 13. The 

smelting was conducted in a high vacuum furnace with argon protection. The detailed 

casting procedures are described in the previous chapters. The final casting block 

obtained was with a dimension of 20 mm × 12 mm × 70 mm.  

 

Table 13 Nominal composition of Sn modified AZ61 alloys for rolling (wt.%).  

Alloys Sn Al Zn Mg 

AZ61 0 6 1 Bal. 

AZ61-1.5Sn 1.5 6 1 Bal. 

AZ61-3Sn 3 6 1 Bal. 

 

Specimens for rolling were cut from the similar position of castings in order to minimize 

the difference of cooling rate during the casting process. Homogenization treatment was 

conducted with argon protection in a tube furnace to eliminate the dendrite structures and 

the second phase particles. The time and temperature for homogenization treatment are 

listed in Table 14. The dimension of the rolling specimens was 70 mm × 20 mm × 4 mm. 

The surfaces of the rolling sheets were ground to #1200 silicon carbide paper to avoid 
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       Multi-pass rolling 

5 % reduction rate per pass 

Rolling with the inner-pass temperature of 340ºC 

and a final reduction of 50% 

Rolling with the inner-pass temperature of 400ºC 

and a final reduction of 80% 

the occurrence of early cracks caused by the rough surfaces.  

 

Table 14 Homogenization parameters for Sn modified AZ61 alloys.  

Alloys Homogenization temperature and time 

AZ61 400ºC for 15 h, quench in water 

AZ61-1.5Sn 400ºC for 15 h, quench in water 

AZ61-3Sn 400ºC for 15 h, quench in water, 455ºC for 30 mins, quench in water 

 

6.2.2 Rolling deformation 

 

 

 
  

 

 

Figure 61 Schematic drawing of rolling deformation of Sn added AZ61 alloys (ND stands 

for normal direction, RD stands for rolling direction).  

The schematic drawing of the rolling deformation process is shown in Figure 61. The 

rolling sheets were annealed at specified temperatures for 15 mins before each pass. The 

two rollers with a diameter of 64 mm were at ambient temperature. Rolling was 

conducted at a speed of 1 m/min with a reduction rate of proximately 5% for each pass. 

After the final pass of rolling, the rolled sheets were cooled in air. In this study, rolling 

was conducted with two different inter-pass annealing temperatures. One batch of the 

samples was annealed at 340ºC for 15 mins for the inter-pass annealing, with a final 

thickness of 2 mm and reduction of 50%. The other batch was annealed at 400ºC for 15 

 

 

4 mm 

2 mm 

0.8 mm 

ND 
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mins before each pass, with a final thickness of 0.8 mm and 80% reduction.  

 

Subsequently, annealing was performed to allow the static recovery and recrystallization. 

The rolled sheets were annealed at 350ºC for 20 mins in a salt bath furnace followed by 

quenching in cold water. The samples were wrapped up with Al foil to prevent the 

oxidation and the corrosion from the salt. The detailed procedures of rolling deformation 

and the subsequent annealing process were illustrated in Chapter 3.  

6.2.3 Microstructure characterization 

BRUKER D2 Phaser was used for the X-Ray Diffraction (XRD) phase characterization 

for the homogenized, rolled and annealed alloys. The result of XRD was analysed by 

DIFFRAC.SUITE EVA 2 software. Microstructures were examined by an optical 

microscope (OLYMPUS BX60M), FEI Quanta 200 Scanning Electron Microscope 

(SEM) and Tecnai FEG20 for TEM observation. The element analysis was performed 

using Energy Dispersive Spectrometer (EDS) equipped with SEM. Backscatter detector 

was selected to show the contrast of different alloying elements at a working voltage of 

20 keV. Samples for the optical microscope and SEM were ground to P4000 silicon 

carbide paper and polished with 3 μm and 1 μm diamond paste, and finally polished with 

0.04 μm colloidal silica. The polished samples were washed using ethanol and cleaned 

in an ultrasonic cleaner. The homogenized samples were etched by 5% nital solution for 

the certain time. In the case of deformed alloys, samples were electropolished at room 

temperature in 5% nital solution at 10 V for 12 s and stayed in the solution for another 8 

s with no power supply afterwards, so that the scratches and twins generated by 

mechanical polish were removed. Finally, the samples were cleaned in ultrasonic cleaner 

in ethanol.  

 

TEM examination was performed at 200 keV. The specimens were prepared as follows. 

The samples were ground by silicon carbide paper to a thickness of about 100 μm 

followed by punching into thin foils with a diameter of 3 mm. Twin jet polishing was 

employed to reduce the thickness using the electrolyte comprising 8.3 g LiCl, 18.6 g 

Mg(ClO4)2, 833.4 ml methanol, and 166.7 ml 2-butoxy-ethanol. The polishing was 

conducted at -45°C with a voltage of 90 V.  

 

The average grain sizes of the annealed state AZ61 alloys with a different content of Sn 
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addition were calculated according to the mean lineal intercept method. The detailed 

procedures of the method are noted in Chapter 3.  

 

The fraction of twins ) in the rolled alloys was calculated by the systematic manual 

point count test method on the basis of ASTM E562-11 standard. The test grid of 12 

points by 8 points was superimposed over 20 micrographs for each sample. The detailed 

counting and calculation process were illustrated in Chapter 3. 

6.2.4 Mechanical properties 

The wear resistance test, microhardness test, and tensile property test were conducted in 

order to study the mechanical properties of the rolled and annealed alloys. A micro-

tribometer was engaged to explore the wear resistance property of the rolled alloys. The 

width of the wear track was measured, and the wear volume loss was calculated. Vickers 

hardness was tested at a load of 1 kg force for 15 s on the rolled and annealed samples. 

The tensile test was carried out on alloys of rolled and annealed states using INSTRON 

tensile machine (model 3367). Tensile specimens with a gauge length of 8 mm were cut 

using an electrical discharge machine and ground to #1200 silicon carbide paper. The 

tensile direction was parallel to the rolling direction. The tensile test was carried out at 

room temperature with a crosshead speed of 0.5 mm/min. An extensometer was used to 

measure tensile strain and elongation.  

6.3 Results 

The microstructures and phase characterization of alloys before the rolling test, after the 

rolling deformation at 340ºC and 400ºC, and subsequently annealed samples were 

studied. The mechanical properties of rolled and annealed state alloys, including the wear 

resistance property, hardness, and tensile property, were examined.  

6.3.1 Microstructures of solid solution treated alloys 

The solid solution treatment was conducted before the rolling process to eliminate the 

dendritic structures and the second phase particles. According to Table 14, AZ61 and 

AZ61-1.5Sn were solid solution treated at 400ºC for 15 h to dissolve Mg17Al12 phase and 

homogenize of solute atoms, which segregated in the interdendritic region and along the 

grain boundaries. For AZ61-3Sn alloy, additional heat treatment at 455ºC for 30 mins 

was performed in order to dissolve the Mg2Sn particles.  
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The optical microstructures of the homogenized alloys are presented in Figure 62. After 

the heat treatment, the second phase particles are mainly dissolved into the α-matrix, and 

the dendrites structures are disappeared. The phase characterization result shown in 

Figure 63 suggests that only Mg exists in AZ61, AZ61-1.5Sn and AZ61-3Sn alloys. The 

Mg17Al12 phase in the as-cast state AZ61 and AZ61-1.5Sn was disappeared owing to the 

homogenization treatment. Compared to as-cast AZ61-3Sn, both the Mg17Al12 phase and 

the Mg2Sn phase were disappeared after the heat treatment, although there are trace 

amount of particles exist in AZ61-3Sn alloy in Figure 62(c).  

 

  

 

Figure 62 Optical microstructure of homogenized Sn modified AZ61 alloys: (a) AZ61; (b) 

AZ61-1.5Sn; (c) AZ61-3Sn.  

 

(a) (b) 

(c) 
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Figure 63 X-ray diffraction patterns of homogenized Sn modified AZ61 alloys.  

6.3.2 Microstructures of rolled and annealed alloys 

The microstructures and phase characterization of the rolled and annealed alloys with the 

rolling inter-pass heating temperature 340ºC and 400ºC were examined individually.  

(1) Rolling at 340ºC 

Figure 64(a, c, e) present the optical microstructures of the alloys after rolling at 340ºC 

to a total reduction rate of 50% on the planes vertical to the normal direction. The grain 

sizes of the three alloys were smaller in comparison to the grain sizes of homogenized 

ones. Besides, the grains of rolled state alloys were refined with increasing Sn addition. 

More importantly, the homogenized structures were all turned to the microstructures with 

massive deformation twinnings.  

 

X-ray diffraction was conducted to characterize the phase after rolling at 340ºC to a 

reduction rate of 50%, and the diffraction patterns are marked and shown in Figure 65. 

The rolled state AZ61 alloy mainly has α-Mg phase, with trace Mg17Al12 phase detected. 

This indicates that there is a certain amount of Mg17Al12 phase precipitated during rolling. 

With 1.5 wt.% Sn additions to AZ61, a small peak of Mg2Sn phase appeared in addition 

to α-Mg phase and Mg17Al12 intermetallic phase. By comparison, the Mg2Sn phase was 
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not detected in the as-cast state of AZ61-1.5Sn alloy. The intensity of the peak of Mg2Sn 

phase tends to increase with the increasing Sn content. The intensity of Mg2Sn peak of 

rolled AZ61-3Sn alloy is much stronger than that of AZ61-1.5Sn alloy. The rolling 

process promoted the precipitation of Mg2Sn with no doubt. A similar finding [174] was 

reported in Mg-4Zn alloys with Sn addition that hot rolling promoted the precipitation of 

Mg2Sn from the supersaturated Mg matrix. 

 

  

  

  

Figure 64 Optical microstructures of 340ºC rolled and annealed alloys: (a, b) AZ61, (c, 

d) AZ61-1.5Sn, (e, f) AZ61-3Sn.   

 

(b) (a) 

(d) (c) 

(f) (e) 
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Figure 65 X-ray diffraction patterns of 340ºC rolled AZ61, AZ61-1.5Sn and AZ61-3Sn 

alloys with a reduction rate of 50%.  

The precipitates formed during the rolling process were observed via SEM and EDS. 

Figure 66(a) and Figure 66(b) show the backscattered electron images of rolled AZ61 

and AZ61-3Sn alloys, respectively. AZ61-3Sn alloy exhibits numerous fine precipitates 

distributing in the matrix uniformly, while precipitates are barely seen in AZ61 alloy. The 

Figure 66(c) shows the particles with higher magnification in AZ61-3Sn alloy. EDS was 

performed on the fine particles and the matrix to examine the composition. In Figure 

66(d), the spectra of position 1, 2 and 3 indicated by arrows in Figure 66(c) show a certain 

amount of Sn content. This suggests that the precipitates are fine Mg2Sn particles. 

Compared to the EDS spectra of the precipitates, position 4 located in matrix presents 

the much lower amount of Sn content. The trace amount of Sn in the matrix comes from 

the solid solution treatment. Mg2Sn phase has a high melting point of 770ºC with FCC 

structure. It could serve as a barrier to the dislocations during deformation at high 

temperature. Thus it can improve the mechanical properties at elevated temperatures. 

Furthermore, Mg2Sn phase in rolled AZ61-3Sn was finely distributed, which benefits the 

mechanical properties due to precipitation strengthening.  
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Figure 66 SEM images of 340ºC rolled alloys: (a) AZ61, (b) AZ61-3Sn with fine 

precipitates, (c) higher magnification of fine particles in AZ61-3Sn, (d) the EDS results 

of positions in (c).  

Annealing treatment was carried out in the salt bath at 350ºC for 20 mins. The optical 

microstructures are examined on the planes vertical to the normal direction, as illustrated 

in Figure 64(b, d, f). It is clearly seen that the microstructures are of fully recrystallized 

grains rather than the deformed structures with twinnings (see Figure 64). All of the three 

alloys show equiaxed grains due to the occurrence of static recovery and static 

recrystallization during the annealing process. The average grain sizes were calculated 

basing on the lineal intercept method and are summarized in Table 15. The fully 

recrystallized grain sizes of 340ºC annealed AZ61, AZ61-1.5Sn and AZ61-3Sn are 65 

μm, 56 μm, and 23 μm, respectively.  

 

 

(b) (a) 

(c) 

2
4

3

1

(d) 
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Table 15 Average grain sizes of 340ºC and 400ºC rolled-annealed AZ61-Sn alloys.  

Annealed alloys 340ºC rolled-annealed 400ºC rolled-annealed 

AZ61 65 ± 3 μm 64 ± 4 μm 

AZ61-1.5Sn 56 ± 4 μm 55 ± 4 μm 

AZ61-3Sn 23 ± 1 μm 42 ± 3 μm 

 

 

Figure 67 X-ray diffraction patterns of 340ºC rolled-annealed AZ61, AZ61-1.5Sn and 

AZ61-3Sn alloys with a reduction rate of 50%.  

The phase characterization of the 340ºC rolled-annealed alloys is shown in Figure 67. 

The result indicates that there is mainly α-Mg phase in the annealed state AZ61 and 

AZ61-1.5Sn alloys. The peaks of the Mg2Sn phase of AZ61-1.5Sn alloy in rolled state 

disappear after the annealing treatment. The intensity of the Mg2Sn phase of AZ61-3Sn 

of annealed state is decreased slightly in comparison to that of the rolled state. 

(2) Rolling at 400ºC  

The optical microstructures of the three alloys after rolling with the inter-pass annealing 

temperature of 400ºC to a final 80% reduction are presented in Figure 68(a, c, e). The 

observed planes are along the RD and TD. Though the grains became smaller than the 
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homogenized ones, they were slightly larger than the 340ºC rolled ones, in particularly 

with the Sn added AZ61 alloys. The microstructures were replaced with the deformed 

twinning structures.  

  

  

  

Figure 68 Optical microstructures of 400ºC rolled and annealed alloys: (a, b) AZ61, (c, 

d) AZ61-1.5Sn, (e, f) AZ61-3Sn.  

The X-Ray diffraction patterns in Figure 69 suggests that the phases in 400ºC rolled state 

AZ61, and AZ61-1.5Sn alloys are mainly Mg phase, with no other obvious intermetallic 

phases. This is different with 340ºC rolled alloys since rolling at 340ºC introduced a 

certain amount of Mg2Sn phase in AZ61-1.5Sn alloy. In 400ºC annealed AZ61-3Sn alloy, 

only a small peak of Mg2Sn phase was detected. By comparing the 340ºC rolled alloys, 

(b) (a) 

(d) (c) 

(f) (e) 



 107 

the amount of precipitates in 400ºC ones is much less.  

 

 

Figure 69 X-ray diffraction patterns of 400ºC rolled AZ61, AZ61-1.5Sn and AZ61-3Sn 

alloys with a reduction rate of 80%.  

TEM was conducted in order to study the precipitates in the 400ºC rolled AZ61 and 

AZ61-3Sn alloys. The results illustrated in Figure 70(a, b) show that both AZ61 and 

AZ61-3Sn alloy possess dislocations and twins. There are no obvious precipitates 

particles exist in the rolled AZ61 alloy, while massive precipitates dispersed in the rolled 

AZ61-3Sn alloy. To confirm the composition of the precipitates, the elemental analysis 

was performed on the particle of Sn added AZ61 in Figure 70(c) with higher 

magnification. The atomic ratio of Mg to Sn is close to 2:1, indicating this particle Mg2Sn.  

 

There are mainly two reasons for the precipitation in the Sn-containing AZ61 Mg alloy. 

First, when the samples were removed from the furnace at 340ºC or 400ºC to the rolling 

mill, the temperature of the sheets should be dropped down very fast. In addition, the 

rollers were at room temperature, the temperature of the samples would decrease during 

the rolling pass. According to the Mg-Sn phase diagram in Figure 11, this decrease of 

temperature of the sheets made it possible for the precipitation of Mg2Sn particles. When 

the samples were heated during the inner-pass annealing at 400ºC, the solubility of Sn in 
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Mg is above the solvus line with 3 wt.% Sn addition. This suggests that there will not be 

any precipitation occurred during the inner-pass annealing at 400ºC. When the inner-pass 

annealing temperature is 340ºC, the solubility of Sn in Mg is just about 3 wt.% or maybe 

slightly lower, basing on the Mg-Sn phase diagram in Figure 11. In this case, we assume 

that the precipitation was formed mainly during the rolling pass rather than during the 

inner-pass annealing. Besides, the rolling deformation itself introduced extra energy and 

strain to the rolling sheets. There is a possibility of stress-induced precipitation during 

the rolling pass.  

After the subsequent annealing treatment in the salt bath, the optical microstructures of 

the annealed alloys were examined. The microstructures show fully recrystallized grains 

in Figure 68(b, d, f) rather than the twinning structure in the rolled state in Figure 68(a, 

c, e). The annealing treatment allowed the development of static recovery and static 

recrystallization. The equiaxed grain sizes were calculated and listed in Table 15. The 

average grain sizes of annealed alloys are approximately 64 μm, 55 μm and 42 μm, 

respectively, for 0, 1.5 wt.% and 3 wt.% Sn-containing AZ61 alloys. It should be noted 

that the grain size of AZ61-3Sn alloy rolled at 400ºC is apparently increased in 

comparison to that of 340ºC one, while AZ61 and AZ61-1.5Sn at two different rolling 

conditions show similar average grain sizes. Higher inner-pass annealing temperature 

would increase the average grain sizes. However, the reduction rate is 80% for the 

samples rolled with 400ºC inner-pass annealing temperature, which is higher than that of 

the samples with 340ºC inner-pass annealing temperature. Due to these two factors, the 

samples of AZ61 and AZ61-1.5Sn show similar average grain sizes under the different 

rolling conditions. For the annealed AZ61-3Sn, the sample with inner-pass annealing 

temperature of 340ºC exhibits a smaller average grain size than that of 400ºC. This is 

because the finer grain sizes of AZ61-3Sn is more sensitive to the inner-pass rolling 

temperatures and fine grains grow very fast in comparison to the larger grains at the same 

condition.  
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Figure 70 TEM bright field images of 400ºC rolled sheets: (a) AZ61, (b) AZ61-3Sn with 

diffraction spots of matrix and (c) elemental analysis of the particle in AZ61-3Sn.   

The phase characterization of the 400ºC rolled-annealed alloys is presented in Figure 71. 

The AZ61-3Sn shows comparative peak intensity as that of 400ºC rolled state one. 

Meanwhile, AZ61 and AZ61-1.5Sn mainly show only one phase of α-Mg.  
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Figure 71 X-ray diffraction patterns of 400ºC rolled-annealed AZ61, AZ61-1.5Sn and 

AZ61-3Sn alloys with a reduction rate of 80%. 6.3.3 Mechanical properties of rolled and 

annealed alloys 

In order to examine the mechanical properties of the rolled and annealed state alloys with 

different Sn addition in AZ61 alloy, the wear resistance property, microhardness and 

tensile properties were tested and the results are presented as follows.  

(1) Wear resistance property 

The wear tracks of 340ºC rolled and annealed alloys are shown in Figure 72. The width 

of wear track of 340ºC rolled state AZ61 has decreased from 620 μm to 572 μm with 3 

wt.% Sn addition. The width of wear track of the annealed state also reduced with Sn 

addition from 695 μm to 660 μm. The wear volume loss (V) of these alloys illustrated in 

Figure 73 was calculated according to the equation Eq. 3 in Chapter 3. With 3 wt.% Sn 

additions, the wear volume loss of the rolled AZ61 alloy has decreased substantially from 

67 × 106 μm3 to 52 × 106 μm3. The wear volume loss of annealed alloy also improved 

with Sn addition from 94 × 106 μm3 to 80 × 106 μm3. The wear volume loss of 340ºC 

rolled and annealed AZ61 alloy is decreased through Sn alloying addition about 22% and 

15%, respectively. The improvement of the wear resistance property with Sn addition in 

rolled and annealed state AZ61 alloys ascribes to the fine Mg2Sn precipitate formed 
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during the rolling deformation, and also the fine grains of AZ61-3Sn alloy.  

 

  

  

Figure 72 Wear tracks of 340ºC rolled and annealed alloys under the loading of 1 N for 

10 mins: (a) rolled AZ61, (b) rolled AZ61-3Sn, (c) annealed AZ61, (d) annealed AZ61-

3Sn.  

Figure 74 presents the wear tracks of the 400ºC rolled and annealed AZ61 alloy and 

AZ61-3Sn alloy. The width of the wear track of 400ºC rolled AZ61 alloy has reduced 

significantly from 625 μm to 529 μm with 3 wt.% Sn additions, while that of the annealed 

state AZ61 has decreased from 716 μm to 597 μm with Sn addition. The wear volume 

loss is calculated and it is demonstrated in Figure 75. In rolled state, the wear volume 

loss was decreased significantly about 40%, from 68 × 106 μm3 to 41 × 106 μm3, with 3 

wt.% Sn addition. In the 400ºC rolled-annealed state, the wear volume loss was improved 

about 43% from 103 × 106 μm3 of AZ61-3Sn to 59 × 106 μm3 of AZ61 alloy. In 

comparison to the 340ºC rolled and annealed alloys, an enhancement in wear resistance 

property of the 400ºC ones was obtained. The wear resistance is normally consistent with 

the hardness of a material. However, this is not always the case. Hardness is a 

characterization of a material to resist a deformation from a certain force. Wear has an 

even more complex feature. There are different kinds of wear mechanisms, for example, 

572 ± 13 μm 620 ± 11 μm 

(b) (a) 

660 ± 16 μm 695 ± 24 μm 

(c) (d) 
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adhesive wear, abrasive wear, erosive wear, surface fatigue, etc. Wear mechanisms often 

overlapped to each other in a wear process. Wear is more related to the interaction of the 

surfaces of the sample and the counterpart. Wear also could involves removal and 

deformation of the sample. In this study, due to the difference of the morphologies and 

amount of the Mg2Sn precipitations, the abrasive wear brought by the precipitates would 

be different. Therefore, the overall wear resistance property could be affected.  

 

 
Figure 73 Wear volume loss of 340ºC rolled and annealed AZ61 and AZ61-3Sn alloys.  

 

  

625 ± 5 μm 529 ± 12 μm 

(b) (a) 
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Figure 74 Wear tracks of 400ºC rolled and annealed alloys under the loading of 1 N for 

10 mins: (a) rolled AZ61, (b) rolled AZ61-3Sn, (c) annealed AZ61, (d) annealed AZ61-

3Sn.  

 

 
Figure 75 Wear volume loss of 400ºC rolled and annealed AZ61 and AZ61-3Sn alloys.  

(2) Hardness test 

The Vickers hardness of the 340ºC rolled and annealed state Sn added AZ61 alloys are 

shown in Figure 76. Generally speaking, the Vickers hardness shows a similar trend that 

the microhardness increases with the increasing Sn content in both rolled and annealed  

597 ± 3 μm 717 ± 4 μm 

(c) (d) 
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Figure 76 Vickers hardness as a function of Sn content of 340ºC rolled and annealed 

AZ61 alloys.  

 

Figure 77 Vickers hardness as a function of Sn content of 400°C rolled and annealed 

AZ61 alloys.  
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alloys, while the microhardness values of the annealed state are lower than the as-rolled 

state. The Sn addition could contribute to the presence of the Mg2Sn precipitates in the 

rolled and annealed states. The dispersively distributed hard particles are responsible for 

the improvement of microhardness.  The annealing treatment made the residual stress in 

the rolled alloys disappeared and replaced with fully recovered and recrystallized grains. 

The work hardening effect from the rolling deformation is the reason for the high 

microhardness value in rolled alloys rather than the annealed ones.  

 

Figure 77 illustrates the Vickers hardness of the 400ºC rolled and annealed AZ61-Sn 

alloys. The feature is very similar to the 340ºC rolled and annealed ones. However, the 

increase of hardness value with 3 wt.% Sn addition of 400ºC rolled and annealed states 

are not as much as the 340ºC ones. This is consistent with the XRD results mentioned 

above that more Mg2Sn precipitates formed in the 340ºC rolled and annealed Sn added 

AZ61 alloys, as Mg2Sn particles are helpful to the hardness.  

(3) Tensile properties 

 

Table 16 Tensile properties of 340ºC and 400ºC rolled and subsequently annealed AZ61-

Sn alloys along rolling direction at room temperature.  

Composition Process 0.2% YS (MPa) UTS (MPa) Ef (%) 

AZ61 340ºC rolled 218.8 ± 17.5 310.5 ± 6.8 7.3 ± 1.7 

 340ºC rolled-annealed 118.6 ± 10.6 293.9 ± 1.4 18.3 ± 0.2 

 400ºC rolled 195.1 ± 23.5 312.1 ± 29.3 5.9 ± 2.1 

 400ºC rolled-annealed 135.1 ± 13.1 316.31 ± 9.2 17.3 ± 1.7 

AZ61-1.5Sn 340ºC rolled 243.9 ± 8.7 331.1 ± 3.0 5.3 ± 1.2 

 340ºC rolled-annealed 135.4 ± 3.2 310.7 ± 3.6 16.5 ± 0.7 

 400ºC rolled 196.6 ± 19.6 324.4 ± 8.4 5.1 ± 1.0 

 400ºC rolled-annealed 144.6 ± 10.5 323.4 ± 6.8 16.0 ± 1.4 

AZ61-3Sn 340ºC rolled 286.8 ± 10.7 369.7 ± 9.8 5.1 ± 0.3 

 340ºC rolled-annealed 145.8 ± 14.1 332.6 ± 2.6 14.5 ± 2.2 

 400ºC rolled 243.5 ± 13.7 336.6 ± 14.9 4.8 ± 0.6 

 400ºC rolled-annealed 162.6 ± 8.1 336.0 ± 13.4 13.6 ± 2.3 
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The tensile properties of 340ºC and 400ºC rolled and annealed state of Sn added AZ61 

alloys are listed in Table 16. Both yield strength and UTS of AZ61-Sn are improved 

dramatically after rolling at 340ºC and 400ºC with the decrease in elongation, compared 

to those of as-cast state (see Table 9). After the annealing process, yield strength 

decreases and UTS almost remains unchanged in general, while the ductility increases 

significantly.  

 

With the content of Sn increasing, the yield strength of 340ºC rolled AZ61 has increased 

from 218.8 MPa to 286.8 MPa with 3 wt.% Sn added, which is about 124% and 171% 

higher that of as-cast state, respectively. Meanwhile, the UTS of AZ61 and AZ61-3Sn 

alloys are increased nearly 14% and 47%, respectively, in comparison to the UTS of as-

cast state alloys, while the elongation has been decreased to 7.3% of AZ61 and 5.1% of 

AZ61-3Sn alloy.  

 

Generally speaking, the strength of 400ºC rolled alloys is lower than that of 340ºC rolled 

ones, although it is improved significantly than the as-cast state. The yield strength of 

AZ61 and AZ61-3Sn is increased to 195.1 MPa and 243.5 MPa, which is 99% and 130% 

higher than that of as-cast state, and also UTS increased 15% and 34%, respectively. The 

elongation-to-failure has been reduced even more than that of 340ºC rolled state to a 

value of 5.9% of AZ61 and 4.8% of AZ61-3Sn, respectively.  

 

Since the rolling was conducted with a cold rolling mill, the dynamic recrystallizations 

cannot be performed entirely during the rolling deformation. After deformation process, 

the residual stress and the accumulated dislocations exist in the rolled alloys. The work 

hardening effect introduced by the accumulated dislocations is the main reason to bring 

the enhancement in strength and decrease in ductility. Thus, it can be seen that higher 

inter-pass heating temperature gives more energy for static and dynamic recrystallization 

to occur during the inter-pass annealing and subsequent rolling process. Hence, the effect 

of work hardening of rolled alloys will be weakened with inter-pass annealing at 400ºC 

than 340ºC. In terms of higher strength of Sn added alloys than rolled AZ61, the fine 

precipitates of Mg2Sn work as strengthening particles to pin the movement of dislocation, 

which improves of yield strength and UTS in rolled AZ61 alloy. The decrease in ductility 

also ascribes to the precipitation hardening of Mg2Sn particles that impede the movement 

of dislocation and slipping.  
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With further static recovery and recrystallization occurred during annealing treatment, 

the strength of alloys decreased while the ductility increased. For 340ºC rolled-annealed 

AZ61 and AZ61-3Sn, the yield strength has reduced to 118.6 MPa and 145.8 MPa, UTS 

decreased to 293.9 MPa and 332.6 MPa, while elongation increased significantly to 18.3% 

and 14.5%, respectively.  

 

A similar change in yield strength and elongation is observed in 400ºC rolled-annealed 

alloys as in 340ºC rolled-annealed ones, while the UTS of the annealed state remains 

quite close to the 400ºC rolled ones. The yield strength of the 400ºC rolled-annealed 

AZ61 and AZ61-3Sn alloys decreased greatly than the 400ºC rolled ones after the 

annealing process, to 135.1 MPa and 162.6 MPa, respectively. However, the decrease in 

yield strength is not as much as the 340ºC rolled-annealed one. The elongation of AZ61 

rises to 17.3%, while the elongation of AZ61-3Sn is 13.6%.  

 

The decrease in strength and increase in ductility of the annealed state is reasonable, since 

the residual stress was released completely, and the deformed microstructures such as 

twinning and dislocations were replaced with newly grew undistorted equiaxed grains. 

Therefore, with the work hardening effect eliminated, the strength is lowered, and 

elongation is increased in annealed state compared to rolled alloys.  

(4) Fracture analysis 

As it is studied in Chapter 4 that in as-cast AZ61 alloy, Sn has made the fracture mode 

changed from transgranular mode to a mixture of transgranular and intergranular fracture 

(1.5 wt.% Sn additions), and finally to intergranular failure (3 and 5 wt.% Sn additions). 

Figure 78 presents the optical micrographs of the vertical sections of the fractured tensile 

specimens of 340ºC rolled and annealed alloys. It can be seen that the transgranular 

fracture mode is dominant in the 340ºC rolled and annealed AZ61-Sn alloys. The cracks 

propagated in the grains rather than propagated along the grain boundaries. The grain 

boundaries and secondary cracks are indicated by arrows in Figure 78.  

 

The vertical sections of the fractured 400ºC rolled and annealed alloys were also 

examined by the optical microscope. Figure 79 presents the micrographs of the tips of 

the fractured samples. Basing on the results, the 400ºC rolled and annealed alloys exhibit 
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transgranular fracture mode. Cracks either propagated along the interfaces between the 

twinning and α-Mg matrix or propagated inside the grains. The grain boundaries are not 

the preferential place for the propagation of the cracks.  

 

  

  

  

Figure 78 Optical micrographs showing the vertical sections of 340ºC rolled and 

annealed state fractured tensile samples: (a, b) AZ61; (c, d) AZ61-1.5Sn; (e, f) AZ61-3Sn.  
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Figure 79 Optical micrographs showing the vertical sections of 400ºC rolled and 

annealed state fractured tensile samples: (a, b) AZ61; (c, d) AZ61-1.5Sn; (e, f) AZ61-3Sn.  
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6.4 Discussions 

6.4.1 Grain refinement effect of Sn 

  

  

  

Figure 80 Optical micrographs in higher magnification of 340ºC and 400ºC rolled-

annealed alloys showing the distribution of precipitates: (a, b) AZ61, (c, d) AZ61-1.5Sn, 

(e, f) AZ61-3Sn.  

The annealed state AZ61 prepared by two different rolling processes show similar 

average grain sizes of 64 μm and 65 μm, respectively, which indicates that rolling 

parameters employed in this study have very small influence on the average grain size of 

AZ61 alloy (see Figure 80(a, b)). Since the 400ºC rolled alloys achieved more dynamic 

(b) (a) 

(d) (c) 

(e) (f) 
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recrystallization at relatively higher temperature than 340ºC rolled ones, with the 

subsequent annealing treatment at the same temperature for the same time, static 

recrystallization would occur even more completely in the 400ºC rolled-annealed alloys. 

Hence, the average grain size of 400ºC rolled-annealed alloys is slightly larger than those 

of 340ºC ones.  

 

Moreover, the grain size refining effect can be observed in both 340ºC and 400ºC 

annealed sheets with Sn addition in AZ61 alloys. During the annealing process in the Sn 

containing AZ61 alloys, the growth of the static recrystallized grains was suppressed 

mainly by the fine Mg2Sn particles. The particles in Sn added alloys can serve as 

nucleation sites and improve the grain boundary pinning effect [97], while Al and Zn 

exist in solid solution state in the α-Mg matrix. Thus, the average grain size was 

decreased with Sn alloying element addition to AZ61 alloy due to the presence of Mg2Sn 

precipitates. The distribution of precipitates of annealed alloys can be observed in the 

optical microstructures of higher magnification in Figure 80. It is clear that more Mg2Sn 

particles are dispersedly distributed in 340ºC rolled-annealed AZ61-3Sn than any other 

alloys. With Sn addition to 3 wt.%, the grain size of 340ºC rolled-annealed AZ61 has 

been refined significantly to 23 μm, while that of 400ºC rolled-annealed AZ61-3Sn is 42 

μm. As it is shown in Figure 80, more dispersedly distributed fine Mg2Sn particles lead 

to stronger refinement effect of grains. It can thusly be seen that the discretely distributed 

Mg2Sn precipitates play an important role in inhibiting the grain growth.  

6.4.2 Twinning fraction of rolled alloys 

The twinning fractions of the 340ºC rolled and 400ºC rolled AZ61-Sn alloys were 

calculated and listed in Table 17. It is evident that the Sn element addition increases the 

twinning fraction in AZ61 alloy. The twinning percentage of 340ºC rolled AZ61 is about 

26%, while that of AZ61-1.5Sn has been raised greatly to 38%. With the increasing 

content of Sn to 3 wt.%, the twins have occupied approximate 43% of the grains. As for 

the 400ºC rolled AZ61 alloy, the volume fraction of twins has increased from 18% to 31% 

with 1.5 wt.% Sn additions, whereas the twinning fraction of AZ61-3Sn alloy has reached 

to 37%.  

 

The twinning fractions of the 400ºC as-rolled alloys are generally lower than those of the 

340ºC rolled alloys. The higher deformation temperature favours the activation of more 
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slip systems but suppresses the twinning [75]. However, the twinning is stimulated with 

the increase of the grain size [75]. It can be seen from Figure 64 and Figure 68 that the 

grain size of the rolled alloys is decreased with the increasing Sn addition. The final 

twinning fraction is a combination of effects of the temperature, grain size, Sn addition, 

and strain, etc.  

 

Table 17 Fraction of twins (%) in Sn added AZ61 alloys after rolling deformation.  

Process AZ61 AZ61-1.5Sn AZ61-3Sn 

340ºC rolled to 50% 26.3 ± 2.6 37.8 ± 3.8 42.7 ± 5.0 

400ºC rolled to 80% 18.4 ± 1.9 31.3 ± 3.5 37.3 ± 3.3 

 

6.4.3 Analysis of tensile properties  

Figure 81 plots the tensile properties (i.e. yield strength, UTS, and elongation) of the 

alloys of different annealed AZ61-Sn alloys increase dramatically with the increasing 

content of Sn. It is for sure that Sn addition can improve the strength of both the rolled 

state and the annealed state. However, Sn has an adverse effect on the ductility property 

of the samples after rolling and annealing process. The elongation of alloys of various 

states all decreases with the Sn addition.  

(1) Yield strength  

The effects of Sn addition on the yield strength of the rolled and annealed AZ61 alloys 

are shown in Figure 81(a). The yield strength exhibits uptrend with the increase of Sn 

content in the both the 340ºC rolled and annealed AZ61-Sn alloys and the 400ºC rolled 

and annealed ones. The improvement of the yield strength can be explained in the 

following perspectives: solute solution strengthening, grain refinement strengthening, 

precipitation strengthening and strain strengthening. 

 

It is stated by Courtney [175] that obstacles restricting the ease of dislocation motion can 

increase the flow strength in crystalline solids, and those obstacles can be other 

dislocations, internal boundaries, solute atoms, and the second phase particles. Here in 

the case of rolled and annealed states of Sn added AZ61 alloys, the strengthening can be 

achieved by several mechanisms. With the Sn element additions, the Sn solute atoms are 

substituting some Mg atoms in the crystal lattice. Since the diameters of the Sn atom and 
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the Mg atom are different (see Figure 31), there would be stress field caused by the lattice 

distortion in the vicinity of the solute atoms. This stress field would obstruct the motion 

of dislocation and the pinning effect by the solute atoms result in the enhancement of the 

yield strength. The increment of strength induced by the solute atoms can be obtained by 

the following equation:  

 Eq. 12 [176] 

where  is the increment of strength, β is a constant, b is the magnitude of the Burger’s 

vector, and c is the concentration of the solute atoms [176].  

 

The strength of the materials can be increased via grain refinement strengthening. 

Meanwhile, the ductility and the tenacity can also be improved [177]. Internal boundaries 

strengthening effect can be reinforced due to the fine grains. Grain refinement is a 

commonly used method to increase both strength and ductility in metallic materials [177]. 

However, the appreciable grain size strengthening usually observed only when the grain 

diameter is on the order of 5 μm or less [175]. In this study, even the finest grain size is 

about 23 μm of 340ºC rolled-annealed AZ61-3Sn alloy. Thus, the effect of grain 

refinement strengthening only contributes to the enhancement of the yield strength to a 

certain extent. With the increasing load applies on, when the stress from the accumulated 

dislocations in one grain is high enough to activate the dislocations in the adjacent grains, 

the alloy would yield and deform plastically. With the refining of the grain sizes, the 

obstacles for the movement of dislocations are increased. And the lengths of the pile-up 

of dislocations are shorter in the fine grains. Therefore, the yield strength increases in the 

finer grained AZ61 alloys. The increment of strength brought by the grain refinement can 

be calculated through the famous Hall-Petch relationship:  

 Eq. 13 [176] 

where κ is a material-specific constant, d is the average grain size [176].  

 

Another important reason for the increase in the yield strength is the existence of Mg2Sn 

precipitates in the Sn added alloys. The fine particles distributed inside the grains work 

as barriers to dislocations and slip, which lead to the pileup of dislocation [145]. Hence, 

the yield strength is increased by the precipitated particles. The precipitation 

strengthening effect actually depends on many factors, such as the volume fraction, 
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particle size, separating space, and uniformity of the precipitates [178, 179]. With the 

fine particles dispersed in the matrix, the motion of dislocation is effectively impeded. 

The α-Mg matrix and the Mg2Sn precipitates possess very different structures, and the 

dislocation would have to bypass the precipitates rather than penetrate in or cut through 

the particles [178]. According to the Orowan theory [179], a dislocation can only bypass 

the non-deformable particles through bending the dislocation to a semicircular arc, and 

finally, leave a dislocation loop to surround the particle. Thus, more stress is needed for 

the motion of dislocation to pass through a particle. The local stress required to bulge the 

dislocation between two particles is given as follows [180, 181]:  

 Eq. 14 

where G is the grid shear modulus, b is the Burgers vector of the dislocation, and  is the 

mean separating space of particles. The decreasing of separating space will increase the 

stress. Therefore, the more quantity and more uniformed distributed particles dispersively 

located in the α-Mg matrix, the higher the yield strength will it be. Basing on 340ºC and 

400ºC rolled state XRD results in Figure 65 and Figure 69, it can be seen that the peak 

intensities of Mg2Sn of 340ºC rolled AZ61-1.5Sn and 400ºC rolled AZ61-3Sn are nearly 

of the same level. The YS is about 243.9 MPa for 340ºC rolled AZ61-1.5Sn and 400ºC 

rolled AZ61-3Sn. This indicates that Mg2Sn particles are an important factor that affects 

strength in rolled AZ61 alloys. Comparatively, 340ºC rolled AZ61-3Sn has a much higher 

peak intensity of Mg2Sn than those two above-mentioned alloys, which means a larger 

amount of Mg2Sn particles exist in the matrix. The yield strength of 340ºC rolled AZ61-

3Sn is 286.8 MPa, which is about 18% higher that of samples with lower Mg2Sn 

precipitates. It can be concluded from the above discussion that Mg2Sn particles in AZ61 

alloys contribute to the enhancement of strength to a great extent.  

 Eq. 15 [176] 

where γ is a constant close to the unity of the hard particles,  is the volume fraction of 

particles, r is the average radius of the particles [176].   

 

The increase in the yield strength of the rolled state alloys also ascribes to the strain 

strengthening effect from the residual strain. The density of dislocation increases with 

the occurrence of deformation when the dynamic recovery and recrystallization cannot 

be fully accomplished during the deformation process. Dislocation tangles and becomes 
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difficult to move, therefore, the strength of the deformed materials increases. By 

comparing yield strength properties of alloys rolled at 340ºC and 400ºC, it is clear that 

the sheets rolled at lower temperature possess better performance in strength. High 

temperature gives more energy for deformed grains to recover and recrystallize during 

rolling. The increment of the strain strengthening can be calculated according to the 

following equation:  

 Eq. 16 [176] 

where α is the temperature dependent constant, μ is the shear modulus, ρ is the dislocation 

density [176].  

(2) Ultimate tensile strength  

The above-mentioned strengthening mechanisms in yield strength are also available to 

the UTS. It is noted that in Figure 81(b) that the decrease of UTS of 400ºC rolled alloys 

after annealing is very limited compared to that of 340ºC rolled alloys after annealing. 

This can be explained by that higher deformation temperature will provide more energy, 

which can increase the dynamic recrystallization process. Therefore, the residual strain 

existing in the higher temperature deformed alloys works more effectively than the 340ºC 

ones in the enhancement of UTS. By comparison, alloys rolled at relatively 340ºC would 

have a lower percentage of dynamic recrystallized grains, which makes the UTS 

decreased to a certain level after annealing treatment.  

(3) Elongation-to-failure  

It can be seen from Figure 81(c) that the elongation of both rolled and annealed state 

alloys decreases with the addition of Sn element. The Mg2Sn precipitates in Sn containing 

AZ61 alloys provide the possible site for the void nucleation [174]. The interfaces of the 

precipitate and the α-Mg matrix are the locations where voids are easily formed when a 

load is applied on. The voids would accelerate the propagation rate of a crack when the 

voids interact with it. With the increasing load performed on, the crack propagates inside 

the grain, and finally accomplishes failure after coalescence. Compared to the AZ61 alloy 

without precipitates, the cracks are easy to propagate in Sn containing alloys. On some 

level, fine Mg2Sn precipitates are responsible for the early failure of the tensile samples. 

Thus, it is understandable that the elongation decreases with the increasing Sn addition 

to AZ61 alloys.  
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Figure 81 (a) 0.2% yield strength, (b) Ultimate tensile strength and (c) elongation-to-

failure of 340ºC and 400ºC rolled and annealed AZ61-Sn alloys versus Sn content.  

6.4.4 Effect of annealing after rolling deformation  

The rolling process has introduced a large amount of dislocations, twinnings, and residual 

strains to the alloys, which strengthened the material. These defects, twinning, and strains 

are the driving forces for the isothermal recovery, recrystallization and the growth of 

grains. The annealing treatment completes the relaxation of the internal stress, makes the 

dislocations disappeared and the growth of equiaxed grains. The microstructures have 

been changed from the deformed structures with twinnings to the fully recrystallized 

grains. The elongation-to-fracture of rolled alloys increased significantly as seen in 

Figure 81(c) after annealing at 350ºC for 20 mins.  

6.5 Summary  

This chapter studied the effect of Sn additions on microstructures and mechanical 

properties of rolled and annealed AZ61 alloys, and the conclusions are summarized as 

follows:  

 

1) The microstructures of the 340ºC rolled alloys are refined with massive twins. The 

(c) 
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fraction of twins increases with the increasing addition of Sn alloying element. The phase 

characterization indicates that 340ºC rolled AZ61 mainly contains α-Mg phase and a 

trace amount of β-Mg17Al12 phase, while 340ºC rolled AZ61-1.5Sn and AZ61-3Sn 

comprise of α-Mg phase and Mg2Sn phase. This suggests that rolling deformation itself 

and the decrease of temperature during rolling made the precipitation of Mg2Sn occurred. 

The XRD indicates that the 340ºC annealed AZ61 and AZ61-1.5Sn consist of only α-Mg 

phase, while AZ61-3Sn contains α-Mg phase and Mg2Sn phase. The precipitates 

dispersively distributed in the AZ61-3Sn alloy are confirmed to be the Mg2Sn particles 

by EDS analysis.  

 

2) The 400ºC rolled alloys show microstructures with twins and refined grains. The phase 

characterization indicates that only AZ61-3Sn alloy has a small peak of Mg2Sn phase in 

addition to α-Mg phase. The TEM elemental analysis verified the precipitates in the 

rolled AZ61-3Sn alloy are Mg2Sn, while rolled AZ61 alloy possesses no obvious 

precipitates. The 400ºC annealed AZ61-Sn alloys mainly consist of α-Mg phase except 

AZ61-3Sn contains α-Mg phase and Mg2Sn phase. The grains are fully recrystallized 

equiaxed grains.  

 

3) Sn addition can refine the average grain sizes of annealed alloys, as the grain growth 

during the annealing treatment is suppressed by the Mg2Sn precipitates. The grain sizes 

of the 340ºC annealed AZ61 are refined from 65 μm to 23 μm with 3 wt.% Sn additions, 

while the average grain size of 400ºC AZ61-3Sn is about 42 μm. 

 

4) The wear resistance property of the alloys is improved with Sn additions due to the 

existence of hard Mg2Sn precipitates. The higher amount of Mg2Sn precipitates makes 

the wear resistance of 340ºC alloys better than the 400ºC ones. The Vickers hardness of 

the rolled alloys increases with the Sn addition, this is because of the precipitation and 

the work hardening effect. The hardness of the annealed state also increases mainly due 

to the precipitation hardening effect.  

 

5) The yield strength of the rolled alloys is improved dramatically in comparison to the 

as-cast ones. The yield strength and the UTS increase with the increasing content of Sn 

additions. The enhancement of strength may ascribe to the solute solution strengthening, 

grain refinement strengthening, precipitation strengthening of Mg2Sn and strain 
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strengthening. Generally speaking, the elongation of the alloys decreases with the 

increasing amount of Sn additions. However, the elongation of the alloys after annealing 

increased considerably in comparison to the rolled ones since the microstructures are 

fully recrystallized. Transgranular fracture mode is dominant in both 340ºC and 400ºC 

rolled and annealed AZ61-Sn alloys.  
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Chapter7 The effects of Pb addition on microstructures and 

mechanical properties of rolled and annealed AZ61 alloys 

7.1 Introduction 

Many researchers [182-185] have studied the deformation behaviour of AZ61 Mg alloy, 

and a better plastic deformation characteristic is usually expected. Y. Chen et al. [186] 

studied the extrusion behaviour of AZ61 alloy with Sm addition and stated that Sm 

improves the ultimate tensile strength and elongation of as-extruded AZ61. The Y 

addition forms Al2Y second phase in AZ61 alloy, which can suppress the growth of the 

dynamic recrystallized grains during the hot rolling process, thus, the microstructure of 

rolled AZ61 was refined [187]. The average grain sizes of 10~20 μm were achieved in 

AZ61 alloy after the hot extrusion and the thermomechanical processing, which consists 

of two or three steps of hot rolling with large reduction rate per pass [188].  

 

As discussed earlier in Chapter 5, the effect of Pb addition on microstructure and 

mechanical properties of as-cast AZ61 alloy is revealed. A small amount of Pb element 

can improve the ultimate tensile strength and ductility. However, an excessive content of 

Pb lead to the decrease of UTS and elongation. The effect of Pb on the deformation 

behaviour of AZ61 alloy is rarely examined in the literature. Here in this chapter, the 

deformation performance of AZ61-Pb is discussed, and the effects of Pb addition on the 

microstructures and mechanical properties of rolled and annealed AZ61 Mg alloys are 

studied.  

7.2 Experimental procedures 

7.2.1 Materials  

A certain amount of Pb addition was added into the AZ61 alloy as the starting material 

for rolling process. The metals were weighted on the basis of the nominal composition 

of the Pb modified alloys shown in Table 18. High vacuum furnace was employed to 

complete the smelting. Detailed casting procedures are illustrated in Chapter 3.  
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       Multi-pass rolling 

5% reduction rate per pass 

400ºC rolled with a final reduction of 80% 

Table 18 Nominal composition of Pb modified AZ61 alloys for rolling (wt.%).  

Alloys Pb Al Zn Mg 

AZ61 0 6 1 Bal. 

AZ61-0.5Pb 0.5 6 1 Bal. 

AZ61-2Pb 2 6 1 Bal. 

 

Rolling specimens were cut from the casting blocks by the electrical discharge machine. 

Homogenization treatment was carried out in a tube furnace with argon gas protection in 

order to eliminate the elemental segregation and dendrite structure. The homogenization 

treatment for the three alloys is heating at 400ºC for 15 h and quench in water. The rolling 

samples were ground to #1200 silicon carbide paper to ensure the smoothness and avoid 

early cracks. The size of the rolling sheets was 70 mm × 20 mm × 4 mm.  

7.2.2 Rolling deformation 

 

 
  

 

 

Figure 82 Schematic drawing of rolling deformation of Pb added AZ61 alloys.  

Figure 82 schematically presents the rolling process of the Pb added AZ61 alloys. The 

homogenized samples were heated at 400ºC for 15 mins before each rolling pass. The 

rolling deformation was performed on two cold rollers with a diameter of 64 mm. The 

rolling speed is about 1 m/min with a reduction rate of 5% of each rolling pass. After the 

last pass of rolling to a final reduction of 80%, the rolling sheets were cooled in air.  

 

 

 

4 mm 0.8 mm 

ND 

RD 
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Annealing treatment was conducted afterwards to allow the static recovery and 

recrystallization. The annealing was performed at 350ºC for 20 mins in a salt bath and 

quench in cold water. The detailed procedures of the annealing process were described 

in Chapter 3.  

7.2.3 Microstructure characterization  

The phase characterization was conducted on the homogenized, rolled and annealed 

alloys by using the BRUKER D2 Phaser. The patterns were analysed by 

DIFFRAC.SUITE EVA 2 software. OLYMPUS BX60M optical microscope and FEI 

Quanta 200 Scanning Electron Microscope were engaged for the study of microstructures. 

The sample preparation procedure is similar as in Chapter 6. The average grain size was 

calculated on the basis of ASTM E112-12 standard by the mean lineal intercept method. 

The volume fraction of twins  of the rolled alloys was also calculated according to 

ASTM E562-11 standard. Refer to Chapter 3 for the detailed calculation steps.  

7.2.4 Mechanical properties  

Mechanical properties, including wear resistance property, microhardness, and tensile 

property, were tested on the rolled and annealed Pb added AZ61 alloys. The detailed 

testing procedures are elaborated in the previous chapter and Chapter 3.  

7.3 Results and discussions 

The microstructures of the homogenized state, rolled state and annealed state AZ61-Pb 

alloys were studied by an optical microscope and SEM. The microhardness, wear 

resistance property along with tensile property were tested.  

7.3.1 Microstructures of solid solution treated alloys 

In order to dissolve the second phase in Pb added AZ61 alloys and eliminate the dendritic 

structure, the solid solution treatment at 400ºC for 15 h was conducted. The XRD result 

indicates that only α-Mg phase exists in the as-homogenized AZ61-Pb Mg alloys. The 

microstructures of as-homogenized AZ61 alloy and AZ61-2Pb alloy are presented in 

Figure 83. The eutectic Mg17Al12 particles are dissolved into the matrix, and the dendritic 

structure is eliminated in the alloys, though there are slight amount impurities remaining 

in the matrix.  
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Figure 83 SEM backscattered electron images of homogenized Pb modified AZ61 alloys: 

(a) AZ61 alloy, (b) AZ61-2Pb alloy.  

7.3.2 Microstructures of rolled alloys 

The microstructures of rolled AZ61 Mg alloys with Pb additions to a reduction of 80% 

are presented in Figure 84(a, c, e). The microstructures were acquired from the planes of 

rolling direction and transverse direction. The rolled alloys were filled with deformation 

twins instead of the homogenized equiaxed structures. The twinning fractions of AZ61-

Pb alloys were counted and calculated by the systematic manual point count method, and 

the result is listed in Table 19. The twinning fraction of the AZ61-0.5Pb alloy is about 

24.8%, and the percentage reaches approximately 31.7% with the additions of 2 wt.% Pb. 

With the increasing content of Pb alloying element added into AZ61 alloy, the higher 

volume fraction of the twins exists in the sample.  

 

The X-Ray diffraction patterns of the rolled AZ61-Pb alloys in Figure 85 suggest that 

there is only a single phase of α-Mg phase present in the alloys. The rolling process did 

not stimulate the precipitation process of intermetallic phases even with Pb addition.  

 

(a) (b) 
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Figure 84 Optical microstructures of 400ºC rolled and annealed alloys: (a, b) AZ61, (c, 

d) AZ61-0.5Pb, (e, f) AZ61-2Pb.  

 

Table 19 Fraction of twins (%) in Pb added AZ61 alloys after rolling deformation.  

Process AZ61 AZ61-0.5Pb AZ61-2Pb 

Rolled to 80% 18.4 ± 1.9 24.8 ± 3.1 31.7 ± 2.5 

 

 

(a) (b) 

(c) 

(f) (c) 

(d) 
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Figure 85 X-ray diffraction patterns of 400ºC rolled AZ61, AZ61-0.5Pb and AZ61-2Pb 

alloys with a reduction rate of 80%.  

7.3.3 Microstructures of annealed alloys 

Table 20 Average grain sizes of annealed AZ61-Pb alloys.  

Annealed alloys Average grain sizes 

AZ61 64 ± 4 μm 

AZ61-0.5Pb 61 ± 5 μm 

AZ61-2Pb 71 ± 7 μm 

 

After the rolling deformation, the alloys experienced the annealing treatment at 350ºC 

for 20 mins in a salt bath. The optical microstructures of the annealed alloys are presented 

in Figure 84(b, d, f). The deformed microstructures of rolled state alloys were replaced 

with the equiaxed fully recrystallized grains after the isothermal annealing process. The 

average grain sizes were calculated by the lineal intercept method, and the grain sizes are 

listed in Table 20. The average grain size of the annealed AZ61-0.5Pb alloy is refined to 

about 61 μm, while that of AZ61 is 64 μm. However, with a further increasing amount of 

Pb addition in AZ61 alloy, the average grain size is coarsened to approximately 71 μm of 

AZ61-2Pb alloy. The XRD result in Figure 86 indicates that only α-Mg phase exists in 
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the annealed Pb added AZ61 alloys.  

 
Figure 86 X-ray diffraction patterns of annealed AZ61, AZ61-0.5Pb and AZ61-2Pb alloys 

with a reduction rate of 80%.  

7.3.4 Mechanical properties of rolled and annealed alloys 

(1) Wear resistance property 

 

  

Figure 87 Wear tracks of 400ºC rolled and annealed alloys under the loading of 1 N for 

10 mins: (a) rolled AZ61-2Pb, (b) annealed AZ61-2Pb.  

 

745 ± 4 μm 650 ± 5 μm 

(a) (b) 
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Figure 87 shows the wear tracks of rolled and annealed AZ61-2Pb alloy. The width of 

the tracks has been increased slightly from 625 μm to 650 μm of rolled state and from 

717 μm to 745 μm of annealed state with 2 wt.% Pb additions to AZ61, respectively. 

Calculation of wear volume loss (V) was made according to Eq. 3 and the result is 

presented in Figure 88. With 2 wt.% Pb additions, the wear volume loss the 400ºC rolled 

state of AZ61 alloy has increased from 68 × 106 μm3 to 77 × 106 μm3. The wear volume 

loss of the annealed state with Pb addition has increased from 103 × 106 μm3 to 115 × 

106 μm3.  

 

Figure 88 Wear volume loss of rolled and annealed AZ61 and AZ61-2Pb alloys.  

(2) Hardness test 

Figure 89 presents the changes in the Vickers hardness with the Pb alloying addition in 

AZ61 alloys of rolled and annealed states. With 2 wt.% Pb additions, the hardness of both 

rolled state and annealed state is generally increased slightly than those of AZ61 alloy. 

The increase of HV with Pb addition ascribes to the solid solution strengthening. After 

the annealing process, the hardness of the alloys is decreased than that of the rolled state. 

The isothermal annealing treatment provided enough energy for the deformed alloys to 

recover and recrystallize, making the residual stress released. Therefore, the hardness of 
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the alloys of annealed state is lowered.  

 

Figure 89 Vickers hardness as a function of Pb content of rolled and annealed AZ61 

alloys.  

(3) Tensile properties  

 

Table 21 Tensile properties of 400ºC rolled AZ61-Pb alloy tested along the rolling 

direction at room temperature.  

Composition Process 0.2% YS (MPa) UTS (MPa) Ef (%) 

AZ61 Rolled 195.1 ± 23.4 312.1 ± 29.3 5.9 ± 2.1 

 Annealed 135.1 ± 13.1 316.31 ± 9.2 17.3 ± 1.7 

AZ61-0.5Pb Rolled 195.0 ± 22.3 315.3 ± 2.6 9.6 ± 0.1 

 Annealed 124.7 ± 5.4 322.9 ± 3.9 16.8 ± 0.7 

AZ61-2Pb Rolled 208.3 ± 12.2 322.4 ± 6.8 7.0 ± 2.0 

 Annealed 140.7 ± 4.7 328.9 ± 1.9 15.7 ± 1.3 

 

Although the tensile properties of rolled and annealed AZ61 alloys have been mentioned 

in the previous chapter, here we include the tensile properties of AZ61 for the purpose of 



 139 

comparison with Pb added ones. The tensile properties of the rolled and annealed AZ61-

Pb alloys are summarized in Table 21. The yield strength and UTS of the rolled AZ61-

Pb alloys increased significantly than those of the as-cast state. By adding a certain 

amount of Pb, the tensile properties of rolled state are enhanced in both the strength and 

ductility compared to rolled AZ61 alloy. With the annealing treatment performed, the 

yield strength decreases while the UTS increased slightly.  

 

The yield strength of rolled AZ61-0.5Pb alloy remains close to the that of the AZ61 alloy, 

while the yield strength improved to 208.3 MPa with 2 wt.% Pb additions, which is about 

69% higher than that of as-cast state AZ61-2Pb alloy. The UTS of the AZ61-Pb alloys 

increases gradually with the increasing amount of Pb additions. The elongation is 

enhanced from 5.9% to 9.6% with 0.5 wt.% Pb added to AZ61 alloy. However, The 

ductility is getting worse with more Pb alloying addition, though the ductility is still 

higher than AZ61 alloy.  

 

The improvement of the yield strength and UTS may ascribe to the solid solution 

strengthening effect by Pb element and the work-hardening effect obtained from the 

rolling deformation process. The introduce of Pb atoms to the Mg crystal lattice generated 

the stress field around the Pb atoms due to the difference of diameters between Pb and 

Mg. The stress fields act as an obstacle to the motion of dislocations. Furthermore, the 

rolling deformation conducted on the cold roller did not allow the complete occurrence 

of dynamic recovery and recrystallization. The accumulated dislocations remained in the 

rolled samples, which results in the improvement of strength and the decrease of ductility 

in comparison to those of the as-cast state.  

 

With the annealing treatment performed after the rolling deformation, the yield strength 

of the AZ61-Pb alloy decreased compared to the rolled alloys. The yield strength of the 

annealed AZ61 and AZ61-2Pb has dropped to roughly 135.1 MPa and 140.7 MPa, 

respectively. The reduction of the yield strength is ascribed to the release of the residual 

stress from the static recovery and recrystallization during the isothermal annealing 

process. The UTS of the annealed alloys was slightly higher than the rolled state, for 

instance, the UTS of the annealed AZ61-2Pb was increased to approximately 328.9 MPa. 

This is probably due to the refined grain size of the newly grew recrystallized grains after 
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the annealing treatment. The elongation of the Pb added AZ61 alloys were increased with 

the relaxation of the residual stress from the deformation. However, the Pb addition 

decreases the elongation of the annealed state of AZ61 alloy.  

(4) Fracture analysis 

 

  

  

Figure 90 Optical micrographs showing the vertical sections of rolled and annealed state 

fractured tensile samples: (a, b) AZ61-0.5Pb; (c, d) AZ61-2Pb.  

As discussed in Chapter 5, the Pb addition does not change the transgranular fracture 

mode of as-cast state AZ61 alloys. The microstructures of the vertical sections of the 

fractured AZ61-Pb alloys of rolled and annealed states are displayed in Figure 90. Both 

the rolled AZ61-0.5Pb alloy and AZ61-2Pb alloy showed the feature of transgranular 

mode, as cracks propagated inside the grains (indicated by arrows in Figure 90(a) and 

(c)). The annealed Pb added AZ61 alloys also revealed the cracks propagated in the grains 

rather than along the grain boundaries (see Figure 90(b) and (d)). Therefore, the 

transgranular fracture mode is dominated in the Pb added rolled and annealed AZ61 

alloys. The addition of Pb did not alter the fracture mode in the AZ61 alloy.  

(a) 

(c) 

Crack 

Crack 

(b) 

(d) 

Grain 
boundaries 

Grain 
boundaries 
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7.3.5 Comparative analysis of the effects of Sn and Pb additions on the rolled 

and annealed AZ61 Mg alloy 

Comparisons can be obtained regarding the studies of Sn and Pb effects on the 

microstructures and mechanical properties of rolled and annealed AZ61 Mg alloys in 

Chapter 6 and this chapter. Along with the effects of Sn and Pb on the as-cast state AZ61 

examined in Chapter 4 and Chapter 5, Table 22 systematically summarizes the effects of 

Sn and Pb on the microstructures and mechanical properties of as-cast, rolled and 

annealed AZ61 Mg alloys.  

 

The effects of Sn/Pb on microstructures of rolled and annealed AZ61 alloys are examined, 

including phase characterization, average grain sizes and morphology. The most 

significant feature in Sn containing alloys is the precipitation of fine Mg2Sn phase during 

the rolling deformation. With the presence of precipitates, the average grain size has been 

reduced. Since the fine and dispersively distributed particles hindered the grain growth 

in the static recrystallization process during the annealing treatment. Meanwhile, Sn 

stimulated the twinning in rolling process. However, the Pb addition did not motivate any 

precipitations in AZ61 alloy during the plastic deformation. Only Mg phase existed in 

the rolled and annealed state AZ61-Pb alloys. Though, the fraction of twins was increased 

by Pb element.  

 

The mechanical properties of the rolled and annealed state AZ61 alloys were influenced 

by the alloying additions significantly, especially with Sn addition. The wear resistance 

and hardness of AZ61 were improved by adding Sn alloying element. This is mainly due 

to the presence of Mg2Sn precipitates in the rolled and annealed AZ61-Sn alloys. The 

hardness of Mg2Sn is high, and the particles are finely dispersed after rolling process. 

Owing to the existence of Mg2Sn precipitates and refined grains, the yield strength of the 

Sn added AZ61 alloys has increased to a large extent. Similar to the yield strength, the 

UTS of rolled and annealed state AZ61-Sn alloys both showed an increasing trend with 

Sn addition. The strength of the annealed state was decreased overall in comparison to 

that of the rolled state, since the residual stress was released after the annealing treatment. 

With the introducing of Sn alloying element to AZ61, the elongation of the rolled and 

annealed alloys was sacrificed while the strength was increased. The fracture mode 

remained the same of transgranular fracture.  
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The addition of Pb can increase the hardness of the rolled and annealed AZ61 alloys 

while decreases the wear resistance properties. The yield strength and the UTS of both 

the rolled state and the annealed state AZ61-Pb alloys were generally increased with Pb 

alloying addition. The enhancement is ascribed to the solid solution strengthening 

brought by Pb. The ductility of the rolled AZ61 alloy was improved with the addition of 

Pb. However, the elongation of the annealed state alloys was decreased by Pb element. 

The fracture mode in Pb containing AZ61 alloys remained the same as AZ61 alloy.  
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Table 22 Effects of Sn and Pb on microstructures and mechanical properties of as-cast, rolled and annealed AZ61 Mg alloys.  

 
Sn addition Pb addition 

As-cast Rolled Annealed As-cast Rolled Annealed 

 M
icrostructures 

Phase 

α-Mg 

Mg17Al12 

Mg2Sn 

α-Mg 

Mg2Sn  

α-Mg 

Mg2Sn  

α-Mg 

Mg17Al12 α-Mg phase α-Mg phase 

Morphology 

Mg2Sn phase 

tends to coexist 

with Mg17Al12 

and impurities 

with the 

increasing 

addition of Sn 

Increasing amount 

of twins filled 

within the grains 

with precipitation 

of Mg2Sn fine 

particles 

Equiaxed fully 

recrystallized fine 

grains with 

Mg2Sn 

precipitates 

dispersed in the 

matrix 

Intermetallic 

compounds tend 

to locate along 

the grain 

boundaries with 

the increasing 

addition of Pb 

Increasing amount 

of twins filled 

within the grains 

Equiaxed fully 

recrystallized 

grains 

Average grain 

sizes 
- - 

Refined 

significantly 
- - 

Refined by 0.5 

wt.% Pb, 

coarsened by 2 

wt.% Pb 

Twinning fraction - Increased - - Increased  - 
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Sn addition Pb addition 

As-cast Rolled Annealed As-cast Rolled Annealed 

 M
echanical properties 

Wear resistance Improved due to the presence of hard Mg2Sn particles 

Improved 

slightly due to 

the solid solution 

Decreased slightly 

Hardness 
Enhanced gradually due to the Mg2Sn hard particles and 

solid solution strengthening 

Enhanced 

gradually due to 

the solid solution 

strengthening 

Enhanced slightly Enhanced slightly 

Tensile properties 

 

YS 

Increased 

gradually 

owing to the 

Mg2Sn 

particles 

Increased 

significantly due 

to the strain 

strengthening and 

precipitation 

strengthening of 

Mg2Sn  

Sn addition 

increased the YS 

due to the grain 

refinement 

strengthening and 

precipitation 

strengthening  

Increased 

gradually owing 

to the solid 

solution 

strengthening 

Increased 

gradually owing 

to the strain 

strengthening and 

solid solution 

strengthening 

Generally 

increased owing 

to the solid 

solution 

strengthening, 

though there was a 

decline with 0.5 

wt.% Pb 

UTS 
Generally 

weakened due 
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to early 
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7.4 Summary  

In this chapter, the effect of Pb addition on microstructures and mechanical properties of 

rolled and annealed AZ61 alloys were studied. The conclusions can be drawn as below:  

 

1) The microstructures of 400ºC rolled AZ61-Pb alloys show a large amount of 

deformation twinnings. The volume fraction of twins increases with the increasing 

content of Pb additions to AZ61 alloy.  

 

2) With the performance of the isothermal annealing treatment after rolling deformation, 

the microstructures of the AZ61-Pb alloys were changed into fully recrystallized 

equiaxed grains due to the static recovery and static recrystallization. The average grain 

size of the annealed alloys decreases with a small amount of Pb addition. However, 

excessive addition of Pb to 2 wt.% leads to the coarsening of grain size. Pb addition in 

AZ61 alloy did not promote the precipitation of intermetallic phases either in the rolled 

state or the annealed state.  

 

3) With the addition of Pb element, the wear resistance property decreases in both the 

rolled state and the annealed state of AZ61 Mg alloy. However, the hardness of the rolled 

state and annealed state is increased by Pb addition. The yield strength and the UTS of 

the rolled AZ61 alloys generally increase with the increasing additions of Pb alloying 

element. The elongation is improved with 0.5 wt.% Pb addition. However, excessive Pb 

content does not further benefit the ductility anymore. After the annealing treatment, the 

yield strength of the alloys is decreased, and the UTS increased slightly compared to that 

of the rolled state. The Pb addition leads to the increase of the strength, but reduction in 

the ductility of the annealed AZ61 alloy.  
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Chapter 8 Conclusions and future work 

This chapter summarizes the main findings of this thesis study and recommendations for 

the future work.  

8.1 Conclusions 

This thesis investigated the effects of Sn and Pb alloying elements on microstructures 

and mechanical properties of the as-cast state, rolled state and annealed state of AZ61 

Mg alloys. Different amounts of Sn/Pb additions were added into AZ61 alloys 

individually and respectively. The Sn addition increases the yield strength of as-cast 

AZ61 alloy, while certain content Pb addition benefits the ductility and the strength. With 

the performance of the rolling deformation, the mechanical properties of Sn or Pb 

modified AZ61 alloys were improved significantly.  

 

(1) As-cast AZ61 alloys with different amount of Sn alloying additions were prepared 

using the high vacuum furnace. Primary α-Mg phase, eutectic α-Mg phase, divorced 

eutectic β-Mg17Al12 phase, and lamellar β-Mg17Al12 particles were found in the AZ61-Sn 

alloys. Besides, hard Mg2Sn phase often coexisted with the Mg17Al12 particles was 

formed in AZ61-3Sn and AZ61-5Sn alloys. Sn addition increased the segregation and 

refined the dendrites and the average grain size. Consequently, the wear resistance and 

the Vickers hardness were enhanced with the Sn additions. The yield strength of the AZ61 

alloy increased with the increasing content of Sn due to the precipitates of the Mg2Sn 

particles and the grain refinement. However, the continuous structure of the intermetallic 

compounds was responsible for the decrease of the UTS and the elongation. Also, the 

increasing content of Sn addition changed the fracture mode from transgranular fracture 

to both transgranular and intergranular fracture, and finally to an intergranular feature.  

 

(2) Various amounts of Pb alloying additions were added into the as-cast AZ61 Mg alloys. 

The AZ61-Pb alloys were just consisted of α-Mg phase and β-Mg17Al12 phase, owing to 

the large solubility of Pb in Mg. The Pb element distribution in the AZ61 alloys was 

studied. Pb tended to segregate in the interdendrites and inclined to exist in the α-Mg 

phase rather than eutectic β-Mg17Al12 phase. During the formation of the divorced 

eutectic Mg17Al12, Pb atoms were expelled into the residual liquid. The wear resistance 
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and the hardness were slightly increased due to the solid solution strengthening effect. 

The yield strength was gradually improved with the increasing content of Pb additions. 

The UTS and ductility increased with 0.5 wt.% Pb additions in AZ61 alloy, however, 

more Pb caused the decrease of the properties due to the morphology variation. The 

fracture mode of AZ61 alloy remained transgranular fracture with the Pb additions.  

 

(3) Rolling deformation was conducted on the homogenized Sn modified AZ61 alloys 

with the inter-pass annealing temperature of 340ºC and 400ºC. The microstructures of 

the rolled alloys were filled with the deformation twins. With the increasing content of 

Sn additions, the fraction of twins tended to increase. The dispersively distributed Mg2Sn 

precipitate exists in the Sn-containing alloysdue to the drop of temperature of the sheet 

during rolling and the stress-induced precipitates. With the subsequent isothermal 

annealing treatment, the microstructures were changed to the equiaxed grains due to the 

static recovery and recrystallization. Since the Mg2Sn precipitates suppressed the grain 

growth, the average grain sizes of the annealed alloys were refined by the Sn element. 

Due to the above-mentioned features of microstructures, the wear resistance property and 

the hardness were improved with Sn addition. The fracture mode of the rolled and 

annealed alloys was dominated by the transgranular fracture. The improvement of the 

yield strength and the UTS could ascribe to the solute solution strengthening, the grain 

refining effect, the precipitation strengthening and the work-hardening effect. The 

elongation decreased with the increasing addition of Sn, though the ductility of the 

annealed alloys increased significantly in comparison to that of the rolled ones.  

 

(4) AZ61 alloys with certain content of Pb additions were homogenized and rolled to a 

reduction of 80%. The microstructures showed a large amount of deformation twins and 

the Pb alloying element tended to increase the fraction of twins. With the conduction of 

the subsequent isothermal annealing treatment, the microstructures of the AZ61-Pb alloys 

were replaced with the fully recrystallized equiaxed grains because of the occurrence of 

the static recovery and static recrystallization. A small amount of Pb addition refined the 

average grain size of the annealed AZ61 alloy, while excessive additions of 2 wt.% Pb 

resulted in the coarsening of the average grain size. The wear resistance properties of 

AZ61 alloy decreased with the introduction of Pb. However, the yield strength and the 

UTS of the rolled and annealed state were generally improved by the Pb addition. The 

Pb alloying improved the ductility of the rolled AZ61 alloys yet decreased the ductility 
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of the annealed ones.  

 

To sum up, the addition of Sn alloying element increased the strength of as-cast state due 

to the formation of Mg2Sn particles. However, an excessive amount of Sn additions will 

cause the coexistence of Mg2Sn and Mg17Al12 particles, and lead to an early fracture 

during the tensile test. After the rolling deformation, the precipitation of fine Mg2Sn 

particles exist in Sn-containing AZ61 alloys with reduced average grain sizes. Therefore, 

the strength of the rolled and annealed state AZ61 alloys was enhanced considerably. By 

adding Pb into the as-cast AZ61 alloy system, the yield strength and UTS were increased 

gradually due to the solid solution strengthening. However, excessive addition of Pb 

caused the intermetallic compound Mg17Al12 distributed along the grain boundaries, 

which leads to the reduction of the UTS and elongation. With the conduction of rolling 

and annealing, the strength was generally improved with Pb alloying. In addition, Pb 

addition can increase the ductility of the rolled state AZ61 alloys. However, the 

elongation of the annealed state AZ61 alloys was decreased with the addition of Pb.  

8.2 Future work 

For the purpose of further improvement of mechanical properties and a better 

understanding of the effects of Sn and Pb alloying additions on Mg alloys, the 

recommendations for the future work are summarized as follows.  

 

(1) The effects of Sn and Pb elements on the uniaxial compression and tension of AZ61 

alloy will be studied. Uniaxial compression and tension are two simple models of the Mg 

alloy components being used in the practical applications. Understanding how the Sn and 

Pb additions affect the compression and tension deformation in Mg alloys could favour 

the study of the improvement of the mechanical properties. In order to understand the 

effects of Sn and Pb on the uniaxial compression and tension, the twinning, texture will 

be examined and analysed by EBSD, TEM and XRD techniques.  

 

(2) The deformation of extrusion and forging on the Sn and Pb modified AZ61 alloys will 

be performed in order to further improve the mechanical properties of the alloy. Severe 

plastic deformation, such as the multi-pass equal channel angular extrusion and large 

deformation amount of forging, will introduce promising work-hardening effect. During 

the thermal mechanical processing, the possibility of introducing fine precipitates with 
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Sn addition is another chance to further increase the mechanical properties of Sn 

modified AZ61 alloys.  

 

(3) Artificial ageing will be conducted on the Sn and Pb added AZ61 alloys. The strength 

and hardness will normally be enhanced by process of artificial ageing. First, the phase 

transition peak will be examined and found by DSC (differential scanning calorimetry). 

Then, the certain ageing process will be performed and the mechanical properties will be 

tested on the aged alloys. Finally, the microstructures of the aged samples (probably with 

fine precipitates) will be examined and analysed by the TEM.  

  



 151 

References 

1. Kainer, K.U. and F. Kaiser, Magnesium alloys and technology 2003, Weinheim; 

Cambridge: Wiley-VCH  

2. Akyuz, B., Influence of Al content on machinability of AZ series Mg alloys. 

Transactions of Nonferrous Metals Society of China (English Edition), 2013. 

23(8): p. 2243-2249. 

3. Kang, D.H., et al., Effect of nano-particles on the creep resistance of Mg-Sn based 

alloys. Materials Science and Engineering A, 2007. 448-451: p. 318-321. 

4. Dai, J., et al., Effects of Cooling Rate and Solute Content on the Grain Refinement 

of Mg-Gd-Y Alloys by Aluminum. Metallurgical and Materials Transactions A, 

2014. 

5. Sasaki, T.T., et al. Significant precipitation strengthening in extruded Mg-Sn-Zn 

alloys. in Magnesium Technology 2014 - TMS 2014 143rd Annual Meeting and 

Exhibition. 2014. San Diego, CA: Minerals, Metals and Materials Society. 

6. Zhang, W., et al., Calculation of valence electron structures and analysis on 

strengthening mechanism of the second phase in Mg-Al-Ca alloy. Xiyou Jinshu 

Cailiao Yu Gongcheng/Rare Metal Materials and Engineering, 2009. 38(1): p. 

120-125. 

7. Luo, D., et al., Strong strain hardening ability in an as-cast Mg-3Sn-1Zn alloy. 

Materials Letters, 2013. 94: p. 51-54. 

8. Dobatkin, S.V., et al., Research of magnesium alloys of the Mg-Sm-Y system 

subjected to severe plastic deformation and subsequent heat treatment. Russian 

Metallurgy (Metally), 2011. 2011(7): p. 629-633. 

9. Fatemi-Varzaneh, S.M., et al., The origin of microstructure inhomogeneity in Mg-

3Al-1Zn processed by severe plastic deformation. Materials Science and 

Engineering A, 2012. 551: p. 128-132. 

10. Lin, K., et al., Microstructure and mechanical properties of Mg-Li alloy 

processed by severe plastic deformation and annealing. Zhongguo Youse Jinshu 

Xuebao/Chinese Journal of Nonferrous Metals, 2013. 23(12): p. 3267-3274. 

11. Kim, H.K. and W.J. Kim, Microstructural instability and strength of an AZ31 Mg 

alloy after severe plastic deformation. Materials Science and Engineering A, 2004. 

385(1-2): p. 300-308. 

12. Rokhlin, L.L., et al., Effect of severe plastic deformation on the structure and 



 152 

properties of the age-hardenable Mg-Sm alloys, in 3rd International Conference 

on Nanomaterials by Severe Plastics Deformation, NanoSPD3. 2006: Fukuoka. 

p. 961-966. 

13. Callister, W.D., Fundamentals of materials science and engineering : an 

integrated approach / William D. Callister, Jr., David G. Rethwisch. 4th ed. ed, 

ed. D.G. Rethwisch. 2012, Hoboken, NJ: Hoboken, NJ : Wiley c2012. 

14. Liu, H., et al., The microstructure, tensile properties, and creep behavior of as-

cast Mg-(1-10)%Sn alloys. Journal of Alloys and Compounds, 2007. 440(1-2): p. 

122-126. 

15. Liu, H., et al., Tensile and indentation creep behavior of Mg-5% Sn and Mg-5% 

Sn-2% Di alloys. Materials Science and Engineering A, 2007. 464(1-2): p. 124-

128. 

16. Liu, H. and W. Gao. The influence of Sn and Pb additions on the tensile properties 

of Mg alloys. in Magnesium Technology 2010 - TMS 2010 Annual Meeting and 

Exhibition. 2010. Seattle, WA. 

17. Liu, H., et al., Effects of strontium on microstructure and mechanical properties 

of as-cast Mg-5 wt.%Sn alloy. Journal of Alloys and Compounds, 2010. 504(2): 

p. 345-350. 

18. Yang, Z., et al., Review on Research and Development of Magnesium Alloys. Acta 

Metallurgica Sinica (English Letters), 2008. 21(5): p. 313-328. 

19. Amandeep Singh, W., A textbook of engineering material and metallurgy / 

Amandeep Singh Wadhwa, Harvinder Singh Dhaliwal. Engineering material and 

metallurgy, ed. H.S. Dhaliwal. 2008, New Delhi: New Delhi : University Science 

Press 2008. 

20. Avedesian, M.M. and H. Baker, Magnesium and magnesium alloys. 1999: ASM 

international. 

21. Cornelius Sheldon, R., Magnesium and its alloys. 1960, New York: New York : 

Wiley 1960. 

22. Aghion, E. and B. Bronfin. Magnesium alloys development towards the 21st 

century. in Materials Science Forum. 2000. Trans Tech Publ. 

23. Cantor, B., P. Grant, and C. Johnston, Automotive engineering: lightweight, 

functional, and novel materials. 2008: CRC Press. 

24. Chung, C.W., Microstructure and mechanical properties of ECAP processed 

AZ91 and AZ80 magnesium alloys, in Univeristy of Auckland. 2010, University 



 153 

of Auckland: Auckland. 

25. Mahmudi, R. and S. Moeendarbari, Effects of Sn additions on the microstructure 

and impression creep behavior of AZ91 magnesium alloy. Materials Science and 

Engineering A, 2013. 566: p. 30-39. 

26. Chang, L., Texture evolution and mechanical properties of wrought magnesium 

alloy AZ31. 2009, Dalian University of Technology: Dalian. 

27. Wei, Z., Research Status and Prospect of Alloying Element in Magnesium Alloys. 

Foundry Technology, 2009. 9: p. 022. 

28. Wang, Q.-l., et al., Application of Yttrium Alloying in Magnesium Alloy. Foundry, 

2008. 9: p. 003. 

29. Mahmudi, R. and S. Moeendarbari, Effects of Sn additions on the microstructure 

and impression creep behavior of AZ91 magnesium alloy. Materials Science and 

Engineering: A, 2013. 566: p. 30-39. 

30. Li, C., et al., Effect of Al content addition on microstructure of Mg-9Zn-xAl alloy, 

in 3rd International Conference on Chemical Engineering and Advanced 

Materials, CEAM 2013. 2013: Guangzhou. p. 1013-1017. 

31. Binary Phase Diagrams, Alloy Phase Diagrams,  ASM Handbook. 1992, ASM 

International. 

32. Han, Z.Y., C.X. Xu, and W.L. Cheng, Effect of Al, Zn content on the 

microstructure and mechanical properties of Mg-5Sn based alloy. 

Zhuzao/Foundry, 2013. 62(5): p. 430-435. 

33. Lim, H.K., et al., Effects of alloying elements on microstructures and mechanical 

properties of wrought Mg-MM-Sn alloy. Journal of Alloys and Compounds, 2009. 

468(1-2): p. 308-314. 

34. Cheng, W.L., et al., Influence of alloying elements on microstructure and 

microhardness of Mg-Sn-Zn-based alloys. Transactions of Nonferrous Metals 

Society of China (English Edition), 2010. 20(12): p. 2246-2252. 

35. Sasaki, T.T., et al., A high-strength Mg-Sn-Zn-Al alloy extruded at low 

temperature. Scripta Materialia, 2008. 59(10): p. 1111-1114. 

36. Kita, H., M. Kimoto, and T. Kudo, Influence of Al content on corrosion resistance 

of Mg-Al-Zn alloys in chloride environments. Nippon Kinzoku Gakkaishi/Journal 

of the Japan Institute of Metals, 2005. 69(9): p. 805-809. 

37. Abady, G.M., et al., Effect of Al content on the corrosion behavior of Mg-Al alloys 

in aqueous solutions of different pH. Electrochimica Acta, 2010. 55(22): p. 6651-



 154 

6658. 

38. Kawamura, T., et al., Influence of Al content on corrosion characteristics of AZ 

series Mg alloys. Nippon Kinzoku Gakkaishi/Journal of the Japan Institute of 

Metals, 2008. 72(3): p. 216-223. 

39. Cai, S., et al., Effects of Zn on microstructure, mechanical properties and 

corrosion behavior of Mg-Zn alloys. Materials Science and Engineering C, 2012. 

32(8): p. 2570-2577. 

40. Chen, Y., et al., Effect of Zn on microstructure and mechanical property of Mg-

3Sn-1Al alloys. Materials Science and Engineering A, 2014. 612: p. 96-101. 

41. Yim, C.D., et al. Corrosion behavior of magnesium alloys containing Sn and Zn. 

in Magnesium Technology 2014 - TMS 2014 143rd Annual Meeting and 

Exhibition. 2014. San Diego, CA: Minerals, Metals and Materials Society. 

42. Chen, T.J., et al., Effects of Zn content on microstructures and mechanical 

properties of Mg-Zn-RE-Sn-Zr-Ca alloys. Materials Science and Engineering A, 

2014. 607: p. 17-27. 

43. Song, Y., et al., The role of second phases in the corrosion behavior of Mg-5Zn 

alloy. Corrosion Science, 2012. 60: p. 238-245. 

44. Ha, H.Y., et al., Limitations in the use of the potentiodynamic polarisation curves 

to investigate the effect of Zn on the corrosion behaviour of as-extruded Mg-Zn 

binary alloy. Corrosion Science, 2013. 75: p. 426-433. 

45. Elsayed, F.R., et al., Compositional optimization of Mg-Sn-Al alloys for higher 

age hardening response. Materials Science and Engineering A, 2013. 566: p. 22-

29. 

46. Massalski, T.B. and H. Okamoto, Binary alloy phase diagrams 2nd ed. ed, ed. 

T.B. Massalski, H. Okamoto, and A.S.M. International. 1990, Materials Park, 

Ohio: Materials Park, Ohio : ASM International c1990. 

47. Liu, H., Solid-solution Aging and Electronic Structure of Mg-5%Sn Alloy. 2007, 

Sichuan University. 

48. Wang, Y.-g., et al., Application of Sn in heat resistant magnesium alloy. Light 

Metals, 2011. 12: p. 014. 

49. Turen, Y., Effect of Sn addition on microstructure, mechanical and casting 

properties of AZ91 alloy. Materials and Design, 2013. 49: p. 1009-1015. 

50. Dong, X., et al., Microstructure and tensile properties of as-cast and as-aged Mg-

6Al-4Zn alloys with Sn addition. Materials and Design, 2013. 51: p. 567-574. 



 155 

51. Chen, J., et al., Effects of Sn addition on microstructure and mechanical 

properties of Mg-Zn-Al alloys. Journal of Alloys and Compounds, 2008. 461(1-

2): p. 209-215. 

52. Jin, C., et al., The effect of Sn on microstructure and mechanical properties of 

Mg-Li-Zn-Sn alloys, in 2012 International Conference on Advances in Materials 

Science and Engineering, AMSE 2012. 2013: Seoul. p. 185-189. 

53. Bakke, P. and H. Westengen, Die casting fo high performance-focus on alloy 

development. Advanced Engineering Materials, 2003. 5(12): p. 879-885. 

54. Xiao, W., et al., Effects of Sn content on the microstructure and mechanical 

properties of Mg-7Zn-5Al based alloys. Materials Science and Engineering A, 

2010. 527(26): p. 7002-7007. 

55. Bowles, A.L., et al., Investigations in the magnesium-tin system, in International 

Conference on Magnesium - Science, Technology and Applications. 2005: Beijing. 

p. 135-138. 

56. Azizi, O., et al., The investigation of the kinetics and mechanism of hydrogen 

evolution reaction on tin. International Journal of Hydrogen Energy, 2007. 32(12): 

p. 1755-1761. 

57. Park, K.C., et al., The influence of sn addition on the corrosion behavior of Mg-

5AI-1Zn alloy, in 10th International Symposium on Eco-Materials Processing 

and Design, ISEPD 2009. 2009: Xian. p. 153-156. 

58. Jihua, C., et al., Effects of Sn and Ca additions on microstructure, mechanical 

properties, and corrosion resistance of the as-cast Mg-Zn-Al-based alloy. 

Materials and Corrosion, 2008. 59(12): p. 934-941. 

59. Kim, J.M., J.S. Park, and K.T. Kim, Influence of Sn content on the mechanical 

and corrosion behavior of AM60 base alloys, in 2012 International Conference 

on Applied Materials and Electronics Engineering, AMEE 2012. 2012: 

HongKong. p. 697-700. 

60. Song, G.L., Effect of tin modification on corrosion of AM70 magnesium alloy. 

Corrosion Science, 2009. 51(9): p. 2063-2070. 

61. Candan, S., et al., Improvement of mechanical and corrosion properties of 

magnesium alloy by lead addition. Materials Science and Engineering A, 2009. 

501(1-2): p. 115-118. 

62. Çiçek, B. and Y. Sun, A study on the mechanical and corrosion properties of lead 

added magnesium alloys. Materials and Design, 2012. 37: p. 369-372. 



 156 

63. Srinivasan, A., U.T.S. Pillai, and B.C. Pai, Effect of Pb addition on ageing 

behavior of AZ91 magnesium alloy. Materials Science and Engineering A, 2007. 

452-453: p. 87-92. 

64. Wang, Q., et al., Microstructures, mechanical properties and compressive creep 

behaviors of as-cast Mg-5% Sn-(0–1.0)% Pb alloys. Journal of Central South 

University of Technology, 2011. 18: p. 290-295. 

65. Kashyap, K.T., et al., Role of diffusional coherency strain theory in the 

discontinuous precipitation in Mg-Al alloy. Bulletin of Materials Science, 2000. 

23(1): p. 39-45. 

66. Wei, S., et al., Effects of lead addition on the microstructure and mechanical 

properties of as-cast Mg-4Zn alloys. Materials Science and Engineering A, 2012. 

550: p. 199-205. 

67. Song, G., Investigation on corrosion of magnesium and its alloys. Journal of 

Corrosion Science and Engineering, 2003. 6. 

68. Agnew, S.R., 2 - Deformation mechanisms of magnesium alloys, in Advances in 

Wrought Magnesium Alloys. 2012, Woodhead Publishing. p. 63-104. 

69. Doege, E., K. Dröder, and S. Janssen, Deformation of Magnesium, in Magnesium 

– Alloys and Technology. 2004, Wiley-VCH Verlag GmbH & Co. KGaA. p. 72-

89. 

70. Kainer, K.U., Magnesium alloys and technology / edited by K.U. Kainer, ed. K.U. 

Kainer. 2003, Weinheim, Cambridge: Weinheim, Cambridge : Wiley-VCH 2003. 

71. Keshavarz, Z. and M.R. Barnett, EBSD analysis of deformation modes in Mg–

3Al–1Zn. Scripta Materialia, 2006. 55(10): p. 915-918. 

72. Akhtar, A. and E. Teghtsoonian, Solid solution strengthening of magnesium single 

crystals-I alloying behaviour in basal slip. Acta Metallurgica, 1969. 17(11): p. 

1339-1349. 

73. Jiang, L., Effect of twinning on texture and strain hardening in magnesium alloys 

subjected to different strain paths. 2008, McGill University (Canada): Ann Arbor. 

p. 188. 

74. Kainer, K.U. and F. von Buch, Moderne Entwicklungen von Legierungen für den 

Leichtbau. Materialwissenschaft und Werkstofftechnik, 1999. 30(3): p. 159-167. 

75. Barnett, M.R., 3 - Twinning and its role in wrought magnesium alloys, in 

Advances in Wrought Magnesium Alloys. 2012, Woodhead Publishing. p. 105-

143. 



 157 

76. Reed-Hill, R.E. and W.D. Robertson, Additional modes of deformation twinning 

in magnesium. Acta Metallurgica, 1957. 5(12): p. 717-727. 

77. Couling, S.L. and C.S. Roberts, New twinning systems in magnesium. Acta 

Crystallographica, 1956. 9(11): p. 972-973. 

78. Koike, J., Enhanced deformation mechanisms by anisotropic plasticity in 

polycrystalline Mg alloys at room temperature. Metallurgical and Materials 

Transactions A. 36(7): p. 1689-1696. 

79. Meyers, M.A., O. Vöhringer, and V.A. Lubarda, The onset of twinning in metals: 

a constitutive description. Acta Materialia, 2001. 49(19): p. 4025-4039. 

80. Barnett, M.R., et al., Influence of grain size on the compressive deformation of 

wrought Mg–3Al–1Zn. Acta Materialia, 2004. 52(17): p. 5093-5103. 

81. Wang, J., I.J. Beyerlein, and C.N. Tomé, An atomic and probabilistic perspective 

on twin nucleation in Mg. Scripta Materialia, 2010. 63(7): p. 741-746. 

82. Ghaderi, A. and M.R. Barnett, Sensitivity of deformation twinning to grain size in 

titanium and magnesium. Acta Materialia, 2011. 59(20): p. 7824-7839. 

83. Beyerlein, I.J. and C.N. Tomé, A probabilistic twin nucleation model for HCP 

polycrystalline metals. Proceedings of the Royal Society of London A: 

Mathematical, Physical and Engineering Sciences, 2010. 466(2121): p. 2517-

2544. 

84. Christian, J.W. and S. Mahajan, Deformation twinning. Progress in Materials 

Science, 1995. 39(1–2): p. 1-157. 

85. W., C.R., Survey of recent progress in the field of deformation twinning, in TMS-

AIME Conference, R.E. Reed-Hill, H.J. P., and R. H.C., Editors. 1964: 

Gainesville, Florida. p. 1. 

86. Stanford, N. and M. Barnett, Effect of composition on the texture and deformation 

behaviour of wrought Mg alloys. Scripta Materialia, 2008. 58(3): p. 179-182. 

87. Ashby, M.F., H. Shercliff, and D. Cebon, Materials: engineering, science, 

processing and design. 2013: Butterworth-Heinemann. 

88. Ashby, M.F. and D.R.H. Jones, An Introduction to the Properties and 

Applications. 1980: Pergamon. 

89. William, F.S. and J. Hashemi, Foundations of materials science and engineering. 

2011: McGraw-Hill. 

90. A., C.L., Fundamental alloying nature of magnesium. Metal Progress, 1945. 48: 

p. 11. 



 158 

91. She, J., et al., Effect of high Mn content on development of ultra-fine grain 

extruded magnesium alloy. Materials & Design, 2016. 90: p. 7-12. 

92. Sarebanzadeh, M., et al., Enhancement of superplasticity in a fine-grained Mg–

3Gd–1Zn alloy processed by equal-channel angular pressing. Materials Science 

and Engineering: A, 2015. 646: p. 249-253. 

93. Meng, F., et al., Precipitation behavior of an ultra-fine grained Mg–Zn alloy 

processed by high-pressure torsion. Materials Science and Engineering: A, 2015. 

644: p. 386-391. 

94. Zhang, Z.M., C.J. Xu, and X.F. Guo, Microstructure of Mg-6.4Zn-1.1Y alloy 

fabricated by rapid solidification and reciprocating extrusion. Acta Metallurgica 

Sinica (English Letters), 2008. 21(1): p. 30-36. 

95. Qiu, D., et al., A novel approach to the mechanism for the grain refining effect of 

melt superheating of Mg–Al alloys. Acta Materialia, 2007. 55(6): p. 1863-1871. 

96. Honma, T., et al., Effect of Zn additions on the age-hardening of Mg–2.0Gd–

1.2Y–0.2Zr alloys. Acta Materialia, 2007. 55(12): p. 4137-4150. 

97. Lim, H.K., et al., Effects of rolling condition on the tensile properties of mg-mm-

sn-al-zn alloy. Metals and Materials International, 2009. 15(2): p. 337-343. 

98. Kim, B., et al., In situ fracture observation and fracture toughness analysis of 

squeeze cast AZ51–xSn magnesium alloys. Materials Science and Engineering: A, 

2010. 527(24–25): p. 6745-6757. 

99. A, D.R., P.P. P, and B.D. K, Essentials of materials science and engineering. 2004: 

Thomson Publication. 

100. F, M.L.W., et al. Recrystallization behaviour of four magnesium alloys. in 

Proceedings of the 6th International Conference-Magnesium Alloys and Their 

Applications. 2006. Florida: John Wiley & Sons. 

101. R, G. and S. P. Magnesium Technology. 2003. Warrendale, PA: TMS. 

102. Slooff, F.A., et al., Constitutive analysis of wrought magnesium alloy Mg–Al4–

Zn1. Scripta Materialia, 2007. 57(8): p. 759-762. 

103. Ben-Hamu, G., D. Eliezer, and K.S. Shin, The role of Si and Ca on new wrought 

Mg–Zn–Mn based alloy. Materials Science and Engineering: A, 2007. 447(1–2): 

p. 35-43. 

104. Riemelmoser, F.O., et al., Micro-Alloyed Wrought Magnesium for Room-

Temperature Forming. Advanced Engineering Materials, 2007. 9(9): p. 799-802. 

105. Wu, L., et al., Twinning–detwinning behavior during the strain-controlled low-



 159 

cycle fatigue testing of a wrought magnesium alloy, ZK60A. Acta Materialia, 2008. 

56(4): p. 688-695. 

106. Watari, H., et al., Mechanical Properties and Metallurgical Qualities of 

Magnesium Alloy Sheets Manufactured by Twin-Roll Casting. Key Engineering 

Materials, 2007. 345-346: p. 4. 

107. G, P., et al., Effects of Sn on Microstructure and Mechanical Properties of AZ61 

Magnesium Alloy. Special Casting & Nonferrous Alloys, 2006. 12. 

108. J, C., et al., Effects of Sn on Microstructure and Mechanical Properties of AZ61 

Magnesium Alloy. Foundry, 2009. 2. 

109. Song, G., Recent progress in corrosion and protection of magnesium alloys. 

Advanced Engineering Materials, 2005. 7(7): p. 563-586. 

110. Kim, W.J., et al., Mechanical properties and microstructures of an AZ61 Mg Alloy 

produced by equal channel angular pressing. Scripta Materialia, 2002. 47(1): p. 

39-44. 

111. Feng, A.H. and Z.Y. Ma, Enhanced mechanical properties of Mg-Al-Zn cast alloy 

via friction stir processing. Scripta Materialia, 2007. 56(5): p. 397-400. 

112. Wang, Y., et al., Effects of RE on the microstructure and mechanical properties of 

Mg-8Zn-4Al magnesium alloy. Materials Science and Engineering A, 2006. 

416(1-2): p. 109-118. 

113. Zhang, Y., et al., Effects of yttrium on microstructure and mechanical properties 

of hot-extruded Mg-Zn-Y-Zr alloys. Materials Science and Engineering A, 2004. 

373(1-2): p. 320-327. 

114. Liu, H.M., et al., Effects of heat treatment on microstructure and microhardness 

of Mg-5wt%Sn alloy. Cailiao Rechuli Xuebao/Transactions of Materials and Heat 

Treatment, 2007. 28(1): p. 92-95. 

115. Wei, S., et al., Effects of Pb/Sn additions on the age-hardening behaviour of Mg-

4Zn alloys. Materials Science and Engineering A, 2014. 597: p. 52-61. 

116. Peng, Z., et al., Grain refinement mechanism of zirconium in the Mg-9Gd-4Y 

alloys. Beijing Keji Daxue Xuebao/Journal of University of Science and 

Technology Beijing, 2006. 28(2): p. 148-152. 

117. Das, A., G. Liu, and Z. Fan, Investigation on the microstructural refinement of an 

Mg-6 wt.% Zn alloy. Materials Science and Engineering A, 2006. 419(1-2): p. 

349-356. 

118. Koike, J. and R. Ohyama, Geometrical criterion for the activation of prismatic 



 160 

slip in AZ61 Mg alloy sheets deformed at room temperature. Acta Materialia, 

2005. 53(7): p. 1963-1972. 

119. Cai, H., F. Yan, and Q. Xue, Investigation of tribological properties of 

polyimide/carbon nanotube nanocomposites. Materials Science and Engineering 

A, 2004. 364(1-2): p. 94-100. 

120. Thompson, A.W., Calculation of true volume grain diameter. Metallography, 

1972. 5(4): p. 366-369. 

121. Wei, S., et al., Effects of Sn addition on the microstructure and mechanical 

properties of as-cast, rolled and annealed Mg–4Zn alloys. Materials Science and 

Engineering: A, 2013. 585(0): p. 139-148. 

122. Kim, B., et al., In situ fracture observation and fracture toughness analysis of 

squeeze cast AZ51-xSn magnesium alloys. Materials Science and Engineering A, 

2010. 527(24-25): p. 6745-6757. 

123. Kabirian, F. and R. Mahmudi, Effects of zirconium additions on the 

microstructure of as-cast and aged AZ91 magnesium alloy. Advanced 

Engineering Materials, 2009. 11(3): p. 189-193. 

124. Kabirian, F. and R. Mahmudi, Effects of Zr additions on the microstructure and 

impression creep behavior of AZ91 magnesium alloy. Metallurgical and Materials 

Transactions A: Physical Metallurgy and Materials Science, 2010. 41(13): p. 

3488-3498. 

125. Kondori, B. and R. Mahmudi, Effect of Ca additions on the microstructure, 

thermal stability and mechanical properties of a cast AM60 magnesium alloy. 

Materials Science and Engineering A, 2010. 527(7-8): p. 2014-2021. 

126. Mahmudi, R., F. Kabirian, and Z. Nematollahi, Microstructural stability and 

high-temperature mechanical properties of AZ91 and AZ91+2RE magnesium 

alloys. Materials and Design, 2011. 32(5): p. 2583-2589. 

127. Aikgöz, E., H. Şevik, and S.C. Kurnaz, Influence of silver addition on the 

microstructure and mechanical properties of squeeze cast Mg-6Al-1Sn-0.3Mn-

0.3Ti. Journal of Alloys and Compounds, 2011. 509(27): p. 7368-7372. 

128. Yu, A., et al., Pressurized solidification of magnesium alloy AM50A. Journal of 

Materials Processing Technology, 2007. 191(1-3): p. 247-250. 

129. Hu, H., Squeeze casting of magnesium alloys and their composites. Journal of 

Materials Science, 1998. 33(6): p. 1579-1589. 

130. Zhou, M., et al., Microstructure and tensile properties of squeeze cast magnesium 



 161 

alloy AM50. Journal of Materials Engineering and Performance, 2005. 14(4): p. 

539-545. 

131. Hort, N., et al., Microstructural investigations of the Mg-Sn-xCa system. 

Advanced Engineering Materials, 2006. 8(5): p. 359-364. 

132. Bamberger, M., Phase formation in Mg-Sn-Zn alloys - Thermodynamic 

calculations vs experimental verification. Journal of Materials Science, 2006. 

41(10): p. 2821-2829. 

133. Kang, D.H., S.S. Park, and N.J. Kim, Development of creep resistant die cast Mg-

Sn-Al-Si alloy. Materials Science and Engineering A, 2005. 413-414: p. 555-560. 

134. Park, K.C., et al., Microstructure and corrosion properties of Mg-xSn-5al-1Zn (x 

= 0, 1, 5 and 9 mass%) alloys. Materials Transactions, 2010. 51(3): p. 472-476. 

135. Zhang, Q.Q. and W.R. Chen, Effect of Al and Zn Content on the Preparation of 

Semisolid Mg-Al-Zn Magnesium Alloy. Advanced Materials Research, 2013. 842: 

p. 27-30. 

136. Lee, S.G., et al., The effects of alloying elements on microstructure and properties 

of gravity casting Mg-Sn-Al-Si alloy. Materials Chemistry and Physics, 2011. 

128(1-2): p. 208-213. 

137. Li, J.F., et al., Effects of Y on microstructure and mechanical properties of AZ91 

magnesium alloy. Zhuzao/Foundry, 2005. 54(1): p. 53-56. 

138. Zhang, S.C., B.K. Wei, and W.C. Chen, Effect of yttrium and mischmetal on 

fluidity and solidification structures of AZ91 magnesium alloy. Zhuzao/Foundry, 

2004. 53(2): p. 118. 

139. Zhang, S., et al., Mechanical properties of die cast AZ91Mg alloy containing Y 

and MM RE at elevated temperatures. Tezhong Zhuzao Ji Youse Hejin/Special 

Casting and Nonferrous Alloys, 2005. 25(5): p. 287-290. 

140. Dahle, A.K., et al., Development of the as-cast microstructure in magnesium-

aluminium alloys. Journal of Light Metals, 2001. 1(1): p. 61-72. 

141. Liang, J., Effects of Sn on mechanical properties of magnesium alloy AZ61. 2012: 

Zhangjiajie. p. 4161-4164. 

142. Chen, J., et al., Effects of Sn on microstructure and mechanical properties of AZ61 

magnesium alloy. Zhuzao/Foundry, 2009. 58(2): p. 151-154. 

143. Zhu, T., Mechanisms of partially melted zone microstructure formation during 

welding of magnesium AZ91 alloy, in Department of Chemical and Materials 

Engineering. 2007, University of Auckland: Auckland. p. 76. 



 162 

144. Jackson, K.A., Kinetic Processes: Crystal Growth, Diffusion, and Phase 

Transitions in Materials. second ed. 2010, Weinheim: Wiley-VCH. 

145. Gao, P., et al., Effects of Sn on microstructure and mechanical properties of AZ61 

magnesium alloy. Tezhong Zhuzao Ji Youse Hejin/Special Casting and 

Nonferrous Alloys, 2006. 26(12): p. 797-799. 

146. Zhu, T., Z.W. Chen, and W. Gao, Effect of cooling conditions during casting on 

fraction of β-Mg17Al12 in Mg–9Al–1Zn cast alloy. Journal of Alloys and 

Compounds, 2010. 501(2): p. 291-296. 

147. Balasubramani, N., et al., Effect of antimony addition on the microstructure and 

mechanical properties of ZA84 magnesium alloy. Journal of Alloys and 

Compounds, 2008. 455(1–2): p. 168-173. 

148. Lü, Y., et al., Effects of rare earths on the microstructure, properties and fracture 

behavior of Mg–Al alloys. Materials Science and Engineering: A, 2000. 278(1–

2): p. 66-76. 

149. Srinivasan, A., U.T.S. Pillai, and B.C. Pai, Effect of Pb addition on ageing 

behavior of AZ91 magnesium alloy. Materials Science and Engineering: A, 2007. 

452–453: p. 87-92. 

150. Boby, A., U.T.S. Pillai, and B.C. Pai, Effect of Pb Addition on the Discontinuous 

and Continuous Mg17Al12-β Precipitate During Solidification of AZ91 

Magnesium Alloy. Transactions of the Indian Institute of Metals, 2013. 66(2): p. 

105-108. 

151. Balasubramani, N., et al., Effect of Pb and Sb additions on the precipitation 

kinetics of AZ91 magnesium alloy. Materials Science and Engineering: A, 2007. 

457(1–2): p. 275-281. 

152. Candan, S., et al., Improvement of mechanical and corrosion properties of 

magnesium alloy by lead addition. Materials Science and Engineering: A, 2009. 

501(1–2): p. 115-118. 

153. Hou, H., et al., EFFECT OF Sn AND Pb ADDITIONS ON MICROSTRUCTURE 

OF Mg-6Al-1Zn AS-CAST MAGNESIUM ALLOYS. Modern Physics Letters B, 

2013. 27(19): p. 1341023. 

154. Pawar, S., et al., Influence of lead on the microstructure and corrosion behavior 

of melt-conditioned, twin-roll-cast AZ91D magnesium alloy. Corrosion, 2012. 

68(6): p. 548-556. 

155. Liu, H. and W. Gao, Effect of Pb and Sn additions on the ductility of cast AZ61 



 163 

Mg alloy, in Advanced Materials Research. 2011. p. 214-217. 

156. Park, S.H., et al., Improving mechanical properties of extruded Mg–Al alloy with 

a bimodal grain structure through alloying addition. Journal of Alloys and 

Compounds, 2015. 646: p. 932-936. 

157. Pan, H., et al., Enhancing mechanical properties of Mg–Sn alloys by combining 

addition of Ca and Zn. Materials & Design, 2015. 83: p. 736-744. 

158. Liu, L., et al., Effect of Y and Ce additions on microstructure and mechanical 

properties of Mg–Zn–Zr alloys. Materials Science and Engineering: A, 2015. 644: 

p. 247-253. 

159. Liu, J., et al., Effect of Sr addition on microstructure and elevated temperature 

mechanical properties of Mg–3Zn–1Y alloy. Materials Science and Engineering: 

A, 2016. 655: p. 331-338. 

160. Li, R.G., et al., Effect of Ag addition on microstructure and mechanical properties 

of Mg–14Gd–0.5Zr alloy. Materials Characterization, 2015. 109: p. 43-49. 

161. Du, Y.Z., et al., Effect of microalloying with Ca on the microstructure and 

mechanical properties of Mg-6 mass%Zn alloys. Materials & Design, 2016. 98: 

p. 285-293. 

162. Zhang, G., et al., Effects of artificial aging on microstructure and mechanical 

properties of the Mg–4.5Zn–4.5Sn–2Al alloy. Journal of Alloys and Compounds, 

2014. 592: p. 250-257. 

163. Yuan, Y.C., et al., Mechanical properties and precipitate behavior of Mg–9Al–

1Zn alloy processed by equal-channel angular pressing and aging. Journal of 

Alloys and Compounds, 2014. 594: p. 182-188. 

164. Yang, Z., et al., Effect of natural ageing on microstructure and mechanical 

properties of Mg–10Gd–2Y–0.8Zr Alloy. Materials Science and Engineering: A, 

2015. 648: p. 140-145. 

165. Xu, C., et al., Improving strength and ductility of Mg–Gd–Y–Zn–Zr alloy 

simultaneously via extrusion, hot rolling and ageing. Materials Science and 

Engineering: A, 2015. 643: p. 137-141. 

166. Kaseem, M., et al., Effect of Deformation Temperature on Microstructure and 

Mechanical Properties of AZ31 Mg Alloy Processed by Differential-Speed 

Rolling. Journal of Materials Science & Technology, 2015. 31(5): p. 498-503. 

167. Chen, C., et al., Dynamic precipitation, microstructure and mechanical properties 

of Mg-5Zn-1Mn alloy sheets prepared by high strain-rate rolling. Materials & 



 164 

Design, 2016. 100: p. 58-66. 

168. Tong, L.B., et al., Effect of warm rolling on the microstructure, texture and 

mechanical properties of extruded Mg–Zn–Ca–Ce/La alloy. Materials 

Characterization, 2016. 115: p. 1-7. 

169. Liu, X., et al., Microstructures and mechanical properties of high performance 

Mg–6Gd–3Y–2Nd–0.4Zr alloy by indirect extrusion and aging treatment. 

Materials Science and Engineering: A, 2014. 612: p. 380-386. 

170. Chen, Z.-B., et al., Effect of rolling passes on the microstructures and mechanical 

properties of Mg–Gd–Y–Zr alloy sheets. Materials Science and Engineering: A, 

2014. 618: p. 232-237. 

171. Xia, X., et al., Microstructure, texture and mechanical properties of coarse-

grained Mg–Gd–Y–Nd–Zr alloy processed by multidirectional forging. Journal of 

Alloys and Compounds, 2015. 623: p. 62-68. 

172. Son, H.T., et al., Effects of Al and Zn additions on mechanical properties and 

precipitation behaviors of Mg-Sn alloy system. Materials Letters, 2011. 65(12): p. 

1966-1969. 

173. Chen, D., et al., Microstructures and tensile properties of as-extruded Mg-Sn 

binary alloys. Transactions of Nonferrous Metals Society of China (English 

Edition), 2010. 20(7): p. 1321-1325. 

174. Wei, S., et al., Effects of Sn addition on the microstructure and mechanical 

properties of as-cast, rolled and annealed Mg–4Zn alloys. Materials Science and 

Engineering: A, 2013. 585: p. 139-148. 

175. Courtney, T.H., Mechanical behavior of materials. 1990, New York: McGraw-

Hill. 

176. Lund, A.C. and C.A. Schuh, Mechanical Properties: Strengthening Mechanisms 

in Metals A2 - Bassani, Franco, in Encyclopedia of Condensed Matter Physics, 

G.L. Liedl and P. Wyder, Editors. 2005, Elsevier: Oxford. p. 306-311. 

177. Deng, A., Strengthening methods of nonferrous metals. Shanghai Nonferrous 

Metals, 2000. 21(4): p. 8. 

178. Chen, W., Sol-enhanced nanostructured metal-oxide composite coatings: 

structures, properties and mechanisms, in Chemical and Materials Engineering. 

2010, The University of Auckland: Auckland. 

179. Cahn, R.W. and P. Haasen, Physical Metallurgy. 4th ed. 1996: Elsevier Science 

BV. 



 165 

180. Cahn, R.W. and P.H. Göttingen, Physical Metallurgy (Fourth, Revised and 

Enhanced Edition). 1996, Oxford: North-Holland. xi-xii. 

181. Ju, Y., Powder/Sol-enhanced Au–Ni Electroplated Composite Coatings: 

Structures, Properties and Mechanisms, in Chemical and Materials Engineering. 

2013, The University of Auckland: Auckland. 

182. Olguín-González, M.L., et al., Hot deformation behavior of hot-rolled AZ31 and 

AZ61 magnesium alloys. Materials Science and Engineering: A, 2014. 597: p. 82-

88. 

183. Tsao, L.C., et al., Plastic flow behavior, microstructure, and corrosion behavior 

of AZ61 Mg alloy during hot compression deformation. Journal of Manufacturing 

Processes, 2015. 18: p. 167-174. 

184. Xu, Y., L. Hu, and Y. Sun, Deformation behaviour and dynamic recrystallization 

of AZ61 magnesium alloy. Journal of Alloys and Compounds, 2013. 580: p. 262-

269. 

185. Rashad, M., et al., High temperature mechanical behavior of AZ61 magnesium 

alloy reinforced with graphene nanoplatelets. Materials & Design, 2016. 89: p. 

1242-1250. 

186. Chen, Y.a., et al., Effects of calcium, samarium addition on microstructure and 

mechanical properties of AZ61 magnesium alloy. Journal of Rare Earths, 2015. 

33(1): p. 86-92. 

187. Fang, X.-y., et al., Effect of yttrium on microstructures and mechanical properties 

of hot rolled AZ61 wrought magnesium alloy. Transactions of Nonferrous Metals 

Society of China, 2006. 16(5): p. 1053-1058. 

188. El-Morsy, A., A. Ismail, and M. Waly, Microstructural and mechanical properties 

evolution of magnesium AZ61 alloy processed through a combination of extrusion 

and thermomechanical processes. Materials Science and Engineering: A, 2008. 

486(1–2): p. 528-533. 

 


	coversheet.pdf
	General copyright and disclaimer




