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Abstract 

The precipitates in Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn (wt.%) alloys has been 

studied to determine the effect of different precipitate species on basal slip. The precipitates in 

peak-aged alloys were qualitatively and quantitatively analysed using electron microscopy for 

their chemistry, morphology, and crystallography. Two types of Mg2Sn precipitates were 

identified in the Mg-6Sn binary alloy, four types of Mg2Sn precipitates in the Mg-6Sn-3Al 

alloy and two types of Mg2Sn and two types of MgZn2 precipitates in the Mg-6Sn-3Zn alloy.  

Pillar compression on specimens orientated for basal slip has been performed on the 

three Mg-Sn alloys to analyse the effect of different precipitate types on the deformation 

behaviour. The Mg-6Sn alloy exhibits the lowest resistance towards basal slip, Mg-6Sn-3Al 

the next highest and Mg-6Sn-3Zn exhibits the most strengthening as well as work hardening. 

TEM observation of as-compressed pillars indicate that basal slip was activated and was the 

only activated slip system.  

The exact strengthening contributions of different precipitate types have been analysed 

quantitatively using the Orowan strengthening model. An approach to quantifying the 

strengthening effects of a multiple precipitate system has been proposed and applied. The as-

estimated strengthening contributions from Orowan strengthening, solid solution 

strengthening and precipitate shearing strengthening have been analysed. The results agree 

adequately with the experimentally measured strength.  

 



 

 

Keywords: Mg-Sn alloys, precipitation, deformation behaviour, multiple precipitate type, 
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1 Introduction 

The U.S Energy Information Administration states that the world crude oil price has kept 

rising over the past 20 years [1]. Therefore, it is of vital importance for the transport industry 

to find alternative materials to reduce fuel consumption as well as environmental impact. 

Previous research has discovered that a decrease of 100kg in the net weight of a vehicle will 

lead to a reduction of 0.5L/km fuel consumption and 200kg of CO2 emission in its mean life 

[2]. Due to its light weight and outstanding alloying capability, magnesium and its alloys have 

found application in a number of areas such as aerospace and automotive.  

As the mechanical properties of pure magnesium are not adequate, mainly due to 

inadequate strengthening mechanisms, it must be alloyed with other elements. Common 

magnesium alloy systems include the AZ series (Mg-Al-Zn), AM series (Mg-Al-Mn), AE 

series (Mg-Al-RE) and the ZK series (Mg-Zn-Zr), etc. [3]. The most widely used Mg alloy 

system is the AZ system, which has relatively poor mechanical properties at elevated 

temperature [4]. As an alternative approach, the Mg-Sn alloy system has attracted great 

attention due to its outstanding mechanical properties at elevated temperature as well as 

relatively low price, making it a potential material for high-temperature application as an 

alternative to Mg-RE alloys.  

The precipitation hardening response of the Mg-Sn alloy system lies in the formation of 



2 

 

a Mg2Sn phase with a melting point of 778℃, providing satisfactory creep resistance. 

However, this phase forms on different planes with different morphologies, and only those 

which are not on basal planes can block (the dominating) basal slip effectively [5]. It is 

suggested that different heat treatment parameters and micro-alloying elements affect the 

habit planes of the precipitates [6]–[8]. Currently, existing research has only demonstrated an 

improvement on hardness only, caused by non-basal precipitates. The exact effect on the slip 

behaviour of Mg-Sn alloys has barely been studied.  

This project focuses on the morphology and orientation relationships of the Mg2Sn 

precipitates in a Mg-6Sn (wt.%) alloy system and the effect of precipitates on slip behaviour.  
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2 Literature review 

2.1 Magnesium 

2.1.1 History 

Magnesium was first identified as an element in 1755 by Joseph Black. Isolation of pure 

Mg was accomplished by Sir Humphry Davy in 1808 when he electrolysed a mixture of 

magnesia (MgO) and mercuric oxide (HgO). Magnesium was first used in flashlights and for 

other pyrotechnical purposes. Industrial production of magnesium declined with the end of 

World War Ⅱ during which it was investigated by the aircraft industry as an alternative to 

aluminium but failed [9].  

The magnesium industry has experienced a renaissance in recent years as an attempt to 

decrease fuel consumption and environmental impact, especially in the automotive and 

aerospace industries. With an improvement in mechanical properties, anti-corrosion properties 

and high-temperature creep resistance, magnesium has again become a potential viable light 

material.  

2.1.2 Atomic properties 

Magnesium is the twelfth element in the periodic table. It is the sixth most abundant 

element in the earth crust at 2.7%. Magnesium has 3 isotopes, respectively 24, 25 and 26 

which exist naturally in the ratios 7:1:1. Therefore, the molar mass of magnesium is 24.33. Its 
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twelve electrons occupy the orbits of a free atom as 1s22s22p63s2. The two x-ray emission 

lines of magnesium, Kα and Kβ, are respectively at 9.889Å and 9.558Å. [10] 

2.1.3 Lattice parameters 

The freezing point for liquid magnesium is 650℃. The solid has a hexagonal close 

packed structure, increasing its density over that of the liquid by approximately 4%. The 

lattice constants at room temperature and ambient pressure are a=320.94pm and c=521.08pm 

with c/a at 1.624, which is close to the theoretical value for close packing of 1.633. Hence, 

magnesium can be considered as perfectly close packed [10]. The crystal structure and 

principal planes of magnesium are shown below in Figure 1.  

 

Figure 1 Crystal structure of Mg[11] 

2.1.4 Mechanical properties 

The mechanical properties of pure magnesium are listed below in Table 1[12]. As shown 

in the table, the mechanical properties of pure magnesium are far from satisfactory. Major 
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alloying elements include aluminium, zinc, tin, silicon, calcium and rare earth elements[12].  

Table 1 Mechanical properties of pure Mg[12] 

Pure 

Magnesium 

Annealed 

Sheet 

Hand-rolled 

Sheet 

Sand Cast Extruded 

0.2% 

Compressive 

yield strength 

(MPa) 

69-83 105-115 21 34-55 

0.2% Tensile 

yield strength 

(MPa) 

90-105 115-140 21 69-105 

Ultimate tensile 

strength (MPa) 

160-195 180-220 90 165-205 

Hardness (HB) 40-41 45-47 30 35 

2.2 Deformation behaviour of pure magnesium 

Von Mises stated that at least 5 independent slip systems must be activated for 

polycrystalline materials to deform uniformly without causing grain boundary failure [13]. 

The available basal slip systems for magnesium are fewer than the minimum requirements for 

uniform deformation, as listed below in Table 2 [14]. Therefore, non-basal slip systems or 

twinning must be activated for deformation in magnesium alloys. The slip along the basal a 

directions only gives a a-axis slip component and doesn’t accommodate any strain along the 

c-axis. Therefore, a c-axis slip component is very important for the uniform deformation of 

HCP polycrystalline materials. Second order pyramidal slip with a slip direction of 〈112̅3〉𝑀𝑔 
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will provide five independent deformation modes[15]. Therefore, any materials exhibiting 

pyramidal c + a slip will fulfil the von Mises criterion for general homogeneous plastic 

deformation regardless of the other slip systems present. Kang et al. [16] studied the 

activation of the c + a slip system in magnesium and suggested that the dominant slip system 

of magnesium at temperatures below 100℃ is basal slip. The fraction of c + a slip began to 

increase at temperatures above 100℃ and keeps increasing as the temperature rises, as shown 

in Figure 2 where h is the fraction of slip systems and ρ the density of dislocations. At room 

temperature, the CRSS value of second order pyramidal slip is normally ~100 times higher 

than that of basal slip. However, this value h decreases with increasing temperature. When the 

temperature exceeds 200℃, second order prismatic slip is favoured over twinning.  

 

Figure 2 Competition between slip systems in Mg at different temperatures [16] 

Table 2 Slip systems in magnesium[14] 

Direction Plane Crystallographic 

Elements 

Number of 

Independent Modes 
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a 

Basal slip (0002) < 112̅0 > 2 

Prismatic slip {11̅00} < 112̅0 > 2 

Pyramidal slip {11̅01} < 112̅0 > 4 

c  {hk̅i0}[0001] No slip 

c+a Pyramidal slip {hk̅i/} < 112̅3̅ > 5 

2.2.1 Slip 

Slip in crystals can be defined as the irreversible shear of one part of the crystal relative 

to another under a shear stress without changing the orientation of the crystal (twinning) or 

breaking a large number of atomic bonds (cracking) [10].  

The energy of a dislocation is determined by the shear modulus G and the magnitude of 

Burgers vector b: 

 𝐸𝑑𝑖𝑠 ≈ 𝐺 ∙ 𝑏2 Equation 2-1 

The easiest slip system to activate will always have the smallest Burgers vector. In an 

ideal HCP crystal with the c/a of 1.633, the shortest slip vector preserving the ABAB close 

packed plane is 
𝑎

3
〈112̅0〉. The strain energy associated with this Burgers vector can be 

decreased by the dissociation of the basal dislocations into two separate partial dislocations 

with slip vectors of 
𝑎

3
〈101̅0〉 connected by a stacking fault, whose energy γ varies with the 

material [10].  

In the HCP metals and their alloys, first order prismatic slip (
𝑎

3
〈112̅0〉{101̅0}) and first 

order pyramidal slip (
𝑎

3
〈112̅0〉{101̅1}) are the most important types of slip aside from basal 
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slip (
𝑎

3
〈112̅0〉{0001}). In addition, the activation of the c + a slip systems, via first order 

pyramidal slip (
1

3
〈112̅3〉{101̅1}) or second order pyramidal slip (

1

3
〈112̅3〉{102̅2}), can also 

promote the plasticity of the magnesium alloys.  

The term critical resolved shear stress (CRSS) indicates the ease of slip system activation 

in a certain crystal. For a magnesium single crystal, the CRSSs of each slip system are 

summarised below.  

Table 3 CRSS values of different slip systems in Mg with reference 

Slip type Slip plane Slip direction CRSS (MPa) Ref.  

< a > Basal {0001} 〈112̅0〉 2 [17] 

< a > Prismatic {11̅00} 〈112̅0〉 45 [18] 

< c + a > 2nd order pyramidal 

{112̅2} 

〈112̅3〉 50 [19] 

2.2.2 Twinning 

Twinning is also an important means of deformation in magnesium and its alloys as the 

number of slip systems in magnesium is limited. The most common twinning system in 

magnesium is the {101̅2} twins known as “tension” twins, as suggested by Barnett [20]. This 

twinning system only operates when the deformation provides an extension along the c-axis. 

The other common twinning system is a {101̅1} − {101̅2} double twinning system, also 

known as “contraction” twins, which is basically the formation of secondary twins in the 

primary twinning areas [21].  
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2.3 Magnesium alloys 

According to the American Society of Testing and Materials (ASTM), classification of 

magnesium alloys is performed according to the following method: the alloy designation 

system consists of two letters indicating the two major alloying elements, two numbers 

indicating the wt.% of alloying element and one letter indicating a certain alloy type in the 

above mentioned composition [3] (Table 4). Take AZ91-T6 as an example: the letters A and Z 

represent the two major elements in the alloy, aluminium and zinc, and their respective 

contents at 9wt.% and 1wt.%. T6 indicates that the alloy has been solution treated and aged. 

Abbreviations for the elements are listed in the table below. Heat treatment methods can also 

be included by adding symbols at the end of the alloy designation.  

Table 4 ASTM abbreviations for magnesium alloys[3] 

Alloying element Abbreviation letter 

Aluminium A 

Bismuth B 

Copper C 

Cadmium D 

Rare earth metals E 

Iron F 

Thorium H 

Strontium J 

Zirconium K 
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Lithium L 

Manganese M 

Nickel N 

Lead P 

Silver Q 

Chromium R 

Silicon S 

Tin T 

Yttrium W 

Antimony Y 

Zinc Z 

Magnesium alloys can also be divided into cast and wrought alloys in terms of 

manufacturing method. Wrought alloys are normally cast into ingots or bars and then 

mechanically worked into the desired shape (by extrusion, forging or rolling) while cast alloys 

are directly cast into certain moulds. Common cast alloys include M1A, AZ91D, AM60D, 

AS41A, etc., while common wrought alloys include M1A, AZ31B, AZ80A, ZK60A, TA54A 

etc. Most of the Mg alloys are heat treatable while M1A is a notable exception. 

The difference in properties between cast and wrought magnesium alloys lies in the 

texture given in the wrought process. Additional textures in the alloy (especially the texture 

parallel to the main rolling direction) will lead to additional precipitate nucleation and 

therefore excellent strength. In addition, the working process also has the capability of 

decreasing porosity [22].  
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2.3.1 The Mg-Al alloy system 

Currently, the Mg-Al alloy system is the most widely applied Mg alloy system in 

industry. The Mg-Al system is normally micro-alloyed with a small portion of Zn, which 

promotes the precipitate yields in the AZ series alloys. Common AZ series alloys include 

AZ91, AZ80, AZ61 and AZ31. The effect of Zn in the AZ series alloys is to lower the 

solubility of Al in Mg and produces a higher driving force for precipitate nucleation[23]. The 

AZ series alloys are precipitation strengthened by a continuous Mg17Al12 β-phase after 

artificial ageing. This phase has a complex BCC structure (space group I4̅3m, a=1.056nm), 

with 34 Mg atoms and 24 Al atoms. Apart from the Mg matrix and the β-phase precipitates, 

additional phases will not appear when the ratio of Mg to Zn is lower than 3:1[24]. Due to the 

similar atom sizes and electro-negativity of Al and Zn (125pm and 135pm, 1.61 and 1.65), Zn 

normally forms a ternary Mg17(Al, Zn)12 phase together with Mg and Al.  

During equilibrium cooling of AZ series alloys, both continuous precipitation (CP) and 

discontinuous precipitation (DP) will occur [25]. Figure 3 shows a TEM image with both CP 

and DP present. Although they result in the same Mg17Al12 phase, the precipitates vary in size 

and morphology. Generally, continuous precipitation takes place within grains, preferably at 

pre-existing defects like dislocations and vacancies. Previous research has reported that the 

continuous precipitates can be either lath-shaped or rod-shaped[25], [26]. The dominating 

lath-shaped precipitates tends to grow on the (0001)𝑀𝑔 plane following the OR (0001)𝑀𝑔 ∥

(110)𝑀𝑔17𝐴𝑙12, [112̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔17𝐴𝑙12, which is the Burgers OR[26]. Given the three-
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fold substitution of [112̅0]𝑀𝑔, [12̅10]𝑀𝑔, [2̅110]𝑀𝑔 and the two-fold substitution of 

[11̅1]𝑀𝑔17𝐴𝑙12 and [11̅1̅]𝑀𝑔17𝐴𝑙12, the Burgers OR will have six variants, as reported by 

Celotto [26]. The rod-shaped precipitates, which are less dominant, tend to grow along the 

[0001]𝑀𝑔 direction, or deviated by a certain angle. The precipitates growing along the 

[0001]𝑀𝑔 direction follow the OR (11̅00)𝑀𝑔 ∥ (11̅1)𝑀𝑔17𝐴𝑙12, [0001]𝑀𝑔 ∥ [111]𝑀𝑔17𝐴𝑙12, 

which is the Crawley OR [27]. Some other ORs have also been reported. The ORs in the Mg-

Al alloy system are summarized in Table 5.  

 

Figure 3 TEM image showing continuous precipitates (on the right) and discontinuous 

precipitates (on the left) in an as-aged AZ91 alloy[3] 

Table 5 Reported ORs between Mg17Al12 precipitates and the matrix in the Mg-Al alloy 

system 
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Name OR Morphology Reference 

Burgers (0001)𝑀𝑔 ∥ (110)𝑀𝑔17𝐴𝑙12, [112̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔17𝐴𝑙12 Basal laths [26] 

Potter (1̅1̅21)𝑀𝑔 ∥ (011)𝑀𝑔17𝐴𝑙12, [11̅00]𝑀𝑔 ∥ [01̅1]𝑀𝑔17𝐴𝑙12 Basal rods [28] 

Crawley (11̅00)𝑀𝑔 ∥ (11̅1)𝑀𝑔17𝐴𝑙12, [0001]𝑀𝑔 ∥ [111]𝑀𝑔17𝐴𝑙12 C-axis rods [27] 

Gjønnes-

Østmoe 

(0001)𝑀𝑔 ∥ (011)𝑀𝑔17𝐴𝑙12, [112̅0]𝑀𝑔 ∥ [21̅1]𝑀𝑔17𝐴𝑙12 Basal laths [29] 

Potter (0001)𝑀𝑔~2°(011)𝑀𝑔17𝐴𝑙12, (011̅1)𝑀𝑔

∥ (110)𝑀𝑔17𝐴𝑙12, [112̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔17𝐴𝑙12 

Basal rods [30] 

 

Discontinuous precipitation, on the other hand, takes place preferentially on the grain 

boundaries. The growth of discontinuous precipitation is generally the growth of Mg17Al12 

precipitates formed on high angle grain boundaries, as the diffusion on the grain boundary is 

much faster than that in the matrix [31]. When the grain boundary migrates, the Mg17Al12 also 

grows, trailing the moving boundary, which is also called a reaction front. All the 

discontinuous precipitates follow the Burgers OR (0001)𝑀𝑔 ∥ (110)𝑀𝑔17𝐴𝑙12, [112̅0]𝑀𝑔 ∥

[11̅1]𝑀𝑔17𝐴𝑙12 which probably corresponds to an interfacial energy minimum [30]. Normally, 

discontinuous precipitation takes place during low temperature ageing, or slow cooling after 

casting.  

The competition of continuous and discontinuous precipitation depends on the content of 

Al in the alloy, ageing temperature and micro-alloying elements. Hutchinson et al. suggested 

a relationship between alloy composition, ageing temperature and precipitate distribution, as 

shown in Figure 4: 

For AZ91, the respective temperature ranges for different precipitate distributions are: 



14 

 

When 100℃<T<Td1, both CP and DP will occur. Volume fraction occupied by DP will 

increase with T; 

When Td1<T<Td2, only DP will occur; 

When Td2<T<Tc2, both CP and DP will again be observed; 

When Tc2<T<Ts (solvus temperature), only CP will occur [32].  

 

Figure 4 Diagram showing the competition between continuous and discontinuous 

precipitation in Mg-Al alloys as a function of alloy composition and ageing temperature[32] 

2.3.2  The Mg-RE alloy systems 

As applications in a powertrain system, transmission housing and crankcases require 

high performance at elevated temperature (normally >150℃), a stable microstructure is of 
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vital importance. Common magnesium alloys such as the AZ series will no longer be 

adequate as the thermal instability of the microstructure leads to poor creep resistance as well 

as a decrease in strength. Therefore, alloys strengthened by precipitation strengthening with a 

thermally stable precipitate distribution are considered to be necessary for these applications 

[33]. Enhanced creep resistance has been found with some Mg alloys with rare earth elements 

such as Mg-8Al-xRE[34], WE43[33], Mg-3.3Gd-4.3Y[35], Mg-18Gd[36]. A list of Mg alloys 

containing RE elements and their relevant creep properties appears in Table 6 below.  

Table 6 Creep properties of Mg alloys containing RE elements 

Alloy (wt.%) Temperature Applied stress Creep rate Reference 

AZ91(Ref) 200℃ 50MPa 1.56*10-7/s [37] 

WE43 (Mg–

4.38Y–2.72Nd–

1.10Gd–0.56Zr) 

250℃ 75MPa 2.7*10-9/s [33] 

Mg-8Al-1RE 

(La, Ce, Pr, Nd) 

200℃ 40MPa 1.43*10-6/s [34] 

Mg-8Al-3RE 

(La, Ce, Pr, Nd) 

200℃ 40MPa 6.77*10-7/s [34] 

Mg-4Al-5Y-2.5 

(La, Ce, Pr) 

200℃ 117.1MPa 7.90*10-10/s [38] 

Mg-3.3Gd-4.3Y 300℃ 100MPa 2.50*10-6/s [35] 

Mg-18Gd 250℃ 120MPa 1.18*10-7/s [36] 

Mg-18Gd 250℃ 180MPa 6.92*10-7/s [36] 
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2.3.3  The Mg-Sn alloy system 

The Mg-Sn alloy system has the potential for elevated temperature applications. It is age-

hardened and strengthened by an Mg2Sn second phase. The solubility of Sn in Mg is as high 

as 3.35 at. % (equivalent to 14.48 wt.%) at 561℃ and 0.035 at.% (0.17 wt.%) at room 

temperature [10]. Therefore, a considerable number of precipitates is expected in Mg-Sn 

alloys. Mg2Sn has a CaF2 structure (space group Fm3̅𝑚) with a lattice constant of a = 6.759Å. 

The volume of the unit cell is 308.84Å3 [39]. The melting point of Mg2Sn is 770℃, which 

leads to satisfactory mechanical properties at elevated temperature. The crystal structure of 

Mg2Sn is shown below in Figure 5.  

 

Figure 5 Fluorite crystal structure of the Mg2Sn phase viewed in CrystalMaker  

The Mg-Sn alloy system is promising for elevated temperature applications, as an 

alternative to the Mg-RE series. The advantage of the creep behaviour of the Mg-Sn alloys 

over the AZ series can be found by comparing a Mg-8Sn (wt.%) alloy with AZ91. At 150℃ 

under a stress of 150MPa, the creep rate of the Mg-8Sn alloy is 1.35*10-9/s [40], compared 
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with 2.41*10-7/s for AZ91 [37], 178 times lower. In certain applications such as automotive 

crankcases and transmission housing casings, the Mg-Sn alloy system may replace the Mg-

RE system due to its relatively low cost.  

Currently, the Mg-Sn alloy system has not been widely applied in industry. As the age 

hardening response, deformation behaviour and fabrication are still not yet fully developed, 

intense research is needed to promote the industrial application of the Mg-Sn alloy system.  

2.4 Strengthening mechanisms in the Mg alloys 

2.4.1 Grain size strengthening 

The effect of grain size on mechanical properties can be described by the well-known 

Hall-Petch relation, which dictates that the strength of a metal (𝜎𝑠) equals the frictional stress 

(𝜎0) plus a factor (𝑘) times the inverse square root of the grain size (𝐷):  

 𝜎𝑠 = 𝜎0 +
𝑘

√𝐷
 Equation 2-2 

Cáceres et al. suggested that the 𝜎0 of pure magnesium was 11MPa and that 𝑘 was 

0.22MPam1/2 for pure magnesium [41]. However, specific parameters for the Mg-Sn system 

have not yet been determined.  

2.4.2 Solid solution strengthening 

As studied by Shi et al. [42], solid solution behaviour in the Mg-Sn alloys is similar to 

that in the AZ series alloys suggested by Cáceres and Rovera [43]. Therefore, the contribution 
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of solid solution strengthening can be described by:  

 𝜎𝑠𝑠𝑠 = m𝐵𝑛𝑐𝑛 Equation 2-3 

where: 𝑚 is the Taylor factor connecting the tensile flow stress of the polycrystals to the 

CRSS of the relevant slip systems, normally being set at ~5.5 for magnesium alloys. 𝐵𝑛 is the 

solid solution strengthening rate depending on the alloy system and 𝑐 the Sn atomic 

concentration, 𝑛 being ½ or 2/3. m𝐵𝑛𝑐𝑛 is sometimes written in the form of 𝐶𝑋𝑛, where C is 

the solid solution strengthening rate while X is the atomic concentration of solute [43].  

2.4.3 Orowan strengthening 

As suggested by Orowan in 1947 [44], the interaction between dislocations and 

precipitates is determined by a critical precipitate size. Dislocations can shear through 

particles smaller than this size and will bend around particles larger than this size. The 

transition and competition between precipitate shearing and Orowan looping has already been 

described in textbooks and is shown in Figure 6.  
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Figure 6 The transition and competition between precipitate shearing and Orowan looping 

with respect to the critical particle size[45] 

However, there are no theoretical or experimental results indicating the critical size in 

Mg-Sn alloys. Hutchinson et al. [32] estimated the critical size in AZ91 alloys as ~3nm using 

the following equation: 

 
𝐺𝑚𝑏

𝑅
=

𝐺𝑝

15
 Equation 2-4 

where Gm is the shear modulus of Mg, Gp the shear modulus of the precipitate, b the 

Burgers vector and R the radius of the dislocation curvature around the precipitate. 

Dislocations in Mg alloys will tend to bow around the precipitate particles and form “Orowan 

loops”. The increase of Orowan stress of a spherical particle can be described as: 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝑀𝐺𝑏

2𝜋√1−𝜈

1

𝜆
ln (

𝑑𝑝

𝑟0
) Equation 2-5 
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where M is the Taylor factor, G the shear modulus of Mg, b the Burgers vector of the 

dislocation, ν Poisson’s ratio, λ and 𝑑𝑝 are respectively the mean spacing and diameter of the 

particles in the slip plane and 𝑟0 is the cut-off radius of the dislocation core and is taken equal 

to b [46].  

However, this model will have difficulties in being applied to the Mg-Sn alloy system. 

For the Mg-Al system, the precipitates normally exist as basal precipitates with the Burgers 

OR thus there’s only one type of precipitate. In the Mg-Sn alloy system, as described later, 

several precipitate morphologies will exist, including basal laths, pyramidal laths, c-axis rods, 

etc. In this case, one mean particle spacing and particle diameter are not adequate for an 

accurate estimation of the Orowan strengthening effect. In addition, the interaction with 

different precipitate types needs to be considered as well. This will be explained in a later 

section.  

2.5 Microstructure evolution of Mg-Sn alloys during heat treatment 

As indicated in the Mg-Sn phase diagram [47], Sn is fully soluble in molten Mg. The 

molten alloy will first form the α-Mg matrix, which grows dendritically during solidification. 

A divorced eutectic reaction will then take place (e.g., ~563℃ for Mg-14wt.% Sn), forming 

eutectic α-Mg and Mg2Sn due to non-equilibrium cooling[4]. A typical microstructure of an 

as-cast Mg-Sn alloy is shown below in Figure 7.  
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Figure 7 A typical as-cast structure of binary Mg-Sn [4] 

In order to improve the mechanical properties, Mg-Sn alloys are commonly subjected to 

solution treatment and artificial ageing. Due to a relatively high solubility (~14.5 wt.%) of Sn 

in Mg, the eutectic Mg2Sn in most Mg-Sn alloys can be fully dissolved during the solution 

treatment.  

Previously, most studies on Mg-Sn alloys focused on the peak aged state of each alloy 

and did not evaluate the ageing sequence. In 2018, Nie et al. reported a detailed ageing 

sequence for binary Mg-Sn alloys. Through high resolution STEM-HAADF analysis, a G. P. 

zone and a Mg3Sn metastable phase (space group Pm3̅m, a=0.453nm) were found prior to the 

formation of the Mg2Sn phase[48]. During the ageing process, the super-saturated Mg-Sn 

solid solution forms G. P. zones, with a plate like morphology and a thickness of around 

1.5nm (Figure 8).  
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Figure 8 (a)STEM-HAADF image showing a GP zone in a Mg-9.8Sn (wt.%) sample aged at 

100℃ for 2056h, (b) the corresponding EDS map for Sn, (c, d) atomic resolution STEM-

HAADF images of a GP zone viewed along (c) [21̅1̅0]𝑀𝑔 and (d) [011̅0]𝑀𝑔.[48]  

During further ageing, a metastable Mg3Sn phase, which they named β’ formed from the 

G. P. zones. Figure 9 shows STEM-HAADF images viewed along [21̅1̅0]𝑀𝑔 and [011̅0]𝑀𝑔 

directions and the crystal structure and orientation of the Mg3Sn phase.  
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Figure 9 STEM-HAADF images along (a) [21̅1̅0]𝑀𝑔 and (b) [011̅0]𝑀𝑔. Showing the 

structure of Mg3Sn in the same sample aged for 2056h. (c) Schematic diagram showing the 

crystal structure of the Mg3Sn phase. (d) Simulated Mg3Sn crystal orientations corresponding 

to (a) and (b). The relevant structures are outlined by yellow rectangles. [48] 

STEM-HAADF images have confirmed that there is a transformation from the G. P. 

zones to the Mg3Sn phase, and then to the Mg2Sn phase, as shown in Figure 10 and Figure 11. 

Observation indicates that the OR between the Mg matrix and the Mg3Sn phase is 

(0001)𝑀𝑔 ∥ (111̅)𝑀𝑔3𝑆𝑛, [2̅110]𝑀𝑔 ∥ [011]𝑀𝑔3𝑆𝑛.  
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Figure 10 STEM-HAADF image showing the transition of the G.P. zone to the Mg3Sn 

phase[48] 

 

Figure 11 STEM-HAADF image showing the transition of the Mg3Sn phase to the Mg2Sn 

phase[48] 

Therefore, the age hardening sequence of a binary Mg-Sn alloy can be determined as: 

 S. S. S. S → G. P. zone → 𝑀𝑔3𝑆𝑛(𝑚𝑒𝑡𝑎𝑠𝑡𝑎𝑏𝑙𝑒) → 𝑀𝑔2𝑆𝑛Equation 2-6 
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One of the main shortcomings of the binary Mg-Sn alloy system is its slow age 

hardening response mainly due to the low diffusion coefficient of Sn in the Mg matrix. This 

can be improved by adding ternary alloying elements. Sasaki et al. reported that a Mg-9.9Sn 

(wt.%) alloy reached its peak hardness after ~250h of ageing at 180℃, but in only ~150h with 

1.2 wt.% Zn added[49]. Elsayed et al. reported that an increase in hardness can still be 

observed in an Mg-9.9Sn (wt.%) alloy even after 1000h of ageing at 200℃. This can be 

reduced to 100h by a 3 wt.% Al addition. A combination of added elements also shortens the 

time needed to peak hardness to a great extent. Chen et al. reported that a Mg-3Sn-1Al (wt.%) 

alloy reached its peak hardness after ageing at 180℃ for 110h. With 2 wt.% Zn added to the 

alloy, the time to peak hardness can be shortened to 60h [50]. Mendis et al. reported that the 

time to peak hardness of a Mg-1.3Sn-1.2Zn-0.13Na (at%) alloy is 10h at 200℃ [5]. The peak 

hardness of a quinary Mg-9.8Sn-3Al-1.23Zn-0.1Na (wt.%) alloy was observed by Elsayed et 

al. after 9h at 200℃ [51]. Zhang et al. also reported that a Mg-5.29Sn-0.29Mn-0.22Si (wt.%) 

alloy reached its peak hardness after 10h at 150℃, 250℃ and 350℃ [52].  

2.6 Precipitation in the Mg-Sn alloys 

As described previously, basal slip is the dominating slip system in Mg alloys[15]. Non-

basal precipitates are expected to be more effective at blocking basal slip, but the dominating 

habit plane of the precipitates in the Mg-Sn binary alloy is the basal plane, according to previous 

research by Henes and Gerold [8], Li et al. [53], Mendis et al. [54]. and Huang et al. [55]. It is, 

however, generally suggested that the habit planes of the precipitates can be controlled by heat 
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treatment and micro-alloying.  

Many orientation relationships have been reported in previous research on Mg-Sn binary 

alloys. Early research by van der Planken[56], Henes and Gerold [8] reported 4 different kinds 

of different orientation relationships in a Mg-3.75wt.%Sn alloy and are listed in Table 7.  

Table 7 Orientation relationships reported by Henes and Gerold[8] 

Name Ageing 

temperature 

OR 

OR1 

160℃ ~ 200℃ 

(0001)𝑀𝑔  ∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔  ∥ [001]𝑀𝑔2𝑆𝑛 

OR2 (0001)𝑀𝑔  ∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔  ∥ [11̅1]𝑀𝑔2𝑆𝑛 

OR3 

200℃ ~ 300℃ 

(0001)𝑀𝑔  ∥ (111)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥ [21̅1̅]𝑀𝑔2𝑆𝑛 

OR4 (0001)𝑀𝑔  ∥ (111)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔  ∥ [11̅0]𝑀𝑔2𝑆𝑛 

These orientation relationships were later confirmed by Mendis et al. [54] and Sasaki et 

al. [49]. In addition, it was stated that the habit plane also varies with different heat treatment 

parameters, as listed in Table 8. It is suggested that a higher heat treatment temperature and 

double ageing makes possible the formation of pyramidal precipitates.  

Table 8 Habit planes and heat treatment parameters in a Mg-3.75wt.%Sn alloy [8] 

Ageing parameters Habit plane of Mg2Sn phase in 

the Mg matrix 

200℃ (0001) 

250℃ (0001) 

Repeated aging at 250℃ (0001)  and increasing (101̅2) 
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precipitates on repetition 

300℃ (0001) and (101̅2) 

Cooling from 560℃ at 22℃/h (0001), (101̅1) and (101̅2) 

For Mg-Sn alloys with ternary elements, Mendis et al. [5] found there are 3 types of 

precipitate morphologies in a Mg-6Sn-3Zn (wt.%) alloy (peak aged at 200℃): type 1 laths 

along the basal plane, type 2 laths along the prismatic plane and pyramidal type 3 laths which 

is less prevalent. The orientation relationship for type 1 and type 2 precipitates is (0001)𝑀𝑔  ∥

(111)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔  ∥ [11̅0]𝑀𝑔2𝑆𝑛  (OR4) and that of type 3 precipitates is (0001)𝑀𝑔  ∥

(110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔  ∥ [11̅1]𝑀𝑔2𝑆𝑛 (OR2). The alloy showed better age-hardening response 

than binary Mg-6Sn, mainly due to a better precipitate distribution and the appearance of non-

basal precipitates. Elsayed et al. [7] prepared Mg-9.9Sn (wt.%) alloys with different Al 

concentrations. Only basal precipitates existed in the binary alloy but there was an increasing 

occurrence of non-basal precipitates with increasing Al concentration. An additional orientation 

relationship is reported in the Mg-2.2Sn-3Al (at%) alloy peak aged at 200℃:  (101̅0)𝑀𝑔 ∥

(11̅0)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [002]𝑀𝑔2𝑆𝑛. The addition of Al also promotes a refined precipitate 

distribution.  

The morphology of the Mg2Sn precipitates varies with different alloy composition and 

heat treatment parameters as well. Precipitates growing on the basal plane can either be plate-

shaped [57], lath-shaped [58] or rod-shaped [59]. The pyramidal precipitates are normally lath-

shaped [5], [57]. Rod-shaped precipitates normally grow along the [0001]α direction [58].  

The competition between the different orientation relationships and habit planes of Mg2Sn 
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precipitates is quite complex. As summarized by Nie et al., by 2018 14 types of orientation 

relationships had been reported for various Mg-Sn alloys[48]. A summary of the reported habit 

planes (HPs) and ORs for different Mg-Sn alloys can be found in Table 9.  

According to previous studies of the orientation relationships and habit planes, the 

relationship between habit plane and orientation relationship is quite complex. The same 

orientation relationship may occur with different habit planes and vice versa. If the habit planes 

of the Mg-Sn alloys can be predicted and controlled, improvements in mechanical properties 

might be achieved.  
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Table 9 Summary of the reviewed Mg-Sn alloys with their compisition, ageing temperature, ageing time and precipitation distribution 

Author Composition (wt.%) Ageing temperature (℃) Ageing time (h) HP and OR 

Henes & Gerold[8] Mg-3.75Sn 160 430 Basal: HP: (0001), OR: (110)𝛽 ∥ (0001)𝛼 , [11̅1]𝛽 ∥ [21̅1̅0]𝛼  

Henes & Gerold[8] Mg-3.75Sn 300 15 Basal: HP: (0001), OR: (110)𝛽 ∥ (0001)𝛼 , [11̅1]𝛽 ∥ [21̅1̅0]𝛼  

Pyramidal: HP: (101̅2), OR: (110)𝛽 ∥ (0001)𝛼 , [001]𝛽 ∥ [21̅1̅0]𝛼  

Henes & Gerold[8] Mg-3.75Sn 250 42 Basal: HP: (0001), OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼  

Pyramidal: HP: (101̅2), OR: (110)𝛽 ∥ (0001)𝛼 , [11̅1]𝛽 ∥ [21̅1̅0]𝛼 

J. F. Nie[57] Mg-9.8Sn-1.2Zn 200 88 Basal: HP: (0001), OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼 

Pyramidal: HP: Undefined, OR: (0001)𝛼~15.4°(11̅0)𝛽 ,  [21̅1̅0]𝛼 ∥ [110]𝛽 

Prismatic: OR: (110)𝛽 ∥ (0001)𝛼 , [001]𝛽 ∥ [21̅1̅0]𝛼 

Sasaki[59] Mg-9.8Sn-1.2Zn-0.1Mn 200 40 Basal: HP: (0001), OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼 

Pyramidal: HP:(112̅2), OR: Unidentified 

Prismatic: (110)𝛽 ∥ (0001)𝛼 , [11̅1]𝛽 ∥ [21̅1̅0]𝛼 

Sasaki[49] Mg-9.8Sn-1.2Zn 200 40 Basal: HP: (0001), OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼 

Pyramidal: HP:(112̅2), OR: Unidentified 

Prismatic: (110)𝛽 ∥ (0001)𝛼 , [11̅1]𝛽 ∥ [21̅1̅0]𝛼 

Elsayed[7] Mg-9.9Sn-3Al 200 50 Basal: HP: (0001) , OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼 / (101̅0)𝛼 ∥ (11̅0)𝛽 ,  [21̅1̅0]𝛼 ∥

[002]𝛽 

Pyramidal: Not specified 

W. Z. Zhang[52] Mg-5.3Sn-0.3Mn-0.2Zn 250 10 Basal: HP: (0001), OR: (110)𝛽 ∥ (0001)𝛼 , [001]𝛽 ∥ [21̅1̅0]𝛼 

Mendis[5] Mg-6Sn 200 200 Basal: HP: (0001), OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼 

Mendis[5] Mg-6Sn-3Zn 200 100 Basal: HP: (0001), OR: (111)𝛽 ∥ (0001)𝛼 , [11̅0]𝛽 ∥ [21̅1̅0]𝛼 

Prismatic: OR: (110)𝛽 ∥ (0001)𝛼 , [112]𝛽 ∥ [011̅0]𝛼 

Prismatic: (110)𝛽 ∥ (0001)𝛼 , [11̅1]𝛽 ∥ [21̅1̅0]𝛼 
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The exact mechanism of how micro-alloying alters the morphology and orientation 

relationship of the precipitates remains unknown, although several explanations have been put 

forward. Thermodynamically, Zhang et al. suggested that the competition between chemical 

free energy and strain energy provides the driving force for phase transformation which 

therefore results in a variation of habit plane [6]. It is also suggested by Elsayed et al. that the 

addition of micro-alloying elements helps to alter the interfacial energy between Mg2Sn and 

the Mg matrix [7]. Mendis et al. reported that the exact mechanisms for different alloying 

elements may be very different, the addition of Na helps to increase the number density of the 

precipitates while Zn contributes more to precipitate morphology [5]. Liu et al. used STEM-

HAADF to study the interface structure of a Mg-9.8Sn-1.2Zn alloy and found that Zn is 

segregated to the interface and might have changed the interface structure and energy [57]. 

However, the same effect is not found in the Mg-5Sn-3Zn-0.1Mn alloy of Shi[60]. Current 

problems in predicting the orientation relationships and morphologies of precipitates in the 

Mg-Sn alloy system stem from inability to determine the key parameters such as interfacial 

energy and strain energy. A few existing studies that have modelled the nucleation and growth 

of precipitates either “selected” an interfacial energy value without confirmation [6], or were 

inadequate to be applied to the complex precipitate distribution in the Mg-Sn system [61]. 

Additionally, different alloying elements exhibit different effects on precipitation and cannot 

be treated equally.  

Some crystallographic models have also been presented describing different HPs and 

ORs. Among them there are edge-to-edge matching models of Zhang et al.[62], [63], but the 

as-predicted ORs have not been observed in the actual alloys. Zhang and her group have 

widely applied the coincidence site lattice (CSL), constrained coincidence site lattice (CCSL) 

and O-lattice model to describe the present ORs in Mg-Sn alloys and have had some 
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success[60], [64], [65]. However, confirmation is still required that the predicted interfacial 

structure agrees with the actual structure in the practical alloy.  

In general, accurate prediction and control of morphologies and orientation relationships 

is still currently difficult. None can claim a systematic approach to estimating HPs and ORs. 

Such a model should involve both thermodynamic and crystallographic input and still requires 

intense work to develop. 

2.7 Mg-Sn alloys strengthened by various types of precipitates 

The advantage of non-basal precipitates over basal precipitates in Mg-Sn alloys is that 

they are more capable of blocking basal slip. The effect of precipitate strengthening mainly 

lies in precipitate shearing and Orowan strengthening, where dislocations bow around 

particles and introduce additional Orowan stress. Based on Hutchinson’s equation for 

estimating the critical size of precipitates for shearing (Section 2.4.3), the critical size of 

Mg2Sn precipitates in Mg-Sn alloys is 3.14nm, while that for MgZn2 precipitates is 2.74nm 

[32]. Therefore, as the precipitates in Mg-Sn alloys are normally larger than 20nm, precipitate 

shearing can be disregarded, leaving Orowan strengthening the only possible precipitation 

strengthening mechanism.  

The general Orowan strengthening equation assumes that all the precipitates are 

spherical particles. This simplifies the general calculation but is incapable of predicting the 

Orowan strengthening effect for complex precipitate morphologies. Nie has derived various 

mean particle spacings (λ) for different types of precipitates and these can be found in Table 

10. 

Table 10 Mean particle spacings for different types of precipitate in magnesium alloys[66] 
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Precipitate type Mean particle spacing λ 

Spherical 
λ = 𝐿𝑝 − 𝑑𝑝 =

1.075

√𝑁𝐴

−
𝜋𝑑𝑡

4

= (
0.779

√𝑓
− 0.785) 𝑑𝑡 

Basal spherical plates λ = 𝐿𝑝 − 𝑑𝑝=(
0.953

√𝑓
− 1) 𝑑𝑡 

Prismatic spherical plates 
λ = 𝐿𝑝 −

𝑑𝑝

2
−

√3𝑡𝑝

2

= 0.825√
𝑑𝑡𝑡𝑡

𝑓
− 0.393𝑑𝑡

− 0.866𝑡𝑡 

C-axis rods λ = 𝐿𝑝 − 𝑑𝑝=(
0.953

√𝑓
− 1) 𝑑𝑡 

where 𝐿𝑝 is the planar centre-to-centre inter-precipitate spacing, 𝑑𝑝/𝑑𝑡 the mean planar 

diameter of the point obstacles (precipitates), 𝑡𝑡 the thickness of a planar particle, 𝑁𝐴 the 

number of particles intersected by unit area of slip plane and f the volume fraction of 

precipitates[66].  

Currently, calculations on the Orowan strengthening effect have been attempted by 

various of existing works in different Mg alloys. Wan et al., Si et al., Zhang et al. and Li et al. 

calculated the effect of Orowan strengthening effect in different Mg-Al alloys [67]–[69]. 

Alizadeh et al. and Wang et al. made their attempt on the Mg-Zn alloy system [70], [71] and 

Yu et al. evaluated a Mg-Gd-Li-Y system [72]. The common ground of these studies is that 

they focused on the alloy systems that contains only one precipitate type, therefore modelling 

the precipitation strengthening will be more straightforward as only one set of effective mean 

particle spacings and effective particle radius is needed.  
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As for the Mg-Sn alloy system, the precipitate distribution varies with alloy composition 

and heat treatment. Based on the literature, multiple precipitate morphologies exist in 

different Mg-Sn alloys. Basal laths[7], [54], pyramidal laths[7], [49] and prismatic laths[5], 

[60] have all been found in Mg-Sn alloys and require different parameters. No existing studies 

have attempted to make an estimation on a system with multiple precipitate types. Therefore, 

in order to accurately predict the effect of Orowan strengthening, a proper model is required 

to estimate the strengthening behaviour in the Mg-Sn alloy system.  
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3 Aim and objectives 

This project aims to understand the characteristics and effects of precipitates with 

different habit planes (HPs) and orientation relationships (ORs) in the Mg-Sn-X alloy system. 

The specific objectives are as follows: 

To study the morphology, chemistry and crystallography of the precipitates in three Mg-

Sn series alloys, being respectively Mg-6Sn, Mg-6Sn-3Al, Mg-6Sn-3Zn (wt.%).  

To examine how different alloying elements affect the crystallography of the Mg2Sn 

precipitates and how non-basal precipitates affect basal slip in Mg-Sn alloys. 

To estimate the Orowan strengthening effect of non-basal precipitates and the 

cooperative strengthening effect between different types of precipitates.  
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4 Experimental methodology 

4.1 Raw materials 

The raw materials used for casting were pure Mg (99.9%), pure Al (99.9%), pure Zn 

(99.9%) and pure Sn (99.95%). The Sn was from William Rowland Ltd. and the Mg, Al and Zn 

from the department foundry stock. Before casting, the magnesium pieces were mechanically 

polished for a short period of time in order to remove the surface oxide.  

4.2 Sand casting 

The ingots used in this study were prepared by a bottom-fed sand-casting system. The 

design of the casting mould is shown below in Figure 12.  

 

Figure 12 Design of the sand-casting system 

The designed size of the ingot was 200mm*100mm*15mm. A feeder (the trapezium part) 

was applied to the top of the mould to minimize casting shrinkage. The molten metal was heated 

to 750℃ and then cast. Due to the nature of sand casting, the grain size of the alloys was on the 

60mm 

200mm 

15mm 

100mm 

50mm 

Molten metal feed 
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scales of millimetres. 3 alloys were cast with their respective target compositions Mg-6Sn, Mg-

6Sn-3Al and Mg-6Sn-3Zn (wt.%), equivalent to Mg-1.4Sn, Mg-1.4Sn-3Al and Mg-1.4Sn-

1.3Zn (at%), respectively.  

4.3 Heat treatment 

The as-cast alloys were then cut into long bars with an approximately 1.5cm2 cross-section. 

The bars were sealed into quartz tubes filled with argon to ensure there is minimal oxidation. 

The as-cast alloys were homogenized and solution treated at 500℃ in a muffle furnace for 48 

hours to dissolve any precipitate formed during the casting process and to improve the 

homogeneity of the sample. During the heat treatment, the samples may form Mg2Si due to the 

reaction between the alloy and the quartz tube. The as-solution treated samples were finally 

mechanically ground to remove any possible Mg2Si or oxidation. The as-solution treated 

samples were then artificially aged at 200℃ for, respectively, 2h, 5h, 10h, 24h, 48h, 72h, 96h, 

144h and 312h in an oven.  

4.4 Microstructure characterization 

4.4.1 Optical microscopy (OM) 

Optical microscopy is used as a generic method of microstructure characterization as it 

gives a wide range of view. 2mm slices were cut from the ingot and ground using silicon carbide 

grinding papers graded from P120 to P1200. The samples were then polished using a 1μm 

diamond polishing compound for a mirror-like surface. As magnesium oxidises rapidly, ethanol, 

rather than water was used during the polishing. The sample was etched for 5 seconds to reveal 

the precipitates. The etchant was a nitric acid solution (80% ethanol, 20% nitric acid solution 

(from a 70% nitric acid and 30% water)). One important feature of the Mg-Sn alloys is that the 
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as-etched surface is normally rough, mainly due to the corrosion product of insoluble Sn(OH)4, 

as suggested by the Pourbaix diagram of tin, shown as Figure 13. Therefore, an ultrasonic bath 

in ethanol is helpful as it removes some of the corrosion product from the sample. Optical 

microscopy was performed with a Zeiss Axioskop microscope with 50x-500x magnification.  

 

Figure 13 Tin-H2O Pourbaix diagram at room temperature showing the insoluble corrosion 

product of Sn(OH)4[73] 

4.4.2 Scanning electron microscopy (SEM) 

Theoretically, the limit of resolution in any microscope is given by the following equation: 

 𝑑𝑚𝑖𝑛 =
𝜆

2 sin 𝛼
 Equation 4-1 

where λ is the wavelength and α is the diffracted wave half angle. The equation suggests 

that the resolution of a microscope is dependent on wavelength. Therefore, due to the very short 

wavelength of the electron wave (theoretically ~8.5*10-3 nm at 20kV compared to 400~700nm 

for light), electron microscopy is capable of revealing features with a very high resolution.  

A MIRA TESCAN scanning electron microscope operating at 20kV for imaging and 15kV 

for EDS analysis was used to study the microstructural details of the as-prepared alloys. 

Generally, samples for optical microscopy are suitable for characterization by SEM.  
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4.4.2.1 Contrast mechanisms in conventional SEM imaging 

In the secondary electron imaging mode, the precipitates present as the bright part and the 

matrix as the dark part, as the contrast of the secondary electron imaging is given by the height 

difference of the sample surface. In the backscattered electron imaging mode, the precipitates 

again present as the bright part and the matrix as the dark part. This is because the intensity of 

the backscattered electron image is affected by the atomic mass of the elements. Therefore, the 

precipitates containing Sn are brighter than the matrix, which is mainly Mg.  

4.4.2.2 Chemical and grain orientation analysis in SEM 

Energy dispersive spectrometry (EDS) characterization can also be performed by the 

attached Oxford Instruments X-max detector. The voltage used for EDS was 15kV and the dead 

time was given at around 30% for the conditions chosen, providing an appropriate number of 

X-ray signal.  

The grain orientation determination for micro-pillar compression was performed by 

Electron BackScatter Diffraction (EBSD) at 20kV. For the Mg-Sn alloys, EBSD sample 

preparation needs to be very careful due to the existence of the above-mentioned Sn(OH)4. 

Normally EBSD requires a high sample surface quality and therefore there should not be any 

remaining corrosion product on the sample. The approach to acquire reasonable EBSD samples 

is to perform fine mechanical polishing instead of using any etchant. In this study, EBSD 

samples were prepared using P120-P1200 silicon carbide grinding papers, followed by 1μm 

diamond suspension and finally 0.04μm colloidal silica.  

4.4.2.3 TEM sample preparation and micro-pillar fabrication in SEM 

assisted by Focused Ion Beam (FIB) 

FIB has proven to be a powerful tool to prepare TEM and microscale testing samples. In 
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the present work, thin TEM foils and micro-pillars were prepared by a FEI Helios FEG Dual 

Beam (SEM/FIB) with a Xe plasma source. By performing EBSD analysis prior to FIB, TEM 

foils with the desired foil normal can easily be acquired. Micro-pillars for compression tests 

can also be produced by FIB. Pillars with the desired loading directions and Schmid factors can 

be acquired via previous EBSD analysis.  

4.4.3 X-ray diffraction analysis (XRD) 

In order to identify the phases in the as-prepared alloys, an Inel Equinox 3000 X-ray 

diffraction system has been used. During the XRD scan, the 2θ angle ranges from 0°~115°. 

Each scan is performed for 30min for a sufficient number of counts. ~50000 counts were 

normally acquired for each sample. The structure factor of the Mg2Sn crystal is:  

 𝐹ℎ𝑘𝑙 = {

4𝑓𝑆𝑛,           ℎ + 𝑘 + 𝑙 = 2𝑁 + 1

4(𝑓𝑆𝑛 − 2𝑓𝑀𝑔),   ℎ + 𝑘 + 𝑙 = 4𝑁 + 2

4(𝑓𝑆𝑛 + 2𝑓𝑀𝑔),      ℎ + 𝑘 + 𝑙 = 4𝑁

 Equation 4-2 

The as-acquired XRD data was then processed by Jade 5.0 software to identify the phases 

in the sample.  

4.4.4 Transmission electron microscopy (TEM) 

A FEI Talos F200X and a FEI Tecnai F30 transmission electron microscope has been used 

to study in detail the morphology and orientation of the precipitates. The morphologies of the 

precipitates were studied using bright field (BF) and dark field (DF) imaging as well as scanning 

transmission electron microscopy (STEM). The structure and orientation relationships were 

studied by selected area electron diffraction (SAED) and the chemical compositions of the 

precipitates were determined by using energy dispersive spectrometry (EDS) in STEM-

HAADF imaging mode. To analyse the T-shaped precipitates in the Mg-6Sn-3Zn alloys, a 
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tomography holder with a tilting range of -70°~70° was chosen followed by 3D tomographic 

reconstruction.  

The TEM samples were either prepared using twin-jet polishing or by SEM-FIB. To 

prepare the TEM samples via twin jet polishing, the samples were first cut into thin slices, 

punched into 3 mm discs and thinned down to less than 200μm with P1200 grinding paper. 

Final polishing was performed by a Tenupol-3 twin jet polisher. The twin jet polishing was 

carried out with a solution which consisted of 10g lithium chloride, 22g magnesium chloride, 

200ml butoxyethanol and 1000ml methanol. In order to minimize oxidation, the solution was 

cooled down by liquid nitrogen to -20℃~-30℃. The voltage used for polishing was ~90V.  

For the determination of the chemical composition of the precipitates in the TEM samples, 

as the matrix and the precipitate will both contribute to the EDS signal, the chemical 

composition of the precipitates cannot be determined by directly putting the beam on the 

precipitate. Many data points were taken from different precipitates. The competition between 

the matrix and the precipitates will be different, but the atomic ratios of the precipitates will 

remain unchanged and can subsequently be acquired by quantitative analysis. The detailed 

approach used for determining the chemical composition of the precipitates will be described 

in Chapter 5. 

In order to accurately determine the shape of the T-shaped precipitates formed in the Mg-

6Sn-3Zn (wt.%) alloys, HAADF imaging was used as the Z-contrast strongly suppresses the 

diffraction contrast and is therefore very useful to produce images for tomography 

reconstruction. HAADF images were taken over a tilt range of -70°~70° with an angular interval 

of 2°. 70 images were taken for each precipitate and were processed by the TomoJ plugin of 

ImageJ to produce a stack of ~400 images. The stacked images were then reconstructed using 

the ChimeraX software for a 3D model.  
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Determination of orientation relationships between the precipitate and the matrix was 

performed by stereographic projection analysis. Zone axis diffraction patterns from each phase 

were recorded by TEM and plotted on a stereographic diagram and all other main axes were 

constructed. The as-reconstructed stereographic diagram shows a series of superimposed zone 

axes which therefore indicate the parallel directions and planes. The stereographic diagrams in 

this study were produced by CrystalMaker and SingleCrystal.  

4.5 Hardness 

The hardness of the alloys was measured using a Mitutoyo MVK-H1 hardness tester fitted 

with a Vickers indenter to produce an age hardening curve. The Vickers hardness is one of the 

most widely applied hardness testing techniques. The advantages of the Vickers hardness 

include: 

Hardness values are independent of the size of the indenter tip and the load. 

No need to change the indenter tip for different materials.  

The square indent is easy to measure.  

The Vickers hardness is produced by using a pyramidal shaped diamond indenter with a 

tip angle of 136°. The Vickers hardness is calculated as follows: 

 HV =
𝐹

𝑆
=

2𝐹∙sin
136°

2

𝑔∙𝑑2 ≅ 0.1891 ∙
𝐹

𝑑2  Equation 4-3 

where 𝐹  is the load, 𝑆  is the surface area of the indent, 𝑑  is the diagonal length of the 

indent and 𝑔  is the gravitational acceleration. Generally, samples suitable for optical 

microscopy can be used for hardness tests (without etching). The load was 50g held for 10s. 20 

measurements were taken from each sample to improve accuracy.  
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5 Characterization of precipitates in Mg-Sn alloys 

5.1 Introduction 

The work related in this thesis focus on the Mg-Sn alloy system, which is a competitive 

replacement for the Mg-RE alloys. As the morphology and crystallography of the precipitates 

in the Mg-Sn alloy system vary greatly with alloy composition and heat treatment, Mg-6Sn, 

Mg-6Sn-3Al and Mg-6Sn-3Zn (wt.%) were selected in this study. The addition of 6% Sn 

produces a moderate number of precipitates, while Al and Zn, based on the existing literature, 

have the effect of promoting non-basal precipitates. As the Mg-Sn alloy system is 

precipitation strengthened, it is vital to characterise the precipitates before any analysis on 

strengthening behaviour can be performed. The precipitates in the three alloys have been 

analysed for their morphology, crystallography and chemistry by a combination of OM, SEM 

and TEM both as-cast and peak-aged.  

5.2 Characterisation of the as-cast alloys 

The chemical compositions of the as-prepared alloys were measured by SEM-EDS. In 

order to assure the accuracy of the EDS measurement, 10 measurements were taken across the 

sample. Standardized ZAF quantification was applied, where Z is the atomic number correction, 

A is the absorption correction and F is the florescence correction. The nominal and measured 

compositions of the as-cast alloys are shown in Table 11 below.  

Table 11 Chemical composition of the as-cast Mg-Sn alloys measured by SEM-EDS (wt.%) 

Alloy Composition 

wt.%/at% 

Mg/% Sn/% Al/% Zn% Bal.% 



43 

 

Mg-Sn Nominal 94.00/98.71 6.00/1.29 0 0 0 

Measured 93.47/98.52 6.25/1.35 0 0 0.28/0.13 

Mg-Sn-

Al 

Nominal 91.00/95.86 6.00/1.69 3.00/2.85 0 0 

Measured 89.96/95.59 6.78/1.47 2.89/2.77 0 0.37/0.17 

Mg-Sn-

Zn 

Nominal 91.00/97.49 6.00/1.32 0 3.00/1.19 0 

Measured 90.30/97.15 5.89/1.30 0 3.32/1.33 0.49/0.22 

 

The microstructures of the as-cast alloys were characterized by OM and SEM:  

5.2.1 Optical microscopy 

Optical microscope images of Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn are shown in 

Figure 14, Figure 15 and Figure 16. The α-Mg matrix is indicated by a red arrow and the Mg2Sn 

phase is indicated by a green arrow. The two phases can be found clearly in the images, but the 

contrast at high magnification is not adequate. Therefore, SEM was used for further 

microstructure characterization using back-scattered electron mode to give better contrast.  

 

Figure 14 Optical microscope image of as-cast Mg-6Sn alloy 

α-Mg 

Mg2Sn 
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Figure 15 Optical microscope image of as-cast Mg-6Sn-3Al alloy 

 

Figure 16 Optical microscope image of as-cast Mg-6Sn-3Zn alloy 

5.2.2 SEM 

 Backscattered electron images of Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn have been 

acquired and are shown in Figure 17, Figure 18 and Figure 19, respectively, to better describe 

the microstructures and phase distributions of the as-cast alloys. In the SEM images, the α-Mg 

matrix is the dark part and the Sn-rich area is the bright part based on the back-scattered electron 

contrast mechanism. The Sn enrichment and Mg2Sn precipitates are mostly on the grain 

boundaries. This is due to the change of liquid composition during the solidification process. 

α-Mg 

Mg2Sn 

α-Mg 

Mg2Sn 
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As the liquid composition moves along the liquidus line in the phase diagram, the liquid that 

solidifies last will exhibit the highest Sn concentration, leading to the formation of an Sn-rich 

area and the eutectic Mg2Sn phase.  

Another feature of the as-cast microstructures is that the distribution of Mg2Sn phase is 

refined in the Mg-6Sn-3Al alloy. The area fraction of the precipitates was calculated using 

ImageJ. The precipitates in Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-Zn occupy 1.3%, 1.4% and 2.1% 

respectively of the area fraction. However, it can be found clearly from the images that the 

precipitates in the Mg-6Sn-3Al alloy are finer than in the other alloys, which is in good 

agreement with Elsayed et al. [7]. A refined microstructure in the Mg-6Sn-3Al alloys will lead 

to higher hardness as-cast.  

 

Figure 17 As-cast structure of Mg-6Sn alloy 
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Figure 18 As-cast structure of Mg-6Sn-3Al alloy 

 

Figure 19 As-cast structure of Mg-6Sn-3Zn alloy 

5.3 Age hardening response of the as-aged Mg-6Sn alloys 

All three Mg-Sn alloys were solution treated at 500℃ for 48h and then aged at 200℃ until 

peak hardness was observed. 20 indents were made on each of the aged specimens. The 

hardness of the as-cast alloys is shown below in Figure 20.  

α-Mg 

Sn-rich area 

Mg2Sn 

α-Mg 

Sn-rich area 

Mg2Sn 



47 

 

 

Figure 20 Vickers micro-hardness acquired from the Mg-Sn alloys with 50g load 

For the Mg-6Sn binary alloy, peak hardness is not observed until an ageing time of 144h 

is reached. According to the existing data, this is mainly due to the low diffusion coefficient 

of Sn in Mg, which was previously studied by Zhou et al.[74]. For example, at 200 ℃, the 

basal and normal diffusion coefficients of Al in Mg are 1.26*10-38m2/s and 2.78*10-39m2/s 

respectively while those of Sn in Mg are 6.83*10-39m2/s and 1.42*10-39m2/s respectively.  

The two ternary alloys exhibit a better age hardening response, as can be seen from the 

peak hardness values and times until peak hardness. An increment of ~15HV is observed in 

both alloys, which can be seen reaching their peak hardness at around 72h.  

5.4 Studying the precipitates in Mg-Sn alloys 

In order to identify the phases present in all three Mg-Sn alloys, XRD as well as STEM-

EDS has been applied. For the XRD analysis, considering the possible phases based on the 

chemical composition of the alloys as well as the phase diagram, α-Mg, Mg2Sn, Mg17Al12 and 
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MgZn2 were selected for matching. The XRD spectra for all three alloys at peak ageing can be 

found below with the peaks of each phase marked.  

 

Figure 21 XRD spectra of the peak aged Mg-6Sn binary alloy 
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Figure 22 XRD spectra of the peak aged Mg-6Sn-3Al ternary alloy 

 

Figure 23 XRD spectra of the peak aged Mg-6Sn-3Zn ternary alloy 
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Comparing Figure 21, Figure 22 and Figure 23, it can be found that the intensities of 

some XRD reflections are not consistent between the different samples. This is due to a 

difference in the grain orientation of the different samples. The XRD spectra confirmed the 

following phases: 

Binary Mg-6Sn: α-Mg+Mg2Sn 

Ternary Mg-6Sn-3Al: α-Mg+Mg2Sn 

Ternary Mg-6Sn-3Zn: α-Mg+Mg2Sn+MgZn2 

The phases were then confirmed by STEM-EDS. Several spectra were collected from the 

precipitates. Each spectra is contributed by both the precipitate and the matrix. In order to 

separate out these two contributions, the composite results, each involving a different 

contribution from the (unwanted) matrix, were plotted on a normal diagram. A regression line 

can then be established via linear regression analysis which can be extrapolated to the atomic 

ratios for the precipitates. For example, a determination of the chemical compositions of the 

precipitates was performed on the Mg-6Sn-3Zn alloy. The matrix will contain both Sn and Zn 

in solid solution. The Mg-Sn precipitates, however, will be effectively Zn-free and the Mg-Zn 

precipitates Sn-free according to the ternary phase diagram[75]–[77]. Thus, by extending the 

regression line to the Zn-free and Sn-free sides, the exact compositions of the precipitates can 

be accurately determined. For the Mg-Sn precipitates, the normal plot indicating the chemical 

composition is shown in Figure 24, where the X axis stands for Mg concentration from the 

spectra and the Y axis stands for the Zn concentration. The Zn-free crossing of the regression 

line on the X axis (marked by the black cross) leads to a chemical composition of ~62% Mg 

and ~38% Sn which is close to 2:1. Therefore, the Mg-Sn precipitate in the alloy can be 

confirmed as being Mg2Sn. The slope of the regression line, 0.0343, indicates the ratio of 

Mg/Zn in the matrix and is close to 3.3%. This value is higher than expected and may indicate 
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a Zn segregation near the Mg2Sn precipitates which is in agreement with what Liu et al has 

observed via high-resolution EDS mapping[57]. 

   

Figure 24 Normal plot establishing the chemical composition of the Mg-Sn precipitates, with 

all spectra marked as blue dots and the straight line coloured in black. The cross of the 

regression line on X axis has been marked with a cross.  

For the Mg-Zn precipitates, the normal plot identifying their chemical composition is 

shown in Figure 25. The Sn-free crossing of the regression line on the X axis (marked by the 

black cross) leads to a chemical composition of ~37% Mg and ~63% Zn which is close to 1:2. 

Therefore, the Mg-Zn precipitate in the alloy can be confirmed as being MgZn2. The slope of 

the regression line, 0.0085, indicates the ratio of Mg/Sn in the matrix and is close to 0.8%. 
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Figure 25 Normal plot establishing the chemical composition of the Mg-Zn precipitates, with 

all spectra marked in blue dots and the straight line coloured in black. The cross of the 

regression line on X axis has been marked with a cross. 

5.4.1 Morphology and crystallography of precipitates in Mg-6Sn 

In general, two types of Mg2Sn precipitate were found in the peak aged Mg-6Sn binary 

alloy. A general STEM-HAADF image of the microstructure of the alloy is presented in 

Figure 26. As can be seen from the image, the peak aged binary alloy is dominated by lath-

shaped precipitates with a habit plane of (0001)𝑀𝑔 (basal plane). The basal laths with long 

axis along the 〈112̅0〉𝑀𝑔 directions are named Type 1 precipitates while the basal laths with 

long axis along the 〈101̅0〉𝑀𝑔 directions are named Type 2 precipitates. Both types of 

precipitate are marked by arrows in Figure 26.  
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Figure 26 STEM-HAADF image showing the general microstructure of the peak aged Mg-

6Sn binary alloy, (a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [112̅0]𝑀𝑔, 𝑔1 =

101̅0𝑀𝑔, 𝑔2 = 0002𝑀𝑔 

5.4.1.1 Type 1 basal laths with long axis parallel to 〈𝟏𝟏𝟐̅𝟎〉𝑴𝒈 directions 

A STEM-HAADF image showing the exact morphology of a Type 1 precipitate can be 

found in Figure 27. Type 1 laths tend to have round tips and an aspect ratio of normally 

around 10:1. A selected area diffraction pattern indicating the OR between the Type 1 

precipitates and the Mg matrix is shown in Figure 28. The diffraction pattern is contributed by 

both the Mg-matrix and the precipitate. The diffraction pattern from the Mg-matrix can be 

indexed as the [0001]𝑀𝑔 zone axis, while that from the FCC structured Mg2Sn can be 

indexed as the [110]𝑀𝑔2𝑆𝑛 zone axis. The rest of the diffraction pattern is contributed by 

double diffraction. As can be seen from the diffraction pattern, 𝑔112̅0𝑀𝑔 ∥ 𝑔002𝑀𝑔2𝑆𝑛, 

𝑔11̅00𝑀𝑔 ∥ 𝑔22̅0𝑀𝑔2𝑆𝑛. Therefore, the OR between the Mg-matrix and the Type 1 

precipitates is determined to be (0001)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [001]𝑀𝑔2𝑆𝑛. This OR 
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is equivalent to the OR1 first reported by Henes & Gerold and also in some other studies[8], 

[52], [59].  

 

Figure 27 STEM-HAADF image showing the morphology of  a Type 1 basal lath, (a) B ≈

[0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [112̅0]𝑀𝑔, 𝑔1 = 11̅00𝑀𝑔, 𝑔2 = 0002𝑀𝑔 

 

Figure 28 Selected area diffraction pattern determining the OR between a Type 1 precipitate 

and the Mg matrix. Reflections from the [0001]𝑀𝑔 zone axis are marked with yellow circles, 

reflections from the [110]𝑀𝑔2𝑆𝑛 zone axis are marked with red circles. The OR given by the 

diffraction pattern is (0001)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [001]𝑀𝑔2𝑆𝑛. 
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5.4.1.2 Type 2 basal laths with long axis parallel to 〈𝟏𝟎𝟏̅𝟎〉𝑴𝒈 directions 

Another type of precipitate found in the peak-aged Mg-6Sn binary alloys is a basal lath 

which has its long axis parallel to the 〈101̅0〉𝑀𝑔 directions and which will be called Type 2. 

The morphology of the Type 2 precipitates is shown in a STEM-HAADF image in Figure 29. 

Compared with the Type 1 precipitates, the Type 2 precipitates tend to have a smaller aspect 

ratio, around 5:1. In addition, differently from the round tips of the Type 1 precipitates, Type 

2 precipitates exhibit three obvious facets which are marked by arrows in Figure 29(a). One of 

the facets is parallel to {112̅0}𝑀𝑔 (F1) while the other two facets are parallel to {101̅0}𝑀𝑔 (F2 

and F3).  

 

Figure 29 STEM-HAADF image showing the morphology of  a Type 2 basal lath, (a) B ≈

[0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [112̅0]𝑀𝑔, 𝑔1 = 11̅00𝑀𝑔, 𝑔2 = 0002𝑀𝑔 

A selected area diffraction showing the OR between the Type 2 precipitates and the Mg- 

matrix can be found in Figure 30. The diffraction pattern is contributed to by both the Mg-

matrix and the precipitate. The diffraction pattern from the Mg-matrix can be indexed as the 

[0001]𝑀𝑔 zone axis, while that from the Mg2Sn can be indexed as the [110]𝑀𝑔2𝑆𝑛 zone axis. 

The rest of the diffraction pattern is contributed by double diffraction; for example, forbidden 

F1 

F2 

F3  

a b 

𝑔1 

𝑔2 

𝑔1 

𝑔2 



56 

 

reflections such as 𝑔11̅2̅𝑀𝑔2𝑆𝑛 and 𝑔001𝑀𝑔2𝑆𝑛 (marked by blue circles in Figure 30). As can 

be seen from the diffraction pattern, 𝑔21̅1̅0𝑀𝑔 ∥ 𝑔11̅1𝑀𝑔2𝑆𝑛, 𝑔011̅0𝑀𝑔 ∥ 𝑔11̅2̅𝑀𝑔2𝑆𝑛. 

Therefore, the OR between the Mg-matrix and the Type 2 precipitates can be determined as 

(0001)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔2𝑆𝑛. This OR is equivalent to the OR2 first 

reported by Henes & Gerold and also reported in some other studies[6], [8], [49].  

 

Figure 30 Selected area diffraction pattern defining the OR between the Type 2 precipitates 

and the Mg matrix. Reflections from the [0001]𝑀𝑔 zone axis are marked with yellow circles, 

reflections from the [110]𝑀𝑔2𝑆𝑛 zone axis are marked with red circles, a few forbidden 

reflections from the [110]𝑀𝑔2𝑆𝑛 zone axis are marked with blue circles. The OR given by the 

diffraction pattern is (0001)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔2𝑆𝑛. 

5.4.2 Morphology and crystallography of precipitates in Mg-6Sn-3Al ternary 

alloy 

With the addition of 3% Al to the binary alloy, the precipitate distribution becomes more 

complex. STEM-HAADF images showing the microstructure of the Mg-6Sn-3Al alloy are 

shown below in Figure 31, with a magnified image in Figure 32 showing the exact 
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morphology of the precipitates. The addition of Al leads to there being one type of basal rods 

in the alloy, which will be called Type 3, accompanied by additional basal plates, c-axis rods 

and pyramidal laths, labelled Type 4, Type 5 and Type 6 respectively. The details of the 

precipitates are as follows.  

 

Figure 31 STEM-HAADF image showing the microstructure of the peak aged (72h) Mg-6Sn-

3Al alloy, (a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔 , 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [11̅00]𝑀𝑔, 𝑔1 =

112̅0𝑀𝑔, 𝑔2 = 0002𝑀𝑔 
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Figure 32 A higher magnification STEM-HAADF image of the peak aged Mg-6Sn-3Al alloy 

showing the different types of precipitates. B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔 , 𝑔2 = 011̅0𝑀𝑔 

5.4.2.1 Type 3 basal rods with long axis parallel to the  〈𝟏𝟏𝟐̅𝟎〉𝑴𝒈 directions 

The addition of Al has caused a rod-shaped basal precipitate to occur. These Type 3 

basal Mg2Sn rods have their long axis parallel to the  〈112̅0〉𝑀𝑔 directions. A magnified 

image showing the exact morphology of a Type 3 precipitate can be found in Figure 33. Type 

3 precipitates normally have a high aspect ratio, around 25:1 with a rectangular cross-section. 

Some of the Type 3 precipitates have their tips slightly faceted (as marked in Figure 33(a). F1 

is parallel to {112̅0}𝑀𝑔 and F2 is parallel to {101̅0}𝑀𝑔) but most of them tend to have round 

tips.  
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Figure 33 STEM-HAADF image showing the exact morphology of the Type 3 Mg2Sn 

precipitates. (a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔 , 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [11̅00]𝑀𝑔, 𝑔1 =

112̅0𝑀𝑔, 𝑔2 = 0002𝑀𝑔. 

A selected area diffraction showing the OR between the Type 3 precipitates and the Mg- 

matrix can be found in Figure 34. The diffraction pattern is contributed to by both the Mg-

matrix and the precipitate. The diffraction pattern from the Mg-matrix can be indexed as the 

[0001]𝑀𝑔 zone axis, while that from the Mg2Sn can be indexed as the [111]𝑀𝑔2𝑆𝑛 zone axis. 

The rest of the diffraction pattern is caused by double diffraction, for example forbidden 

reflections such as 𝑔11̅0𝑀𝑔2𝑆𝑛 and 𝑔12̅1𝑀𝑔2𝑆𝑛 (marked by blue circles in Figure 34). The 

diffraction pattern shows a series of parallel reflections such as 𝑔112̅0𝑀𝑔 ∥ 𝑔11̅0𝑀𝑔2𝑆𝑛, 

𝑔101̅0𝑀𝑔 ∥ 𝑔12̅1𝑀𝑔2𝑆𝑛. Therefore, the OR between the Mg-matrix and the Type 3 

precipitates can be determined as (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛. First 

determined by Henes & Gerold as OR4, this OR is one of the most commonly reported ORs 

between the Mg matrix and a Mg2Sn precipitate [5], [7], [8], [49], [52], [54].  
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Figure 34 Selected area diffraction pattern defining the OR between the Type 3 precipitates 

and the Mg matrix. Reflections from the [0001]𝑀𝑔 zone axis are marked with yellow circles, 

forbidden reflections from the [111]𝑀𝑔2𝑆𝑛 zone axis are marked with blue circles. The OR 

given by the diffraction pattern is (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛 

5.4.2.2 Type 4 hexagonal basal plates 

The addition of Al also caused basal Mg2Sn plates to appear in the alloy. These plate-

shaped precipitates inhabit the basal plane and will be called Type 4 basal plates. The 

morphology of this type of precipitate is demonstrated in Figure 35. Type 4 basal plates are 

obviously faceted with their 3 sets of facets parallel to {112̅0}𝑀𝑔, as marked in the figure 

below.  
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Figure 35 STEM-HAADF micrographs showing the morphology of the Type 4 basal plates, 

B ≈ [0001]𝑀𝑔, 𝑔1 = 112̅0𝑀𝑔, 𝑔2 = 12̅10𝑀𝑔 

A selected area diffraction pattern from the Type 4 basal plate is shown below in 

Figure 36. The diffraction pattern is identical to those from precipitate Type 3. With 

𝑔112̅0𝑀𝑔 ∥ 𝑔11̅0𝑀𝑔2𝑆𝑛, 𝑔101̅0𝑀𝑔 ∥ 𝑔12̅1𝑀𝑔2𝑆𝑛, the OR between the Type 4 precipitates 

and the Mg matrix is (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛, namely OR4.  

 

Figure 36 Selected area diffraction pattern from a Type 4 basal plate showing OR4. 

Reflections from the [0001]𝑀𝑔 zone axis are marked with yellow circles, forbidden 
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reflections from the [111]𝑀𝑔2𝑆𝑛 zone axis are marked with blue circles. The OR given by the 

diffraction pattern is (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛 

5.4.2.3 Type 5 c-axis rods with long axis along the [𝟎𝟎𝟎𝟏]𝑴𝒈 direction 

When observed from the [0001]𝑀𝑔 direction, these precipitates exhibit a triangular 

cross-section, with the three facets parallel to {112̅0}𝑀𝑔. The long axis is parallel to 

[0001]𝑀𝑔. This precipitate type is categorized as Type 5 c-axis rods. A STEM-HAADF 

image showing their exact morphology can be found in Figure 37.  

 

Figure 37 STEM-HAADF images showing the exact morphology of the Type 5 c-axis rods, 

(a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [11̅00]𝑀𝑔, 𝑔1 = 112̅0𝑀𝑔, 𝑔2 =

0002𝑀𝑔. 

A selected area diffraction pattern acquired from the precipitate is shown below in Figure 

38. With 𝑔112̅0𝑀𝑔 ∥ 𝑔11̅0𝑀𝑔2𝑆𝑛, 𝑔101̅0𝑀𝑔 ∥ 𝑔12̅1𝑀𝑔2𝑆𝑛, the OR between the Type 5 c-axis 

rods and the Mg matrix is (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛 , i.e. OR4.  
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Figure 38 Selected area diffraction pattern demonstrating ORs between the Type 5 c-axis rods 

and the Mg matrix. Reflections from the [0001]𝑀𝑔 zone axis are marked with yellow circles, 

forbidden reflections from the [111]𝑀𝑔2𝑆𝑛 zone axis are marked with blue circles. The OR 

given by the diffraction pattern is (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛 

5.4.2.4 Type 6 pyramidal laths with long axis along 〈𝟏𝟏𝟐̅𝟎〉𝑴𝒈 directions 

Pyramidal laths also were found in the Mg-6Sn-3Al alloy. These precipitates are 

categorised as Type 6 pyramidal laths. TEM tilting series have confirmed that these 

precipitates have a first order pyramidal habit plane. An example of a tilting series for two 

pyramidal laths is shown below in Figure 39. An image was taken every 15° of α-tilt.  

 

Figure 39 Tilting series for two pyramidal laths (a) Diffraction pattern showing the near-

[112̅0]𝑀𝑔 beam direction at α~-15° tilt (b) α~-15°, both precipitates are edge-on, 𝐵 ≈
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[112̅0]𝑀𝑔, the g-vector defining the habit plane is 11̅01𝑀𝑔  (c) α~0°, (d) α~15°, (e) α~30°, the 

long and short edges of the laths are marked in the figure 

Thus, these precipitates lie on (11̅01)𝑀𝑔. The ORs for these pyramidal precipitates 

appear to be rather variable. For example, the diffraction patterns for P1 and P2 are shown 

below in Figure 40, where the reflections from Mg are marked yellow and those from Mg2Sn 

are marked red. For P1, the orientation relationship with the Mg-matrix is (112̅0)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [11̅01]𝑀𝑔 ∥ [11̅3]𝑀𝑔2𝑆𝑛 and that for P2 is (112̅0)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [11̅01]𝑀𝑔 ∥

[11̅5]𝑀𝑔2𝑆𝑛. This variability is not currently understood. 

 

Figure 40 Diffraction patterns showing the OR between P1 (a), P2 (b) and the Mg-matrix. For 

P1, the OR given by the diffraction pattern is (112̅0)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [11̅01]𝑀𝑔 ∥

[11̅3]𝑀𝑔2𝑆𝑛, for P2, the OR given by the diffraction pattern is (112̅0)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [11̅01]𝑀𝑔 ∥ [11̅5]𝑀𝑔2𝑆𝑛. Note that the diffraction pattern is slightly rotated by 

the rotational TEM holder for better imaging quality 

Some existing research also reported the habit planes of pyramidal Mg2Sn precipitates in 

Mg alloys. Sasaki et al. reported pyramidal laths with {112̅2}𝑀𝑔 habit planes and 〈101̅0〉𝑀𝑔 
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long axes without specifying the orientation relationship[78]. But no other research either 

confirms or denies this. Some habit planes and orientation relationships occur more 

frequently.  

5.4.2.5 Basal plate clusters 

There also appear clusters of basal Mg2Sn plates in the Mg-6Sn-3Al alloy. When 

observed along [0001]𝑀𝑔, these precipitates exhibit different shapes and are normally 

concentrated in one particular area. Observations along [101̅0]𝑀𝑔 show that these 

precipitates, although exhibiting quite various morphologies, are plate-shaped precipitates on 

the basal plane. STEM-HAADF images of these clusters can be found in Figure 41.  

 

Figure 41 STEM-HAADF images showing the exact morphology of the clustered basal 

precipitates. (a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔 , 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [101̅0]𝑀𝑔, 𝑔1 =

112̅0𝑀𝑔, 𝑔2 = 0002𝑀𝑔  

Interestingly, although the clustered precipitates vary in shape and size, they still exhibit 

a few facets parallel to the low index directions in the (0001)𝑀𝑔 plane. However, they are not 

as faceted as the Type 4 basal plates. A series of images showing these facets is shown below 

in Figure 42.  
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Figure 42 STEM-HAADF images showing facets of the clustered precipitates. B ≈

[0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔 

Some selected area diffraction patterns were taken from the clustered precipitates with 

B = [0001]𝑀𝑔 to identify their OR with the Mg-matrix. Four diffraction patterns from four 

precipitates P1, P2, P3 and P4 are shown below as Figure 43 (a), (b), (c) and (d). All four 

precipitates exhibit the same OR as the Type 3, 4 and 5 precipitates, with 𝑔112̅0𝑀𝑔 ∥

𝑔11̅0𝑀𝑔2𝑆𝑛 , 𝑔101̅0𝑀𝑔 ∥ 𝑔12̅1𝑀𝑔2𝑆𝑛 . Thus (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥

[11̅0]𝑀𝑔2𝑆𝑛, which is OR4 [8].  
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Figure 43 Selected area diffraction patterns from four of the clustered precipitates showing 

their ORs with the Mg-matrix. (a) P1, (b) P2, (c) P3, (d) P4. Reflections from the [0001]𝑀𝑔 

zone axis are marked with yellow circles, forbidden reflections from the [111]𝑀𝑔2𝑆𝑛 zone 

axis are marked with blue circles. The OR given by the diffraction patterns are all 

(0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛 

5.4.2.6 The distribution of Al in the Mg-6Sn-3Al alloy 

As Al did not form its ‘own’ precipitates in the Mg-6Sn-3Al ternary alloy, EDS mapping 

was performed to determine the distribution of Al in the alloy and is shown below in Figure 

44. The distribution of Mg, Sn and Al are shown in their respective maps. As can be seen 
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from the images, most of the Sn is concentrated in the Mg2Sn precipitates, while a smaller 

amount remains in the Mg-matrix in a solid solution state. Al on the other hand, is 

homogeneously distributed in the matrix. A particle rich in Al has been marked by the white 

circle in Figure 44(d). This may be due to the presence of pre-existing crystallographic 

features favourable for the formation of Al-rich particle and is not a common case.  

 

 
Figure 44 STEM-EDS maps showing the distribution of elements in the peak aged Mg-6Sn-

3Al alloy, (a) STEM-HAADF image, (b) Mg distribution, (c) Sn distribution, (d) Al 

distribution, the white circle marks an Al-rich particle. The stripes on (a) and (b) are from the 

curtaining effect by FIB milling.  
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5.4.3 Morphology and crystallography of precipitates in Mg-6Sn-3Zn ternary 

alloy 

The morphology and crystallography of the precipitates in the ternary Mg-6Sn-3Zn alloy 

are different from those in the other two alloys. Except for the presence of Type 2 basal laths, 

prismatic Mg2Sn laths (Type 7) and c-axis MgZn2 rods are also found in the alloy. In addition, 

most of the MgZn2 rods and Type 2 basal laths are connected, forming a T-shaped 

morphology. A STEM-HAADF image showing the general microstructure of the peak aged 

Mg-6Sn-3Zn alloy appears in Figure 45, with all the precipitate types marked. The details of 

all precipitate types are explained below.  

 

Figure 45 STEM-HAADF images showing the general microstructure of the precipitates in 

the peak aged Mg-6Sn-3Zn alloy, (a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈

[11̅00]𝑀𝑔, 𝑔1 = 112̅0𝑀𝑔, 𝑔2 = 0002𝑀𝑔. 

5.4.3.1 Type 2 basal Mg2Sn laths in the Mg-6Sn-3Zn alloy with long axis 

parallel to the 〈𝟏𝟎𝟏̅𝟎〉𝑴𝒈 directions 
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Type 2 basal Mg2Sn laths have been observed in the Mg-6Sn-3Zn alloy, but with a small 

difference from those in the binary Mg-6Sn alloy. Similarly to the Type 2 basal laths found in 

the binary Mg-6Sn alloy, they have their long axis parallel to the 〈101̅0〉𝑀𝑔 directions and 3 

facets parallel to {101̅0}𝑀𝑔. The difference is that most of the Type 2 basal laths are 

connected to a c-axis MgZn2 rod, which is a commonly reported phenomenon in the Mg-Sn-

Zn alloys. This will be enlarged on in a later section. STEM-HAADF images showing the 

exact morphology of the Type 2 basal lath are shown below in Figure 46, along with a 

magnified image (from Figure 46(a)) in Figure 47 marking all the facets of a Type 2 

precipitate.  

 

Figure 46 STEM-HAADF images showing the morphology of the Type 2 basal laths in the 

Mg-6Sn-3Zn ternary alloy. (a) B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈

[112̅0]𝑀𝑔, 𝑔1 = 11̅00𝑀𝑔, 𝑔2 = 0002𝑀𝑔. Type 2 laths are marked with yellow circles. The 

small bright dots in (a) are the MgZn2 narrow laths.  
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Figure 47 Magnified image of a Type 2 basal lath showing its three {101̅0}𝑀𝑔 facets. B ≈

[0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔. The bright shape within the precipitate is the 

connected MgZn2 rod. 

The Type 2 basal laths in the ternary Mg-6Sn-3Zn alloy exhibit the same OR as those in 

the binary alloy. A selected area diffraction pattern showing this appears in Figure 48. The 

diffraction pattern from the Mg-matrix can be indexed as the [0001]𝑀𝑔 zone axis, while that 

from the Mg2Sn can be indexed as [110]𝑀𝑔2𝑆𝑛. The rest of the diffraction pattern is 

contributed by double diffraction, hence the forbidden reflections such as 𝑔11̅2𝑀𝑔2𝑆𝑛 and 

𝑔001𝑀𝑔2𝑆𝑛 were enabled (marked by blue circles in Figure 48). As can be seen from the 

diffraction pattern, 𝑔21̅1̅0𝑀𝑔 ∥ 𝑔11̅1𝑀𝑔2𝑆𝑛, 𝑔011̅0𝑀𝑔 ∥ 𝑔11̅2̅𝑀𝑔2𝑆𝑛. Therefore, the OR 

between the Mg-matrix and the Type 2 basal laths in the Mg-6Sn-3Zn ternary alloy can be 

determined as (0001)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔2𝑆𝑛, namely OR2. 
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Figure 48 Selected area diffraction pattern showing the OR between the Type 2 basal laths 

and the Mg-matrix. The OR given by the diffraction pattern is (0001)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥ [11̅1]𝑀𝑔2𝑆𝑛. 

5.4.3.2 Type 7 prismatic Mg2Sn laths with long axis parallel to 〈𝟏𝟏𝟐̅𝟎〉𝑴𝒈 

directions 

The addition of Zn to the binary Mg-6Sn alloy resulted in a new type of prismatic Mg2Sn 

lath with its long axis parallel to the three 〈112̅0〉𝑀𝑔 directions. These precipitates are 

obviously narrower than the Type 2 basal laths and are wider on the prismatic {112̅0}𝑀𝑔 

planes than on the basal. Therefore, these precipitates are categorized as Type 7 prismatic 

laths. STEM-HAADF images showing the morphology of the Type 7 prismatic laths can be 

found below in Figure 49, with the Type 7 prismatic laths marked with yellow circles. 

Another image with the Type 7 prismatic lath edged-on is shown in Figure 50.  
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Figure 49 STEM-HAADF images showing the morphology of Type 7 prismatic laths, (a) B ≈

[0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [112̅0]𝑀𝑔, 𝑔1 = 11̅00𝑀𝑔, 𝑔2 = 0002𝑀𝑔. 

 

Figure 50 STEM-BF image showing a Type 7 prismatic lath edged-on. B ≈ [112̅0]𝑀𝑔, 𝑔1 =

11̅00𝑀𝑔, 𝑔2 = 0002𝑀𝑔. The c-axis MgZn2 rod is marked with the yellow rectangle.  

For the selected area diffraction patterns shown below in Figure 51, the diffraction 

patterns from the Mg-matrix and the precipitate can be indexed as  [0001]𝑀𝑔 and [110]𝑀𝑔2𝑆𝑛 

respectively. With 𝑔112̅0𝑀𝑔 ∥ 𝑔002𝑀𝑔2𝑆𝑛, 𝑔11̅00𝑀𝑔 ∥ 𝑔22̅0𝑀𝑔2𝑆𝑛, the OR can be 

determined as (0001)𝑀𝑔 ∥ (110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [001]𝑀𝑔2𝑆𝑛 which is OR1. The 
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diffraction patterns taken from the Type 7 prismatic laths are therefore similar to those from 

the Type 1 basal laths. Shi and Zhang observed similar precipitation behaviour in a Mg-Sn-

Zn-Mn alloy although the precipitate they reported is not perfectly parallel to the basal plane 

and the OR is also 0.39° deviated from OR1 and is named “near OR1” [60]. On the other 

hand, the precipitates in this work are fully parallel to the basal plane and have the precise 

OR1 relationship.  

 

Figure 51 Selected area diffraction pattern indicating the OR between the Type 7 prismatic 

laths and the Mg-matrix. The OR given by the diffraction pattern is (0001)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [001]𝑀𝑔2𝑆𝑛.  

5.4.3.3 C-axis MgZn2 rods 

Differently from the Al which is homogeneously distributed in the Mg-6Sn-3Al ternary 

alloy, Zn tends to form its own precipitates in the Mg-6Sn-3Zn alloy. XRD and STEM-EDS 

confirmed the presence of MgZn2 precipitates in the alloy (see Section 5.4). This phase has an 

HCP structure with the space group 𝑃63/𝑚𝑚𝑐 (a=0.525nm, c=0.845nm). There are two types 

of MgZn2 precipitate, wide c-axis MgZn2 rods and narrow c-axis MgZn2 rods. STEM-

HAADF images showing the morphology of the MgZn2 precipitates are shown below in 
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Figure 52. As can be seen from the images, the precipitates with long axis parallel to the 

[0001]𝑀𝑔 direction are brighter than the attached Mg2Sn precipitates, which means a higher 

average atomic mass. These c-axis precipitates are the MgZn2 rods.  

 

Figure 52 STEM-HAADF images showing the morphology of the MgZn2 precipitates, (a) 

B ≈ [0001]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 011̅0𝑀𝑔, (b) B ≈ [112̅0]𝑀𝑔, 𝑔1 = 11̅00𝑀𝑔, 𝑔2 =

0002𝑀𝑔. Small bright dots are the narrow MgZn2 rods 

An illustration of the crystal structure of MgZn2 can be found in Figure 53. Due to the 

small volume of the MgZn2 precipitates, the diffraction spots from them are fairly weak. A 

diffraction pattern showing the OR between the MgZn2 precipitates and the matrix can be 

found below in Figure 54, with the reflections from the Mg-matrix marked in yellow and 

those from the MgZn2 precipitate marked in red. The diffraction pattern from the Mg-matrix 

can be indexed as [12̅10]𝑀𝑔 while that from the MgZn2 precipitates can be indexed as 

[101̅0]𝑀𝑔𝑍𝑛2. With 𝑔0002𝑀𝑔 ∥ 𝑔24̅20𝑀𝑔𝑍𝑛2, 𝑔101̅0𝑀𝑔 ∥ 𝑔0002𝑀𝑔𝑍𝑛2, the OR between the 

Mg-matrix and the MgZn2 precipitates can be determined as (0001)𝑀𝑔 ∥

(12̅10)𝑀𝑔𝑍𝑛2, [112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2. This OR can be further confirmed by HRTEM 

images taken from the Mg-matrix and the MgZn2 precipitate as shown in Figure 55(a) and (b). 
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The images indicate that [0001]𝑀𝑔 ∥ [12̅10]𝑀𝑔𝑍𝑛2 , [101̅0]𝑀𝑔 ∥ [0001]𝑀𝑔𝑍𝑛2 , [112̅0]𝑀𝑔 ∥

[101̅0]𝑀𝑔𝑍𝑛2, therefore giving the same OR.  

 

Figure 53 Crystal structure of the MgZn2 precipitate viewed in CrystalMaker 
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Figure 54 Selected area diffraction pattern showing the OR between the MgZn2 precipitate 

and the Mg-matrix. The OR given by the diffraction pattern is [0001]𝑀𝑔 ∥

[12̅10]𝑀𝑔𝑍𝑛2 , [101̅0]𝑀𝑔 ∥ [0001]𝑀𝑔𝑍𝑛2 , [112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2.  
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Figure 55 HRTEM image showing the crystal structures of the Mg-matrix and the MgZn2 

precipitate. (a) HRTEM image of the Mg-matrix, (b) HRTEM image of the MgZn2 precipitate. 

Note that the two images were taken inside of each phase under different defocus.  

5.4.3.4 The distribution of Zn in the Mg-6Sn-3Zn ternary alloy 

As a MgZn2 precipitate has been discovered in the Mg-6Sn-3Zn ternary alloy, it is useful 

to know the distribution of Zn in the alloy. STEM-EDS mapping has been performed with the 

maps shown below in Figure 56. Sn and Zn are concentrated in their respective precipitates 

which are Mg-depleted. In addition, different precipitate types can also be identified in the 

maps. Type 2, Type 7 Mg2Sn precipitates and MgZn2 rods are all distinguishable and marked 

by arrows in the maps.  

a b 
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Figure 56 STEM-EDS mapping showing the distribution of elements in the Mg-6Sn-3Zn 

alloy, B = [112̅0]𝑀𝑔, 𝑔1 = 101̅0𝑀𝑔, 𝑔2 = 0002𝑀𝑔. (a) STEM-HAADF image, (b) Mg 

distribution, (c) Sn distribution, (d) Zn distribution. The stripes on (a) and (b) are from the 

curtaining effect by FIB milling. 

5.4.3.5 The exact morphology of the T-shaped precipitates 

As indicated by the TEM images above in Section 5.4.3.2, nearly every Type 2 Mg2Sn 

basal lath is connected to a MgZn2 rod. To determine exactly the morphology of the T-shaped 

precipitates, TEM tomography has been applied.  
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In order to produce a 3D reconstruction, a tomography holder with a tilting angle of -

70°~70° was used to produce 70 STEM-HAADF images at different angles. An image was 

thus taken every 2°. A few images of a T-shaped precipitate from different tilting angles 

(respectively -70°, -36°, 0°, 36° and 70°) are presented below in Figure 57. Post processing by 

the TomoJ plugin of ImageJ produced a stack of 400 images which could then be assembled 

to produce a reconstructed 3D model. A few stack images are given below in Figure 58 to 

show different cross sections from the stack.  

 

Figure 57 STEM-HAADF images of the precipitate for TEM-tomography, (a) -70° tilt, (b), -

36° tilt, (c) 0° tilt, (d) 36° tilt, (e) 70° tilt 

 

Figure 58 Images from the reconstruction stack showing different cross-sections through the 

3D model. (a) Image 100, (b) Image 150, (c) Image 200 

3D-reconstruction of the image stacks eventually produced a 3D model in OBJ format, 

with a three-view schematic shown below in Figure 59. The 3D model clearly shows the 

morphology of the T-shaped assembly. As can be seen from the images, the Type 2 basal lath 
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and the c-axis MgZn2 rod are in contact with each other. In addition, the three [101̅0]𝑀𝑔 

facets of the Type 2 basal lath are shown in the images, marked by arrows.  

 

 
Figure 59 Three different views of the reconstructed 3D model of the T-shaped precipitate, (a) 

from  [0001]𝑀𝑔, (b) from  [101̅0]𝑀𝑔, (c) from [112̅0]𝑀𝑔 

5.5 Summary 

To summarize the precipitation behaviour of all three Mg-Sn alloys, the different types 

of precipitate in the Mg-6Sn binary alloy, Mg-6Sn-3Al ternary and Mg-6Sn-3Zn ternary have 

been identified and analysed by XRD, STEM-HAADF imaging, STEM-EDS and electron 

diffraction.  
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For the Mg-6Sn binary alloy, the Mg2Sn precipitates are dominated by basal precipitates 

including Type 1 and Type 2 basal laths which lack the capability for blocking basal slip. The 

ORs of the two precipitate types were investigated and are in good agreement with previous 

reports [5], [8], [47], [50], [57] .  

The Mg-6Sn-3Al ternary alloy has a much more varied precipitate distribution. Along 

with the Type 3 and Type 4 basal precipitates, Type 5 c-axis rods and Type 6 pyramidal laths 

also exist. With a much larger cross-section inclined to the basal plane, these two precipitate 

types would possess better capability against basal slip. Interestingly, most of the precipitates 

types in the Mg-6Sn-3Al alloy follow one OR (OR4) [5], [7], [8], [49], [52], [54].  

With the addition of Zn, the Mg-6Sn-3Zn alloy exhibits two precipitates phases, Mg2Sn 

and MgZn2. The Mg2Sn precipitates appear as Type 2 basal laths (OR2) with additional Type 

7 prismatic laths with OR1. The MgZn2 precipitates normally appear as c-axis rods. Both the 

Type 7 Mg2Sn laths and the MgZn2 rods would have the capability to block basal slip. In 

addition, the combined T-shaped precipitation behaviour of the Type 2 basal laths and the 

MgZn2 rods has been analysed and a 3D model showing its exact morphology has been 

produced.  

The numerical ratios and dimensions of all types of precipitates have been statistically 

analysed for later Orowan strengthening calculations. The statistics of the precipitates in the 

Mg-Sn alloys can be found in Section 7.2.2.  
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6 Analysis of basal slip using micro-pillar compression 

6.1 Introduction 

As currently reported research on the mechanical properties of Mg-Sn alloys has only 

evaluated either hardness [5], [49], [51] (normally Vickers hardness) or macroscopic (i.e. 

polycrystalline) mechanical strength (normally tensile strength) [58], [59], [80], the exact 

behaviour of the plastic deformation of Mg-Sn alloys is still not well understood. In the Mg-

Sn alloys with non-basal precipitates, basal slip will encounter more resistance. Therefore, as 

well as evaluating the macroscopic mechanical properties, it will be useful to study how Mg-

Sn alloys deform in a single crystal. Using micro-pillar compression tests designed to activate 

basal slip, the impact of non-basal precipitates on basal slip can be thus evaluated.  

6.2 The calculation of Schmid factors in determining the loading 

direction 

To activate the desired basal slip and calculate its CRSS accurately, the Schmid factors 

for a certain loading direction must be calculated prior to the pillar-compression experiments. 

Schmid’s law can be written as: 

 τ = mσ Equation 6-1 

where σ is the stress applied to the material and m is known as the Schmid factor, being: 

 m = cos 𝜑 cos 𝜆 Equation 6-2 

where φ is the angle between the loading direction [𝑢1𝑣1𝑡1𝑤1] and the slip plane normal 

[ℎ1𝑘1𝑖1𝑙1] and λ is the angle between the loading direction [𝑢1𝑣1𝑡1𝑤1] and the slip direction 
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[𝑢2𝑣2𝑡2𝑤2]. For an HCP crystal e.g. magnesium, the Schmid factor can be calculated using 

the following equation [81]: 

m = cos 𝜑 cos 𝜆 =
ℎ1𝑢1+𝑘1𝑣1+𝑖1𝑡1+

3𝑐2
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  Equation 6-3 

For all three Mg-Sn alloys, the Schmid factors for each slip system have been calculated 

and are listed in Table 12, Table 13 and Table 14. Note that a negative value indicates an 

opposite slip direction and does not indicate that the Schmid factor is negative. For some 

loading directions, although the Schmid factors for some slip systems are high (e.g., 1st order 

pyramidal 〈𝑎〉 slip), the CRSS for pyramidal slip is much higher than that of the basal slip, 

and therefore basal slip is still expected to dominate the deformation behaviour.  

Table 12 Calculated Schmid factors for possible slip systems in the peak aged Mg-6Sn alloy 

with their respective loading directions (Highest Schmid factors are marked in red) 

Slip system Slip plane Slip direction Loading direction 

[011̅1]𝑀𝑔 [1̅21̅2̅]𝑀𝑔 

Basal 〈𝑎〉 (0001)𝑀𝑔 [112̅0]𝑀𝑔 0.4321 0.2492 

(0001)𝑀𝑔 [2̅110]𝑀𝑔 0.0000 0.2492 

(0001)𝑀𝑔 [12̅10]𝑀𝑔 -0.4321 -0.4984 

Prismatic 〈𝑎〉 (11̅00)𝑀𝑔 [112̅0]𝑀𝑔 -0.2303 -0.1992 

(101̅0)𝑀𝑔 [12̅10]𝑀𝑔 -0.2303 0.0000 

(011̅0)𝑀𝑔 [2̅110]𝑀𝑔 0.0000 -0.1992 

(11̅01)𝑀𝑔 [112̅0]𝑀𝑔 -0.0005 -0.0589 

(101̅1)𝑀𝑔 [12̅10]𝑀𝑔 -0.4062 -0.2340 
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1st order 

pyramidal 〈𝑎〉 

(011̅1)𝑀𝑔 [112̅0]𝑀𝑔 0.0000 -0.2929 

 

Table 13 Calculated Schmid factors for possible slip systems in the peak aged Mg-6Sn-3Al 

alloy with their respective loading directions (Highest Schmid factors are marked in red) 

Slip system Slip plane Slip direction Loading direction 

[1̅32̅2̅]𝑀𝑔 [1̅87̅9̅]𝑀𝑔 

Basal 〈𝑎〉 (0001)𝑀𝑔 [112̅0]𝑀𝑔 -0.3089 -0.3990 

(0001)𝑀𝑔 [2̅110]𝑀𝑔 -0.1545 -0.0570 

(0001)𝑀𝑔 [12̅10]𝑀𝑔 0.4634 0.4560 

Prismatic 〈𝑎〉 (11̅00)𝑀𝑔 [112̅0]𝑀𝑔 -0.3293 -0.2126 

(101̅0)𝑀𝑔 [12̅10]𝑀𝑔 -0.1235 -0.1620 

(011̅0)𝑀𝑔 [2̅110]𝑀𝑔 -0.2058 -0.0506 

1st order 

pyramidal 〈𝑎〉 

(11̅01)𝑀𝑔 [112̅0]𝑀𝑔 -0.4357 -0.3750 

(101̅1)𝑀𝑔 [12̅10]𝑀𝑔 0.1085 0.0710 

(011̅1)𝑀𝑔 [112̅0]𝑀𝑔 -0.1092 -0.0179 

 

Table 14 Calculated Schmid factors for possible slip systems in the peak aged Mg-6Sn-3Zn 

alloy with their respective loading directions (Highest Schmid factors are marked in red) 

Slip system Slip plane Slip direction Loading direction 

[1̅87̅6̅]𝑀𝑔 [257̅6]𝑀𝑔 

Basal 〈𝑎〉 (0001)𝑀𝑔 [112̅0]𝑀𝑔 -0.3848 0.4828 

(0001)𝑀𝑔 [2̅110]𝑀𝑔 -0.0550 -0.1379 
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(0001)𝑀𝑔 [12̅10]𝑀𝑔 0.4397 -0.3448 

Prismatic 〈𝑎〉 (11̅00)𝑀𝑔 [112̅0]𝑀𝑔 -0.3076 -0.1286 

(101̅0)𝑀𝑔 [12̅10]𝑀𝑔 -0.2344 -0.2757 

(011̅0)𝑀𝑔 [2̅110]𝑀𝑔 -0.0732 0.1470 

1st order 

pyramidal 〈𝑎〉 

(11̅01)𝑀𝑔 [112̅0]𝑀𝑔 -0.4522 0.1130 

(101̅1)𝑀𝑔 [12̅10]𝑀𝑔 -0.0005 -0.4053 

(011̅1)𝑀𝑔 [112̅0]𝑀𝑔 -0.0389 0.1946 

Micro-pillars have been fabricated from the peak-aged Mg-6Sn, Mg-6Sn-3Al and Mg-

6Sn-3Zn alloys by SEM-FIB. For Orowan strengthening investigation involving precipitates, 

a larger pillar size will be needed to assure enough dislocation-precipitate interaction. 

Therefore, the pillars used in this study were chosen to have a diameter of 10μm and a height 

of ~20μm. A moderate height-diameter ratio of the pillars is important, as a higher ratio may 

cause the pillars easy to buckle. The micro-pillars were compressed with a loading direction 

favourable for basal slip using the grains that are favourably oriented and selected via EBSD. 

The as-produced stress-strain curves have been evaluated alongside the TEM images of the 

TEM foils fabricated from the as-compressed pillars with the sample normal determined via 

EBSD. 4 pillars were milled and compressed respectively for each loading direction. The 

pillars were compressed to a strain of 10%, with their yield stress determined by the 0.2% 

proof stress.  
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6.3 Basal slip behaviour of the peak aged Mg-6Sn binary alloy 

6.3.1 Micro-pillar compression of the peak aged Mg-6Sn binary alloy 

An SEM image of an as-milled pillar of the peak aged Mg-6Sn binary alloy before 

compression is shown below in Figure 60, while the image of an as-compressed pillar 

compressed along [011̅1]𝑀𝑔 is shown in Figure 61. The slip traces can clearly be seen on the 

as-compressed pillars, indicating a slip system has been activated.  

 

Figure 60 SEM image of an as-milled pillar from the peak-aged Mg-6Sn alloy 
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Figure 61 SEM image of an as-compressed pillar from the peak-aged Mg-6Sn alloy 

compressed along [011̅1]𝑀𝑔. The slip traces of the 
1

3
〈112̅0〉(0001)𝑀𝑔 slip system can be seen 

clearly and are marked with a red ellipse 

The stress-strain curves acquired from loading directions [011̅1]𝑀𝑔 and [1̅21̅2̅]𝑀𝑔 were 

plotted and are shown in Figure 62 and Figure 63. During loading, near linear elastic 

deformation occurs first and can be observed in the curves for both loading directions, 

indicating a good alignment between the compression tip and the pillar top. After elastic 

deformation, the pillars began to yield, detectably from ~0.2% strain. Strain bursts and load 

drops can be observed in the curves for both loading directions, but are more obvious for the 

pillars loaded along [1̅21̅2̅]𝑀𝑔, as indicated by the red ellipses. This is mainly due to the 

generation and motion of dislocations which will result in the formation of slip bands. No 

obvious work hardening can be observed in the stress-strain curves, which can be explained 

by the lack of resistance to basal dislocation motion, a result of basal precipitate-dominated 
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microstructure. For the binary Mg-6Sn alloy, the microstructure is dominated by two types of 

precipitate, both basal. With a low effective cross-section perpendicular to the basal plane, the 

dislocations will not effectively interact with the precipitates, thus causing a low CRSS and 

work hardening.  

The mean averaged yield stress determined from the 0.2% proof stress is 28.66MPa, 

leading to the as-calculated average CRSS for both loading directions being 13.22MPa.  

 

Figure 62 Stress-strain curves obtained from as-compressed pillars from peak aged Mg-6Sn 

alloy with a loading direction of [011̅1]𝑀𝑔 
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Figure 63 Stress-strain curves obtained from as-compressed pillars of peak aged Mg-6Sn 

alloy with a loading direction of [1̅21̅2̅]𝑀𝑔. Note that obvious strain bursts are marked by red 

ellipses.  

6.3.2 Dislocation analysis of the Mg-6Sn pillars compressed along [𝟎𝟏𝟏̅𝟏]𝑴𝒈 

A TEM foil from pillar 1 for the [011̅1]𝑀𝑔 loading direction has been fabricated along 

the dashed line as shown in Figure 64. This direction ensures the slip direction is in the foil 

and is therefore providing a foil normal of near 〈101̅0〉𝑀𝑔 or 〈112̅0〉𝑀𝑔. For this specific 

TEM foil, the foil normal is [12̅10]𝑀𝑔.  
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Figure 64 Pillar 1 with a [011̅1]𝑀𝑔 loading direction, with the TEM foil lift out marked by the 

red dashed lines 

When imaged along [12̅10]𝑀𝑔 with g = 0002, as shown in Figure 65, no dislocations 

can be observed i.e. g ∙ b = 0. By changing the g vector to g = 101̅0, the dislocations became 

visible, as shown in Figure 66. The dislocations are edged-on when observed from [12̅10]𝑀𝑔. 

Therefore, these dislocations can be confirmed being basal a dislocations. In addition, no 

other types of dislocations were found in the TEM samples, indicating that basal a slip is the 

only slip system activated. No precipitate shearing is observed.  

Pillar orientation 

[011̅1]𝑀𝑔 

Slip orientation 

[1̅1̅20]𝑀𝑔 

Slip plane 
(0001)𝑀𝑔 

Foil normal 
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Figure 65 TEM images from a Mg-6Sn pillar compressed along [011̅1]𝑀𝑔, viewed along 

[12̅10]𝑀𝑔 with g = 0002. (a) low magnification, (b) medium magnification, (c) high 

magnification. All dislocations are invisible.  

101̅0 
g = 0002 a b 

c 
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Figure 66 TEM images from a Mg-6Sn pillar compressed along [011̅1]𝑀𝑔, viewed along 

[12̅10]𝑀𝑔 with g = 101̅0. (a) low magnification, (b) medium magnification, (c) high 

magnification. The same viewing area as in Figure 65. The dislocations have become visible.  

6.4 Basal slip behaviour of the peak aged Mg-6Sn-3Al ternary alloy 

6.4.1 Micro-pillar compression of the peak aged Mg-6Sn-Al ternary alloy 

An SEM image of an as-milled Mg-6Sn-3Al micro-pillar before compression is shown 

below in Figure 67, with the image of an as-compressed pillar shown in Figure 68. Obvious 

slip traces can be seen on the pillar, proving that a slip system has been activated.  

g = 101̅0 0002 a b 

c 
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Figure 67 SEM image of an as-milled pillar from the peak-aged Mg-6Sn-3Al alloy 
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Figure 68 SEM image of an as-compressed pillar from the peak aged Mg-6Sn-3Al alloy. The 

slip traces of the 
1

3
〈112̅0〉(0001)𝑀𝑔 slip system can clearly be seen from the image and are 

marked with a red ellipse.  

Stress-strain curves from the as-compressed pillars compressed along [1̅32̅2̅]𝑀𝑔 and 

[1̅87̅9̅]𝑀𝑔 are shown respectively in Figure 69 and Figure 70 respectively. The elastic and 

yielding part of the curves is similar to that of the Mg-6Sn. Strain bursts and load drops can 

be observed for both loading directions, but is more obvious for the [1̅87̅9̅]𝑀𝑔 loading 

direction, as marked by the red ellipses in Figure 70. Slight work hardening can also be 

observed for the [1̅87̅9̅]𝑀𝑔 loading direction, which could possibly indicate that the 

pyramidal laths and c-axis rods have interacted with the basal slip, but still to a low extent.  
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The mean yield stress determined by the 0.2% proof stress is 46.42MPa, leading to an 

average CRSS of 21.34MPa. This is 8.12MPa higher than for the Mg-6Sn binary alloy, 

probably due to the non-basal precipitates.  

 

Figure 69 Stress-strain curves obtained from as-compressed pillars of the peak aged Mg-6Sn-

3Al alloy with a loading direction of [1̅32̅2̅]𝑀𝑔 
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Figure 70 Stress-strain curves obtained from as-compressed pillars from peak aged Mg-6Sn-

3Al alloy with a loading direction of [1̅87̅9̅]𝑀𝑔. Strain bursts have been marked with red 

ellipses.  

6.4.2 Dislocation analysis for the Mg-6Sn-3Al pillars compressed along [𝟏̅𝟖𝟕̅𝟗̅]𝑴𝒈 

A TEM foil has been fabricated from a pillar compressed along [1̅87̅9̅]𝑀𝑔. The image of 

the pillar is shown below in Figure 71, with the dashed lines marking the TEM foil lift out. 

This direction ensures the slip direction is in the foil and is therefore providing a foil normal 

of near 〈101̅0〉𝑀𝑔 or 〈112̅0〉𝑀𝑔. For this specific TEM foil, the foil normal is [11̅00]𝑀𝑔.  
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Figure 71 Pillar 1 with a [1̅87̅9̅]𝑀𝑔 loading direction, with the TEM foil lift out position 

marked by the red dashed lines 

When imaged with a beam direction of [11̅00]𝑀𝑔, with g = 0002, as shown below in 

Figure 72, no dislocations can be observed with this imaging condition, which results in g ∙

b = 0. By changing the g vector to g = 112̅0, the dislocations became visible as shown in 

Figure 73. With the viewing direction of [11̅00]𝑀𝑔, all dislocations were edged-on, indicating 

their basal a dislocation identity. No other types of dislocations were found in the TEM 

samples, hence basal a slip is the only slip system activated. Despite the rod-like basal 

precipitates, precipitate shearing is also not observed on the pyramidal laths and c-axis rods.  

Pillar orientation 
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Slip orientation 
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Figure 72 TEM images from a Mg-6Sn-3Al pillar compressed along [1̅87̅9̅]𝑀𝑔, viewed along 

[11̅00]𝑀𝑔 with g = 0002. (a) low magnification, (b) medium magnification, (c) high 

magnification 

 

112̅0 

g = 0002 a b 

c 
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Figure 73 TEM images from a Mg-6Sn -3Al pillar compressed along [1̅87̅9̅]𝑀𝑔, viewed along 

[11̅00]𝑀𝑔 with g = 112̅0. (a) low magnification, (b) medium magnification, (c) high 

magnification. Dislocations have become visible. 

6.5 Basal slip behaviour of the peak aged Mg-6Sn-3Zn alloy 

6.5.1 Micro-pillar compression of the peak aged Mg-6Sn-3Zn alloy 

An SEM image of an as-milled pillar of peak aged Mg-6Sn-3Zn binary alloy before 

compression is shown below in Figure 74, while the image of an as-compressed pillar 

g = 112̅0 

0002 a b 

c 
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compressed along [257̅6]𝑀𝑔 is shown in Figure 75. Similar to the Mg-6Sn and the Mg-6Sn-

3Al the slip traces can clearly be seen on the as-compressed pillars.  

 

Figure 74 SEM image of an as-milled pillar from the peak-aged Mg-6Sn-3Zn alloy 
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Figure 75 SEM image of an as-compressed pillar from the peak aged Mg-6Sn-3Zn alloy. The 

slip traces of the 
1

3
〈112̅0〉(0001)𝑀𝑔 slip system can clearly be seen in the image and are 

marked with a red ellipse. 

Stress-strain curves from the pillars compressed along [1̅87̅6̅]𝑀𝑔 and [257̅6]𝑀𝑔 are 

shown in Figure 76 and Figure 77 respectively. Large strain bursts are not observed for this 

alloy, although smaller strain bursts are distributed throughout the stress-strain curves. 

Differently from the Mg-6Sn and Mg-6Sn-3Al pillars, the Mg-6Sn-3Zn pillars exhibit strong 

work hardening, which could be an indication of strong dislocation-precipitate interaction 

during the compression process.  

The mean yield stress determined by the 0.2% proof stress is 64.86MPa, leading to the 

as-calculated average CRSS being 29.92MPa. The Mg-6Sn-3Zn alloy thus exhibits the 

highest resistance to basal a slip of all three Mg-Sn alloys, probably because of the large 

number of prismatic Mg2Sn and c-axis MgZn2 precipitates.  
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Figure 76 Stress-strain curves obtained from as-compressed pillars of peak aged Mg-6Sn-3Zn 

alloy with a loading direction of [1̅87̅6̅]𝑀𝑔 

 

Figure 77 Stress-strain curves obtained from as-compressed pillars of peak aged Mg-6Sn-3Zn 

alloy with a loading direction of [257̅6]𝑀𝑔 
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6.5.2 Dislocation analysis of the Mg-6Sn-3Zn pillars compressed along [𝟐𝟓𝟕̅𝟔]𝑴𝒈 

A TEM foil has been fabricated from a pillar compressed along [257̅6]𝑀𝑔. The image of 

the pillar is shown below in Figure 78, with the dashed line marking the TEM foil lift out 

region. For this specific sample, the TEM foil normal is [11̅00]𝑀𝑔.  

 

Figure 78 Pillar 2 with a [1̅87̅6̅]𝑀𝑔 loading direction, with the TEM foil lift out marked by the 

red dashed line 

When imaged with a beam direction of [11̅00]𝑀𝑔, with g = 0002, as shown below in 

Figure 79, no dislocations can be observed with this imaging condition, so g ∙ b = 0. By 

changing the g vector to g = 112̅0, the dislocations became visible as shown in Figure 80. All 

dislocations were edged-on under this image condition. Therefore, these dislocations can also 

be confirmed being basal a dislocations. The magnification of the images is slightly lower 

than that for Mg-6Sn and Mg-6Sn-3Al to show the sheared precipitates in the as-compressed 

Pillar orientation 
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Slip orientation 
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Slip plane 
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sample. As can be clearly seen from the images, the rod like MgZn2 precipitates with long 

axis along the [0001]𝑀𝑔 direction have been sheared. These precipitates tend to be straight 

and aligned along the [0001]𝑀𝑔 direction, as shown previously in Section 5.4.3. This 

indicates a different type of precipitate-dislocation interaction during the compression. In 

addition, no other types of dislocations were found in the TEM samples, indicating that basal 

a slip is the only slip system activated. Only the c-axis MgZn2 rods shear; no precipitates 

shearing is observed for the basal and prismatic Mg2Sn precipitates.  

 
Figure 79 TEM images of a TEM foil from a Mg-6Sn-3Zn pillar compressed along [257̅6]𝑀𝑔, 

viewed along [11̅00]𝑀𝑔 with g = 0002. (a) low magnification, (b) medium magnification, (c) 

high magnification 

112̅0 

g = 0002 
a b 

c 
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Figure 80 TEM images of a TEM foil from a Mg-6Sn-3Zn pillar compressed along [257̅6]𝑀𝑔, 

viewed along [11̅00]𝑀𝑔 with g = 112̅0. (a) low magnification, (b) medium magnification, (c) 

high magnification 

To show the sheared MgZn2 precipitates more clearly, TEM images were taken and 

shown below in Figure 81 with a g vector of g = 0002 showing no dislocations. Another 

image shown in Figure 82 has a g vector of g = 112̅0 making the dislocations visible. The 

dislocations are marked with the dashed line and can be clearly seen to have presumably 

sheared through the precipitates.  

g = 112̅0 

0002 a b 

c 
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Figure 81 TEM images of sheared c-axis MgZn2 precipitates viewed along [11̅00]𝑀𝑔 with 

g = 0002.  

 

Figure 82 TEM images of sheared c-axis MgZn2 precipitates viewed along [11̅00]𝑀𝑔 with 

g = 112̅0. Dislocations are visible and have passed through the precipitates as marked by the 

dashed lines.  

112̅0 

g = 0002 

g = 112̅0 
0002 
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6.6 Summary 

As explained above, the three Mg-Sn alloys in this study display quite different 

deformation behaviour due to their different precipitate distributions. Having a basal 

precipitate dominated microstructure, the Mg-6Sn alloy exhibit the lowest resistance towards 

basal slip, while the Mg-6Sn-3Al alloy shows better performance under the same loading due 

to the presence of pyramidal and c-axis precipitates. The highest resistance towards basal slip 

is shown by the Mg-6Sn-3Zn alloy, not only due to prismatic Mg2Sn and c-axis MgZn2 wide 

rods but also very fine and homogeneously distributed c-axis MgZn2 narrow rods.  

For the Mg-6Sn and Mg-6Sn-3Al alloys, the main interaction mechanism between basal 

dislocations and precipitates is Orowan looping. However, on using a series of imaging 

conditions, Orowan loops were not observed in the alloy. This does not mean Orowan looping 

has not taken place. A simulation study by Vaid et al. suggests that Orowan loops may 

collapse into the matrix-precipitate boundary and therefore disappear [82]. This indicates that 

dislocations may eliminate on specific interphase boundaries. For the Mg-6Sn-3Zn alloys, the 

dislocation-precipitate interaction mechanism includes Orowan looping and shearing.  

Currently, there is no existing research that have quantitatively analysed the basal slip 

behaviour in alloys with multiple precipitate types, especially in the Mg-Sn system. Luo et al. 

studied the effect of Al/Zn ratio in a Mg-3Sn (wt.%) system, but their experiment was based 

on macro-scale tensile testing and did not investigate any specific slip behaviour[83]. Wan et 

al. improved the number of prismatic laths by a twinning-detwinning approach in Mg-5Sn 

(wt.%), although the mechanical property measurements are still based on macro-scale 

testing. It would be useful to determine the exact contributions of the different precipitates in 

Mg-Sn alloys and this will be described in the next chapter.  
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7 Orowan strengthening in Mg-Sn alloys 

7.1 Introduction 

In Mg-Sn alloys, with a variety of precipitates of different morphology and orientation, 

their contribution to strength will also be different. Non-basal precipitates will have a better 

capability for blocking basal slip and therefore providing more strength. However, this cannot 

be confirmed by the above-mentioned pillar compression experiment, as the slip behaviour 

does not demonstrate the strengthening effect of different precipitates. In order to 

quantitatively analyse the effect of non-basal precipitates on basal slip, the well-established 

Orowan strengthening model is applied here. In this chapter, the strengthening effect of 

different types of precipitates will be calculated and discussed.  

7.2 Derivation of suitable parameters for Orowan strengthening 

7.2.1 Orowan equations for different precipitate types 

As previously mentioned in Section 2.4.3, the general equation for Orowan strengthening 

is as follows: 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐺𝑏

2𝜋√1−𝜈

1

𝜆
ln (

𝑑𝑝

𝑟0
) Equation 7-1 

It can clearly be seen from the equation that for a certain alloy system and slip system, 

the mean particle spacing λ and the mean particle diameter 𝑑𝑝 are the only two factors that 

matter. The question then becomes the determination of λ and 𝑑𝑝.  

A list of abbreviations and symbols used in these calculations appears below in Table 15. 

Table 15 List of abbreviations and symbols used to analyse Orowan strengthening 
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G Shear modulus of Magnesium, taken as 

16GPa 

b Burger’s vector of basal a dislocation, taken 

as 0.32nm 

ν Poisson’s ratio of Magnesium, taken as 0.33 

λ Mean edge-to-edge particle spacing between 

precipitates 

𝑑𝑝 Mean effective particle diameter for a 

spherical precipitate. The intersection circle 

will have an average diameter of 𝑑𝑝 =
𝜋𝑑𝑡

4
  

𝑑𝑡 Mean particle diameter measured from 

experiments 

𝑡𝑝 Mean effective particle thickness 

𝑡𝑡 Mean particle thickness measured from 

experiments 

𝑟0 Cut-off radius of dislocations, normally 

taken equal to b 

𝑁𝐿 Linear precipitate density 

𝑁𝐴 Area precipitate density 

f Volume fraction of precipitates 

𝑆𝑝 Effective cross-section area of precipitates 

 



111 

 

Following Nie[66], suitable forms of λ and 𝑑𝑝 based on the precipitate types that exist in 

Mg-Sn alloys will be presented. To start with, the mean particle spacing for spherical particles 

is: 

 λ = 𝐿𝑝 − 𝑑𝑝 Equation 7-2 

where 𝐿𝑝 is the mean centre-to-centre spacing between particles (but also referred to as σ 

by Underwood[84]). Here,  

 𝐿𝑝 =
1

𝑁𝐿
 Equation 7-3 

where 𝑁𝐿 is the linear precipitate density and equals the square root of the area particle 

density 𝑁𝐴, 𝑁𝐴 =
𝑓

𝑆𝑃
⁄ , where 𝑆𝑝 is the average planar cross-section area of the particles. In 

addition, this will need to be multiplied by the closest hexagonal close packing unit length 

1.075, as it is assumed that the particles in Mg-Sn alloys are arranged in a triangular 

pattern[85]. Assuming 𝐴 is the area that a particle occupies and equals to 𝑎0
2, 𝑟0 is the nearest 

neighbour distance, then  

 𝐴 =  
𝑟0

2√3

2
=  𝑎0

2 Equation 7-4 

 

  𝑟0 =  
𝑎0√2

√3
4 = 1.075 𝑎0 Equation 7-5 

 

Therefore: 

 λ = 𝐿𝑝 − 𝑑𝑝 =
1.075

√𝑁𝐴
−

𝜋𝑑𝑡

4
= (

0.779

√𝑓
− 0.785) 𝑑𝑡 Equation 7-6 

as in Table 10. An illustration of the particle arrangement and the relationship between λ, 

𝐿𝑝 and 𝑑𝑝 is shown below in Figure 83.  
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Figure 83 Illustration of spherical precipitates in a triangular array and the respective 

relationship between λ, 𝐿𝑝 and 𝑑𝑝 

Substituting the above λ into the Orowan equation then gives 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐺𝑏

2𝜋√1−𝜈(
0.779

√𝑓
−0.785)𝑑𝑡

ln
0.785𝑑𝑡

𝑏
 Equation 7-7 

This relationship can then be easily expanded to the circumstance of triangularly 

arranged prismatic plates and c-axis rods. For the prismatic plates, 𝑆𝑝 is affected by not only 

𝑑𝑝 but also plate thickness 𝑡𝑝, as is illustrated below in Figure 84. Therefore, the mean 

particle spacing for prismatic plates will be 

 λ = 𝐿𝑝 −
𝑑𝑝

2
−

√3𝑡𝑝

2
= 0.825√

𝑑𝑡𝑡𝑡

𝑓
− 0.393𝑑𝑡 − 0.866𝑡𝑡Equation 7-8 

It’s respective form of Orowan equation will then be 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐺𝑏

2𝜋√1−𝜈(0.825√
𝑑𝑡𝑡𝑡

𝑓
−0.393𝑑𝑡−0.866𝑡𝑡)

ln
0.886√𝑑𝑡𝑡𝑡

𝑏
Equation 7-9 

 



113 

 

For the spherical basal plates and c-axis rod precipitates, as the precipitates have a 

uniform circular cross-section on the basal plane, with an identical arrangement of precipitates 

to that in Figure 83, the mean particle spacing for these two types of precipitates will simply 

be 

 λ = 𝐿𝑝 − 𝑑𝑝=(
0.953

√𝑓
− 1) 𝑑𝑡 Equation 7-10 

Its respective form of the Orowan equation will then be 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐺𝑏

2𝜋√1−𝜈(
0.953

√𝑓
−1)𝑑𝑡

ln
𝑑𝑡

𝑏
 Equation 7-11 

 

Figure 84 Illustration of prismatic plate precipitates in a triangular array and the relationship 

between λ, 𝐿𝑝, 𝑑𝑝 and 𝑡𝑝 

7.2.2 Fitting precipitate dimensions to Orowan equations 

From the above derivation, it appears clear that if the Orowan equation is to be applied to 

calculate the strengthening effect of different precipitates, the key parameters which need to 

be determined will be 𝑑𝑡, 𝑡𝑡 and f. The precipitates in the three Mg-Sn alloys studied in this 

work will now be discussed.  
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We first consider the lath-shaped and plate-shaped basal precipitates in the Mg-Sn alloys. 

As shown above, for simplicity of calculation, a basal lath or plate will be replaced by the 

equivalent circular basal plate with the same area, as illustrated in the figure below.  

 

Figure 85 Illustration showing the relationship between a basal lath and an equivalent basal 

plate 

The mean precipitate length 𝑙𝑝 (note that 𝑙𝑝 is different from 𝐿𝑝) and mean precipitate 

width 𝑤𝑝 can be measured by TEM observations; the equivalent plate diameter 𝑑𝑡 = 2√
𝑙𝑝𝑤𝑝

𝜋
.  

For the basal rods, prismatic and pyramidal laths, as they have a rectangular cross-section 

on the basal plane while 𝑑𝑡 ≫ 𝑡𝑡, the illustration in Figure 84 can then be directly applied. The 

mean precipitate length 𝑙𝑝 (directly equivalent to 𝑑𝑡 as the length is constant for a lath) and 

mean precipitate thickness 𝑡𝑡 can be measured using TEM.  

For the c-axis rod precipitates, the illustration in Figure 83 is directly applied, as these 

precipitates have a near-circular intercept with the basal plane. The mean cross-sectional 

diameter of the precipitates 𝑑𝑡 can be measured by TEM.  

Thus, all the precipitate dimensions required for the Orowan strengthening analysis can be 

acquired by TEM. The numerical frequencies of the different precipitates will also be counted. 

The dimensions measured for the various precipitates are listed in the table below: 
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Table 16 List of dimensions measured for Orowan strengthening calculations 

Alloy Precipitate type Dimension 

Mg-6Sn Type 1 basal lath Length, width, thickness 

 Type 2 basal lath Length, width, thickness 

Mg-6Sn-3Al Type 3 basal rod Length, diameter 

 Type 4 basal plate Length, width, thickness 

 Type 5 c-axis rod Length, diameter 

 Type 6 pyramidal lath Length, width, thickness 

Mg-6Sn-3Zn Type 2 basal lath Length, width, thickness 

 Type 7 prismatic lath Length, width, thickness 

 MgZn2 wide rod Length, diameter 

 MgZn2 narrow rod Length, diameter 

The detailed statistics of these dimensions are listed below in a series of tables and figures. 

The sample size used for the statistics is 100 for common precipitates and 50 for uncommon 

precipitates.  

For the precipitates in Mg-6Sn:  

Table 17 Dimensions and numeric percentages measured for the precipitates in Mg-6Sn 

Precipitate type Dimension Average 

value/μm 

Standard 

deviation 

Numerical 

percentage 

Type 1 basal lath Length 0.888 0.27 21.70% 

 Width 0.076 0.02  

 Thickness 0.059 0.01  

Type 2 basal lath Length 0.700 0.17 78.30% 
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 Width 0.140 0.01  

 Thickness 0.069 0.02  

 
Figure 86 Dimensions of Type 1 basal laths shown as a histogram. (a) length, (b) width, (c) 
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Figure 87 Dimensions of Type 2 basal laths shown as a histogram. (a) length, (b) width, (c) 

thickness 

For the precipitates in Mg-6Sn-3Al: 

Table 18 Dimensions and numerical percentages measured for the precipitates in Mg-6Sn-3Al 

Precipitate type Dimension Value/μm Standard 

deviation 

Numeric 

percentage 

Type 3 basal rod Length 1.131 0.28 48.10% 

 Diameter 0.039 0.01  

Type 4 basal plate Length 0.188 0.05 37.80% 
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 Width 0.118 0.04  

 Thickness 0.071 0.02  

Type 5 c-axis rod Length 0.245 0.08 6.50% 

 Diameter 0.072 0.02  

Type 6 pyramidal 

lath 

Length 1.241 0.20 7.60% 

 Width 0.169 0.07  

 Thickness 0.041 0.01  

 

 

Figure 88 Dimensions of Type 3 basal rods shown as a histogram. (a) length, (b) diameter 
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Figure 89 Dimensions of Type 4 basal plates shown as a histogram. (a) length, (b) width, (c) 
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Figure 90 Dimensions of Type 5 c-axis rods shown as a histogram. (a) length, (b) diameter 
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Figure 91 Dimensions of Type 6 pyramidal laths shown as a histogram. (a) length, (b) width, 

(c) thickness 

For the precipitates in Mg-6Sn-3Zn: 

Table 19 Dimensions and numeric percentages measured for the precipitates in Mg-6Sn-3Zn. 

Narrow MgZn2 rods are excluded as they do not participate in Orowan looping 
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MgZn2 

narrow 

rods 

Type 2 lath Length 0.391 0.08 10.50% 48.83% 

 Width 0.136 0.03   

 Thickness 0.050 0.01   

Type 7 lath Length 0.705 0.08 2.30% 10.70% 

 Width 0.129 0.02   

 Thickness 0.079 0.02   

MgZn2 wide 

rod 

Length 0.322 0.12 8.70% 40.47% 

 Diameter 0.070 0.02   

MgZn2 

narrow rod 

Length 0.681 0.22 78.60%  

 Diameter 0.013 0.01   
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Figure 92 Dimensions of Type 2 basal laths (in Mg-6Sn-3Zn) shown as a histogram. (a) 

length, (b) width, (c) thickness 
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Figure 93 Dimensions of Type 7 prismatic laths shown as a histogram. (a) length, (b) width, 

(c) thickness 
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Figure 94 Dimensions of MgZn2 c-axis wide rods shown as a histogram. (a) length, (b) 

diameter 

 

Figure 95 Dimensions of MgZn2 c-axis narrow rods shown as a histogram. (a) length, (b) 

diameter 

As can be seen from the histograms, the distribution of precipitate dimensions seems 

similar to normal. These statistics will then be applied to the analysis of Orowan 
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average volume of precipitates in different Mg-Sn alloys can then be calculated for further 

volume fraction measurements. The as-calculated average volumes for different alloys are 

listed in Table 20. 

Table 20 Average precipitate volumes calculated using the measured precipitate dimensions 

and numerical ratios. MgZn2 narrow rods are excluded as they do not participate in Orowan 

looping. 

Alloy Average precipitate volume/μm3 

Mg-6Sn 6.33*10-3 

Mg-6Sn-3Al 2.03*10-3 

Mg-6Sn-3Zn 2.45*10-3 (excluding MgZn2 narrow rods) 

 

7.2.3 Determination of volume fraction 

The volume fractions of different precipitates are estimated via the following approach. 

Based on the statistics of the precipitates, an average precipitate volume can be acquired. This 

average precipitate volume will then be multiplied by the precipitate number density measured 

from TEM to get the volume fraction. Convergent Beam Electron Diffraction (CBED) is 

applied here to estimate the TEM sample thickness.  

The figure below shows an example of the determination of TEM sample thickness by 

CBED. 3 CBED patterns were taken across the sample to ensure the accuracy of the 

measurement. The thickness measurement results and the as-measured number densities (both 

volume and area) are shown below in Table 21.  
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Figure 96 (a) A CBED pattern taken from the Mg-6Sn-3Zn sample to measure the sample 

thickness, (b) plot of s2/n2 over 1/n2. Interception on the y axis equals 1/t2 

Table 21 Sample thickness, volume number density and area number density measured from 

different Mg-6Sn alloy samples 

Sample Thickness Volume number 

density 

Area number 

density 

Mg-6Sn 448nm 14.14/μm3 5.85/μm2 

Mg-6Sn-3Al 401nm 31.26/μm3 9.92/μm2 

Mg-6Sn-3Zn 587nm 37.66/μm3 11.22/μm2 

Therefore, based on the number densities and average precipitate volume measured above, 

the volume fractions for different alloys, as well as their respective different precipitate types 

are as listed in Table 22.  

Table 22 Respective volume fraction of different precipitate types in Mg-Sn alloys 

Alloy Precipitate type Volume fraction 

Mg-6Sn  8.95% 
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 Type 1 basal lath 1.46% 

 Type 2 basal lath 7.49% 

Mg-6Sn-3Al  6.33% 

 Type 3 basal rod 2.15% 

 Type 4 basal plate 1.89% 

 Type 5 c-axis rod 0.19% 

 Type 6 pyramidal lath 2.10% 

Mg-6Sn-3Zn  9.23% 

 Type 2 basal lath 4.54% 

 Type 7 prismatic lath 2.72% 

 MgZn2 wide rod 1.30% 

 MgZn2 narrow rod 0.67% 

 

7.2.4 Calculation of Orowan strengthening 

With the mean particle spacing and volume fraction determined for each alloy and 

precipitate type, the Orowan strengthening effect of the precipitates in Mg-Sn alloys can then 

be determined. Research on Mg alloys mentioned previously attempted to estimate the Orowan 

strengthening behaviour [67], [68], [70], [86]–[88].  

These papers are based on alloys that have only one precipitate type and cannot be directly 

applied to the Mg-Sn system. Therefore, it is important to consider that Orowan looping effect 

takes place around all the types of precipitate in these Mg-Sn alloys. A simple approach is to 

use the respective volume fractions of the different types of precipitates to calculate their 
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respective contribution to the strength and then to sum these. In this case, the strengthening 

contribution of a certain precipitate type is 

 𝜎𝑖 = 𝜎(𝑑𝑖, 𝜆𝑖) =
𝐺𝑏

2𝜋√1−𝜈

1

𝜆𝑖
ln (

𝑑𝑖

𝑟0
) Equation 7-12 

and hence the total contribution of all precipitate types will then simply be 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 = ∑ 𝜎(𝑑𝑖, 𝜆𝑖)𝑛
𝑖=1 = ∑

𝐺𝑏

2𝜋√1−𝜈

1

𝜆𝑖
ln (

𝑑𝑖

𝑟0
)𝑛

𝑖=1  Equation 7-13 

However, one cannot calculate the strengthening caused by the different types of 

precipitates in one alloy and then sum them, as this does not reflect the actual interaction 

between the different precipitate types and is closer to treating different precipitate as different 

strengthening mechanisms. For a Mg-Sn alloy with multiple precipitate types, a model is 

proposed here.  

Firstly, as a dislocation may interact with different precipitate types at a time, it is 

reasonable to use the total volume fraction of all precipitates in a specific Mg-Sn alloy, as this 

reflects the actual spacing between precipitates, regardless of their morphology.  

It is then assumed that a certain type of precipitate, when considering its contribution in 

isolation, contributes to the Orowan strengthening behaviour such that 

 𝜎𝑖 = 𝜎(𝑑𝑖) =
𝐺𝑏

2𝜋√1−𝜈

1

𝜆
ln (

𝑑𝑖

𝑟0
) Equation 7-14 

With more than one type of precipitate present, the contribution of a specific precipitate 

type is then determined by its respective fraction in the alloy, where 

 𝜎𝑖 = 𝜎(𝑑𝑖, 𝑓𝑖) =
𝑓𝑖

𝑓

𝐺𝑏

2𝜋√1−𝜈

1

𝜆
ln (

𝑑𝑖

𝑟0
) Equation 7-15 

Therefore, the total contribution of all precipitate types in a certain alloy will be 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 = ∑ 𝜎(𝑑𝑖, 𝑓𝑖)𝑛
𝑖=1 = ∑

𝑓𝑖

𝑓

𝐺𝑏

2𝜋√1−𝜈

1

𝜆
ln (

𝑑𝑖

𝑟0
)𝑛

𝑖=1  Equation 7-16 
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This approach determines the mean particle spacing in a proper manner, and then weights 

the contribution of different precipitates by their respective fraction. This provides an accurate 

determination of the Orowan strengthening effect in the Mg-Sn alloy system and can be applied 

to any similar alloy with multiple precipitate species.  

This approach is still not perfect as some aspects were omitted for simplicity. For example, 

it is assumed that looping and shearing does not occur on a dislocation at the same time, 

however this is possible in the real case. When looping and shearing takes place simultaneously 

on a dislocation, the tension on the dislocation will be affected by both effects and thus resulting 

in a much more complex situation. The method proposed above can still be improved, however, 

for the scope of this particular study, all aspects within the author's power have been included. 

Therefore, this approach has been considered rational. 

Based on the approach described above, the respective contributions of the different 

precipitate types to Orowan strengthening can then be calculated. Using the precipitate 

dimensions measured and listed in Table 16, the strength increments contributed by the 

respective precipitate types are as listed in Table 23. 

Table 23 Orowan strengthening contribution of different precipitate types in Mg-Sn alloys 

Alloy Precipitate type Volume fraction/% Strength contribution/MPa 

Mg-6Sn    

 Type 1 1.46% 0.59 

 Type 2 7.49% 7.32 

 Total 8.95% 7.91 

 Experimental  13.22 

Mg-6Sn-3Al    
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 Type 3 2.15% 5.69 

 Type 4 1.89% 3.79 

 Type 5 0.19% 0.49 

 Type 6 2.10% 5.65 

 Total 6.33% 15.62 

 Experimental  21.34 

Mg-6Sn-3Zn    

 Type 2 4.54% 6.26 

 Type 7 2.72% 4.24 

 MgZn2 rod 1.30% 2.75 

 Total 8.56% 13.25 

 Experimental  29.92 

The Orowan strengthening contributions to the Mg-6Sn and Mg-6Sn-3Al alloys are around 

75% of that of the CRSS measured from experiments. This is due to the strength of pure Mg 

and the strength from solid solution strengthening not being included in the calculation. For the 

Mg-6Sn-3Zn alloy, the as-calculated strengthening is around half that of the actual CRSS. 

Despite the strength contributions from pure Mg and solid solution strengthening, the strength 

from the shearing of the very fine MgZn2 narrow rods is not included. In order to accurately 

estimate the total strength contribution of the Mg-Sn alloys, these effects need to be considered 

and quantified.  
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7.2.5 Total strengthening effect in Mg-Sn alloys 

As previously mentioned, the base strength of pure Mg, the solid solution strengthening 

effect and the shearing strength of MgZn2 narrow rods have to be included for an accurate 

estimate of the total strength.  

For solid solution strengthening, a widely applied approach was described by Caceres and 

Rovera, mentioned previously in Section 2.4.2 [43], where the contribution of solid solution 

strengthening is 

𝜎𝑠𝑠𝑠 = m𝐵𝑛𝑐𝑛 Equation 2-3 

where: m is the Taylor factor, Bn is the solid solution strengthening rate depending on the 

alloy system and c the solute atomic concentration in the matrix.  

Previous reports have established different solid strengthening rates with respect to solute 

concentration for Sn, Al and Zn in Mg alloys. An early study by Akhtar and Teghtsoonian 

suggests that the values respectively for constants ½ and 2/3, are 24.3MPa and 40.0MPa for Sn, 

21.2MPa and 39.5MPa for Al and 19.7MPa and 43.2MPa for Zn[89]. Caceres and Rovera used 

a Taylor factor of 5 for Al solute in Mg and acquired a 197MPa strengthening rate with constant 

2/3 [43]. Shi et al. used a Taylor factor of 5.5 for Sn solute in Mg and acquired 286MPa for 2/3 

and 192.5MPa for ½ [42].  

However, these estimates are designed for a bulk sample and do not reflect the actual 

situation of a specific slip system. Currently, very few papers have attempted to determine the 

contribution to a specific slip system. Akhtar and Teghtsoonian evaluated the effects of a couple 

of solute elements on basal slip, including Zn, but the approach is less well defined than in 

recent research[18]. A much more recent study by Tehranchi et al. evaluated the effect from 

the aspect of solute-dislocation interaction energy and estimated a 3MPa increment from a 1.63% 

Al addition and a 1.6MPa increment from a 0.45% Zn addition [90]. Based on this evaluation, 
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the strengthening rate derived for basal slip would be 12MPa for Al addition and 10MPa for Zn 

addition. Hence for simplicity, as these values are around 1/4 of that of the bulk sample, the 

strengthening rates used in this study will be: 13MPa for Sn, 9.9MPa for Al and 10.8MPa for 

Zn. A constant of 2/3 will be applied to keep consistency with other existing studies. In addition, 

it is assumed that there is no cooperation between different alloying elements.  

The matrix chemical compositions of the three peak aged Mg-Sn alloys have been 

measured by STEM-EDS and are shown in the figure below. 

 

Figure 97 Atomic concentration of alloying elements in the matrix of peak aged Mg-Sn alloys 

measured by STEM-EDS 
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Based on these matrix compositions, the contributions of solid solution strengthening by 

the various solute elements in the three Mg-Sn alloys can then be calculated and are listed in 

the table below. 

Table 24 Contribution to basal slip CRSS from solid solution strengthening in Mg-Sn alloys 

Solid solution 

strengthening 

contribution 

Mg-6Sn/MPa Mg-6Sn-3Al/MPa Mg-6Sn-3Zn/MPa 

Sn 1.66 1.49 1.55 

Al  2.77  

Zn   1.18 

Total 1.66 4.26 2.73 

 

For the shearing stress provided by the MgZn2 narrow rods, the total strengthening effect 

is contributed by the energy required to produce an anti-phase boundary (APB), the energy 

required to produce the new interface after shearing, the coherency strain introduced in this 

process and the modulus effect. In addition, it is generally accepted that interface creation, 

coherency strain and the modulus effect do not contribute a large amount towards the shear 

strengthening by particles[91]–[94]. Therefore, for the shearing of MgZn2 narrow rods, only 

the contribution from the creation of the APB is here considered, for simplicity. The APB 

energy of the MgZn2 precipitate is currently not well known. From a few existing studies in the 

Mg-Y-Gd system, the APB energy of the β  series precipitates ranges from 130mJ/m2 to 

250mJ/m2 [95], [96]. Hence an APB energy of 200 mJ/m2 will be applied here for a rough 

estimate. An equation by Schuh to calculate the contribution of APB towards shear strength is 

given below[97]:  
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 ∆𝜏𝐴𝑃𝐵 =
𝜋

2𝑏
𝛾𝐴𝑃𝐵𝑓 Equation 7-17 

where b is the magnitude of the Burgers vector, 𝛾𝐴𝑃𝐵  is the APB energy and f is the 

volume fraction of the MgZn2 narrow rods. The contribution of the shearing of the MgZn2 

narrow rods can then be calculated as 6.57MPa. 

Therefore, based on all the calculations above, a combined strength contribution to the 

basal slip in Mg-Sn alloys can be estimated and is listed in the table below. The base CRSS of 

basal slip in pure Mg used here is 2MPa according to existing literature [17], [18], [89], [98]. 

Table 25 Total strength of basal slip in Mg-Sn alloys contributed by different strengthening 

mechanisms 

Strengthening 

mechanism 

Mg-6Sn/MPa Mg-6Sn-3Al/MPa Mg-6Sn-3Zn/MPa 

Base strength 2 

Solid solution 

strengthening 

1.66 4.26 2.73 

Orowan 

strengthening 

7.91 15.62 13.25 

Particle shearing 

strengthening 

  6.57 

Total 11.57 21.88 24.55 

Experimental 13.22 21.34 29.92 

It can be seen from the results that for Mg-6Sn and Mg-6Sn-3Al, the as-estimated strength 

has an adequate agreement with the experimentally measured strength. For the Mg-6Sn-3Zn 
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alloy, the as-estimated strength is slightly lower than that of the actual strength. This could 

possibly be due to the work hardening effect and is discussed later (in Section 8.4). 

7.3 Summary 

To estimate the contribution of different strengthening behaviours in three Mg-Sn alloys, 

strengthening mechanisms including Orowan strengthening, particle shearing strengthening 

and solid solution strengthening towards the CRSS of basal slip in these alloys have been 

evaluated.  

For the Orowan strengthening, an estimate based on the equation developed by Nie has 

been modified to fit the complex precipitate morphologies and precipitate types in Mg-Sn alloys. 

Contributing more than half of the CRSS towards basal slip, Orowan strengthening plays the 

most important role in strengthening the Mg-Sn alloys. A universal model has been proposed 

here to evaluate a complex precipitate strengthened alloy system like Mg-Sn. The results 

indicate that non-basal precipitates contribute more to unit strength than the basal precipitates. 

The as-estimated results provide an adequate prediction of the Orowan strengthening behaviour 

contributed by multiple precipitate types.  

The gap between the strengthen contributed by Orowan strengthening is filled by solid 

solution strengthening. Despite the Mg-6Sn-3Zn which contains a shearing strengthening 

mechanism, the strength of other alloys agrees well with the experimentally measured CRSS. 

For the Mg-6Sn-3Zn alloy, the effect of MgZn2 narrow rods shearing strengthening has been 

roughly estimated by the contribution of the formation of anti-phase boundaries during shearing. 

With all strengthening mechanisms included, there are still some gap between the estimated 

value and the experimentally measured value in the Mg-6Sn-3Zn alloy. This will be discussed 

later in Section 8.4.  
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8 Discussion 

8.1 List of results 

The results presented in Chapter 5, 6 and 7 are summarised as follows: 

The chemistry, morphology, crystallography and dimension statistics of all precipitate 

types in the Mg-Sn alloys have been analysed. The precipitate types, along with their 

morphologies and orientation relationships, are listed in the table below. 

Table 26 Precipitate types and their respective morphologies and ORs in the Mg-Sn alloys 

Alloy Precipitate type Morphology OR 

Mg-6Sn    

 Type 1 Basal lath with 

long axis along 

〈112̅0〉𝑀𝑔 

(0001)𝑀𝑔

∥ (110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔

∥ [001]𝑀𝑔2𝑆𝑛 

 Type 2 Basal lath with 

long axis along 

〈101̅0〉𝑀𝑔 

(0001)𝑀𝑔

∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔

∥ [11̅1]𝑀𝑔2𝑆𝑛 

Mg-6Sn-3Al    

 Type 3 Basal rod with long 

axis along 

〈112̅0〉𝑀𝑔 

(0001)𝑀𝑔

∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔

∥ [11̅0]𝑀𝑔2𝑆𝑛 

 Type 4 Basal plate 

 Type 5 C-axis rod 
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 Type 6 Pyramidal lath with 

a habit plane of 

(11̅01)𝑀𝑔 

No specific OR 

Mg-6Sn-3Zn    

 Type 2 Basal lath with 

long axis along 

〈101̅0〉𝑀𝑔 

(0001)𝑀𝑔

∥ (110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔

∥ [11̅1]𝑀𝑔2𝑆𝑛 

 Type 7 Prismatic lath with 

long axis along 

〈112̅0〉𝑀𝑔 

(0001)𝑀𝑔

∥ (110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔

∥ [001]𝑀𝑔2𝑆𝑛 

 MgZn2 wide rod C-axis rod (0001)𝑀𝑔

∥ (112̅0)𝑀𝑔𝑍𝑛2, [112̅0]𝑀𝑔

∥ [101̅0]𝑀𝑔𝑍𝑛2 

 MgZn2 narrow rod C-axis rod 

Micro-pillar compression tests designed for basal slip have determined the CRSS values 

of basal slip in three Mg-Sn alloys. Basal a slip is the only slip system activated in all three 

Mg-Sn alloys. 

With a modification to the Orowan strengthening equation, the theoretical CRSSs of 

basal slip in all three Mg-Sn alloys have been calculated and agree adequately with 

experimentally measured values.  

8.2 Precipitation in Mg-Sn alloys 

With the TEM results acquired in Chapter 5, the precipitation behaviour of the three Mg-

Sn alloys is discussed here.  
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For the Mg-6Sn binary alloy, two types of basal precipitates were identified. After the 

initial report by Henes & Gerold[8] and van der Planken[56], only a few papers have reported 

on the basal precipitates in binary Mg-Sn alloys[7], [48]. The morphologies and orientation 

relationships in this study agree with the existing literature.  

Four types of Mg2Sn precipitates were identified in the Mg-6Sn-3Al ternary alloy. 

Excepting the Type 6 pyramidal laths, all other precipitate types have the same orientation 

relationship,  which is (0001)𝑀𝑔 ∥ (111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥ [11̅0]𝑀𝑔2𝑆𝑛, which agrees with 

existing studies[7]. As regards the pyramidal precipitates, although they have been reported 

by several studies[5], [7], [51], [54] and also in this work, no-one has identified a specific 

orientation relationship or habit plane. Therefore, predictions are made that the pyramidal 

Mg2Sn laths may have a varied range of orientation relationships and habit planes.  

The addition of 3 wt.% Zn in this study caused the formation of Type 2 basal and Type 7 

prismatic Mg2Sn precipitates, along with wide and narrow MgZn2 c-axis rods. In some other 

Mg-Sn alloys with different Zn concentration, however, the effect of Zn is quite different. 

Chen et al. reported the segregation of Zn to the Mg-Mg2Sn interphase boundary in a Mg-

9.8Sn-1.2Zn (wt.%) alloy leading to pyramidal Mg2Sn precipitates[57]. No independent 

precipitates of Zn exist in the alloy. With the same alloy composition, Sasaki et al. also 

reported the presence of pyramidal and prismatic Mg2Sn precipitates and no independent 

precipitates of Zn[49]. In another study by Sasaki et al., MgZn2 c-axis rods appears in a Mg-

9.3Sn-2.5Zn-0.2Mn (wt.%) alloy[59]. In a Mg-6Sn-3Zn alloy exactly identical to this study, 

Mendis et al. reported the presence of pyramidal Mg2Sn precipitates while only very little 

MgZn2 precipitates were found[5]. The results from existing studies and this study indicate 

that the effect of Zn in the Mg-Sn alloy system is very subtle and subject to change with 

factors including alloy composition and experimental conditions.  
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8.3 Precipitate shearing in Mg-6Sn-3Zn alloys 

It is generally accepted that the boundary between Orowan looping and precipitate 

shearing is determined by a critical particle size: larger than the critical size and dislocation 

tend to form a loop around the particles, smaller than the critical size and the dislocations 

shear through the particles [99]. Currently, there are no experimental measurements of this 

critical size in Mg alloys. Hutchinson estimated the critical size by balancing the stress 

introduced by a bowed dislocation around the precipitate bent to a specific radius (normally 

taken as precipitate size) R. Hence, the equation mentioned previously in Section 2.4.3 can be 

acquired:  

𝐺𝑚𝑏

𝑅
=

𝐺𝑝

15
 Equation 2-4 

Based on this equation, the critical size of the Mg17Al12 precipitates between shearing 

and looping is estimated to be around 3nm [32]. For the Mg2Sn precipitates in an Mg matrix, 

the critical size for particle shearing is 3.14nm. For the MgZn2 precipitates in an Mg matrix, 

the critical size for particle shearing is 2.74nm. Therefore, it is expected that all the 

precipitates in the three Mg-Sn alloys investigated here will not be sheared during the motion 

of basal a dislocations as the precipitates are much larger than the critical value.  

However, the actual experimental observations show exactly the opposite for the MgZn2 

precipitates. Most of the MgZn2 narrow rods were sheared, as shown previously in Figure 81. 

The Mg2Sn precipitates, on the other hand, are not sheared. By measuring the distance that the 

precipitates have sheared, it can be estimated that ~150 dislocations glide through each 

MgZn2 precipitate after 10% compression. An example of such a distance measurement can 

be found below in Figure 98.  
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Figure 98 Image showing the measurement of shear distance; the number of dislocations 

which have passed through the precipitates can be calculated as the average shear distance 

divided by the magnitude of Burgers vector of the dislocations 

Some recent studies also suggest that dislocations have sheared through precipitates that 

are obviously larger than the estimated critical size. Liao et al. predicted by computational 

modelling that the Mg17Al12 precipitates in AZ91 can be sheared by prismatic dislocations 

[100]. Cepeda-Jemenez reported shearing of precipitates in AZ91 and Mg-11Nd (wt.%) alloys 

after tensile strain [101]. Solomon et al. reported that β’ precipitates in Mg-Y alloys can be 

sheared by both basal a slip and c + a slip, while β’’’ precipitates in Mg-Nd alloys can be 

sheared only by basal a slip [102].A pillar compression study by Wang and Stanford reported 

the same MgZn2 shearing behaviour in a Mg-5Zn (wt.%) alloy and suggested that the shearing 

behaviour is probably due to good lattice parameter matching [103].  

To explain the precipitate shearing, the overall precipitation procedure is reviewed here: 

at the beginning of precipitation, a structure which is rich in solute atoms, but maintaining the 

same crystal structure as the matrix will occur. These are called G.P. zones [14]. The G.P. 

zone then develops into a phase with a new crystal structure and will begin to grow larger. 

Shearing 

distance 
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During this process, the coherency of the precipitate-matrix interface will begin gradually to 

be destroyed. Due to the similarity of microstructures of matrix and precipitate in the early 

stages of precipitation, certain dislocations tend to shear through the particles. When the size 

of the new particle exceeds a critical value, the remaining coherency of the interface will not 

sustain dislocation shearing, which will therefore transfer to Orowan looping.  

Hence, the essence of the transition from shearing to looping is in fact determined by the 

coherency of the interphase boundary. For the MgZn2 precipitates in Mg-Sn alloys, the 

orientation relationship determined in this work is [0001]𝑀𝑔 ∥ [12̅10]𝑀𝑔𝑍𝑛2 ,  [101̅0]𝑀𝑔 ∥

[0001]𝑀𝑔𝑍𝑛2 ,  [112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2. On the (11̅00)𝑀𝑔 − (0001)𝑀𝑔𝑍𝑛2 interphase 

boundary, [112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2. Regarding the lattice parameter, there seems to be a 

large mismatch between the atomic distance of [112̅0]𝑀𝑔 (3.19Å) and [101̅0]𝑀𝑔𝑍𝑛2 (9.09Å). 

An image illustrating the orientation relationship between the Mg matrix and MgZn2 

precipitates viewed along [0001]𝑀𝑔 ∥ [12̅10]𝑀𝑔𝑍𝑛2  has been constructed using Crystalmaker 

and is shown below in Figure 99, where the Mg matrix is marked with the red rectangle and 

the MgZn2 precipitate is marked with the green rectangle. The interface is marked with the 

blue rectangle.  
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Figure 99 An illustration of the Mg-MgZn2 interface constructed by Crystalmaker. Note the 2-

D view of the crystal structure does not represent the actual chemical composition of the 

MgZn2 precipitate as some atoms are covered by other atom layers 

[0001]𝑀𝑔

∥ [12̅10]𝑀𝑔𝑍𝑛2  

[101̅0]𝑀𝑔

∥ [0001]𝑀𝑔𝑍𝑛2  

[112̅0]𝑀𝑔

∥ [101̅0]𝑀𝑔𝑍𝑛2 
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However, the exact crystal structure of MgZn2 reveals that there are two Mg atoms near 

the (0001)𝑀𝑔𝑍𝑛2 plane which are close enough to be on the interphase boundary. With these 

two Mg atoms, the atom spacing along [101̅0]𝑀𝑔𝑍𝑛2 will then reduce to 3.03Å, resulting in a 

good registry between the two structures. In this case, as the magnitude of the Burgers vector 

in the Mg matrix will be similar to that in the MgZn2, this will lead to a semi-coherent, or 

even a constrained coherent interphase boundary with only 5.3% mismatch with the Mg 

matrix. An illustration of the similarity of crystal structures and the Burgers vectors on the 

[112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2 direction is shown below in Figure 100.  

 

Figure 100 Schematic illustration showing the similarity of crystal structure between 

[112̅0]𝑀𝑔 and [101̅0]𝑀𝑔𝑍𝑛2. With a suitable elastic strain, the interphase boundary could be 

semi-coherent or even coherent. The Burgers vectors in both phases are marked in the 

respective phase 

In order to show the interface marked by the blue rectangle in Figure 99 (which is 

(11̅00)𝑀𝑔 − (0001)𝑀𝑔𝑍𝑛2) more clearly, another figure is constructed with its viewing 

[0001]𝑀𝑔

∥ [12̅10]𝑀𝑔𝑍𝑛2  

[101̅0]𝑀𝑔

∥ [0001]𝑀𝑔𝑍𝑛2  

[112̅0]𝑀𝑔

∥ [101̅0]𝑀𝑔𝑍𝑛2 

Near-by Mg atoms 

𝑏1 
𝑏2 
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direction along [11̅00]𝑀𝑔 ∥ [0001]𝑀𝑔𝑍𝑛2 , where the interface normal is exactly the page 

normal. The Mg atoms in the Mg matrix are coloured blue to enhance the contrast. With the 

Mg atoms near the (0001)𝑀𝑔𝑍𝑛2 plane on the interface, ordered periodic near-coincident sites 

(marked with red circles) can be found throughout the interface, which indicates that the 

crystal structures of the two phases at the interface have high similarity.  
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Figure 101 An illustration of the (11̅00)𝑀𝑔 − (0001)𝑀𝑔𝑍𝑛2 interface. The near-coincident 

sites are marked with red circles. The Mg atoms in the Mg matrix is coloured blue for better 

contrast.  

In addition, it should be noted that 
1

3
〈112̅0〉𝑀𝑔 (𝑏1 in Figure 100) is a perfect vector in 

Mg, but that the similar vector 
1

6
〈101̅0〉𝑀𝑔𝑍𝑛2 (𝑏2 in Figure 100) is not a perfect vector in 

[0001]𝑀𝑔

∥ [12̅10]𝑀𝑔𝑍𝑛2  

[11̅00]𝑀𝑔

∥ [0001]𝑀𝑔𝑍𝑛2  

[112̅0]𝑀𝑔

∥ [101̅0]𝑀𝑔𝑍𝑛2 
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MgZn2. The motion of a single Burgers vector in MgZn2 will therefore create APB behind it, 

hence it might be expected that the dislocation travels in the MgZn2 precipitate in groups of 

three so that crystal periodicity is maintained. A small residual dislocation will be left at the 

entry interface.  

Therefore, with a semi-coherent or coherent interphase boundary, the Burgers vector of 

the basal a dislocations will remain nearly the same throughout the matrix and the MgZn2 

precipitate. On the other hand, with a similar shear modulus to that of MgZn2 but a much 

higher mismatch across the interface, c-axis Mg2Sn rods in the Mg-6Sn-3Al alloy were not 

sheared. This again supports that the coherency of the interphase boundary plays an important 

role in the transition from precipitate shearing to Orowan looping. Thus, basal dislocations 

will face less resistance travelling into the precipitate, which could be the reason for the 

MgZn2 precipitates being sheared.  

8.4 Explaining the work-hardening in the Mg-6Sn-3Zn alloy 

It can be found for the Mg-6Sn-3Zn alloy that, even considering all the strengthening 

mechanisms, including solid solution strengthening, Orowan strengthening and precipitate 

shearing, the estimated strength is still lower than that actually measured: 29.92MPa. In 

addition, pillar compression tests have revealed an enormous work-hardening rate in the Mg-

6Sn-3Zn alloy compared with Mg-6Sn and Mg-6Sn-3Al. A figure showing the work-

hardening rate of all three Mg-Sn alloys is shown below in Figure 102. 
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Figure 102 Work hardening rate of three Mg-Sn alloys 

Work hardening is the increase in strength with strain of metal. It comes from blocking 

or cross slipping of dislocations, preventing further dislocation motion [91]. For a precipitate 

strengthened alloy, the work hardening will be related to its precipitates. Assuming 

precipitates do not exist in the alloy, dislocations will glide freely within the alloys in groups 

and eliminate on the sample surface, forming slip bands. With the existence of precipitates, 

the leading dislocations will be stopped at the precipitates, which serve as a barrier. 

Succeeding dislocations will then pile up behind the leading dislocations and result in work 

hardening [104].  

It is inferred that the high work-hardening rate from the Mg-6Sn-3Zn alloy is contributed 

by both the Mg2Sn and the MgZn2 precipitates. For the Mg2Sn precipitates, comparing the 

Mg-6Sn and Mg-6Sn-3Al alloys, as indicated by the figure, the presence of non-basal 
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precipitates (Type 5 and Type 6 in Mg-6Sn-3Al) has increased the work-hardening rate due to 

more basal a dislocations being blocked and piling up at the precipitate-matrix interface 

which therefore resists further dislocation motion and promotes buckling and cross slip. The 

non-basal Mg2Sn laths (Type 7 prismatic laths) will exhibit the same behaviour as the non-

basal precipitates in the Mg-6Sn-3Al alloy. This would contribute to the strengthening and 

work hardening.  

The MgZn2 precipitates which are sheared during the slip are believed to be another 

main contributor to work hardening in the Mg-6Sn-3Zn alloy, which is different from the 

situation in Mg-6Sn and Mg-6Sn-3Al. As suggested by Alizadeh and Llorca, basal a 

dislocations have to pile up at the MgZn2 precipitate-matrix interface before they can shear 

through the precipitate[105]. First-principle simulations of the stacking fault energy indicates 

that a high stress is required to promote dislocation slip in these precipitates[106]. With 

multiple dislocations piling up prior to the dislocations penetrating the precipitates, stress is 

accumulated. This is also confirmed by Huang et al. for the shearable 𝛽1 precipitates in Mg-

RE alloys along with the simulation of Esteban-Manzanares et al. of the Mg-Al alloy 

system[107], [108]. The main reason for the enormous work hardening in the Mg-6Sn-3Zn 

alloy may lie in the finely distributed c-axis MgZn2 narrow rods with a very high numeric 

ratio (taking over 78.60% of the entire precipitate population) and aspect ratio (~ 50:1). 

Therefore, fine and homogeneously distributed dislocation barriers will be present in the 

alloy. These barriers will then prevent further dislocation motion, cause buckling and cross 

slip and lead to a great contribution to work hardening.  

Hence, the high strength and work hardening of the Mg-6Sn-3Zn alloys is provided by 

both the Orowan looping round the non-basal Mg2Sn precipitates and the shearing of the 

MgZn2 precipitates; the MgZn2 precipitates are believed to be the main contributor.  
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8.5 Promoting non-basal precipitates in Mg-Sn alloys 

Both existing research and the results presented in this work indicate that non-basal 

precipitates contribute greatly to the resistance to basal a slip in Mg-Sn alloys[5], [7], [58], 

[59], [80], [109]. Therefore, promoting non-basal precipitates would greatly enhance the 

performance of Mg-Sn alloys. Currently, most attempts at promoting non-basal precipitates 

are still based on “trial and error”. Although some research has managed to design and then 

achieve non-basal precipitates in some Mg alloys from a crystallographic matching aspect, no 

success has been reported for the Mg2Sn precipitates[110]. To design a proper non-basal 

precipitate strengthened Mg-Sn alloy, one must carefully consider both crystallographic and 

thermodynamic aspects, which is currently difficult to achieve. From the aspect of 

thermodynamics, interfacial energy, chemical free energy and elastic strain energy all 

contribute to the formation of precipitates[6], [48], [57], [58], [61]. However, these energies 

cannot be precisely quantified at the moment. Some crystallographic models have also been 

applied to the Mg-Sn alloys, but only to explain the reason for certain precipitate habit planes 

appearing, rather than predicting possible habit planes[60], [111]–[114]. For the Mg-Sn alloy 

system, predicting and designing precipitate habit planes is still difficult at the moment and 

would require intense research.  

Despite the design and prediction of precipitate habit planes by crystallographic and 

thermodynamic analysis, there could be alternatives. For example, a novel twinning-ageing-

detwinning (TAD) approach has been successfully applied to an AZ80 alloy, where the 

precipitation process takes place in {101̅2}𝑀𝑔 tension twins which are 86.3° away from the 

original orientation. [115]. The orientation of the precipitates will not change after 

detwinning, leading to an enormous number of non-basal precipitates. More recent research 

has applied this approach to the Mg-Sn alloy system, where a massive number of non-basal 
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precipitates were introduced into a Mg-5Sn (wt.%) alloy without using ternary elements[116]. 

This approach has provided an alternative to producing non-basal precipitate strengthened 

Mg-Sn alloys. Therefore, based on the existing research, it is hereby suggested that with the 

TAD approach, alloying elements such as Al and Zn that are designated to promote non-basal 

precipitates can now be replaced by elements which promote the number density of 

precipitates, e.g., Na, Ca and Ag, in order to produce Mg-Sn alloys strengthened by refined 

non-basal precipitates.  
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9 Conclusions and Future work 

9.1 Conclusions 

Three Mg-Sn alloys, Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn have been cast and aged to 

peak strength. The phases present in the alloys have been identified by both XRD and STEM-

EDS. In the Mg-6Sn and Mg-6Sn-3Al alloys, the precipitates were identified as being Mg2Sn, 

while in the Mg-6Sn-3Zn alloy the precipitates were identified as being Mg2Sn and MgZn2. In 

the different alloys, the precipitates exhibit different morphologies and crystallography. TEM 

analysis has confirmed 2 types of Mg2Sn precipitates in the Mg-6Sn alloy, 4 types of Mg2Sn 

precipitates in the Mg-6Sn-3Al alloy and 2 types of Mg2Sn and 2 types of MgZn2 precipitates 

in the Mg-6Sn-3Zn alloy.  

The peak aged alloys have been fabricated into micro-pillars and compressed to a strain 

of 10% to analyse the effect of the different precipitate types on basal slip. The as-compressed 

pillars have been examined by TEM for post-mortem analysis to confirm the dislocations 

activated. For all three alloys, basal a slip is the only slip system activated. Dislocations loops 

were not observed in the samples, possibly due to the dislocation loops having collapsed into 

the interphase boundary between the precipitates and the matrix. Shearing of fine MgZn2 

narrow rods were also observed in the sample. The Mg-6Sn alloy containing only basal 

precipitates exhibits the lowest CRSS of 13.22MPa. The Mg-6Sn-3Al alloy exhibits a higher 

strength of 21.34MPa mainly due to the presence of pyramidal and c-axis precipitates. The 

Mg-6Sn-3Zn alloy exhibits the highest CRSS of 29.92MPa, not only due to prismatic and c-

axis precipitates but also to shearing of the fine MgZn2 narrow rods.  

The three alloys were then analysed for their respective strengthening mechanisms for 

basal slip. Orowan strengthening is the most important strengthening mechanism for all three 
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alloys. As the microstructure of the Mg-Sn alloy system is usually dominated by a variety of 

precipitate types, the general form of the Orowan strengthening model does not estimate the 

cooperation between different precipitate types. A universally applicable model modifying the 

general Orowan strengthening equation has been proposed to estimate the contribution of 

Orowan strengthening by different precipitate types. In addition to the solid solution 

strengthening and the precipitate shearing strengthening, this model provides an adequate 

prediction of the Orowan strengthening effect contributed by multiple precipitate types.  

9.2 Suggestions for future work 

Based on the work presented and current research front, the following suggestions are 

made here for future work in this area: 

As the precipitates in this study and some other existing studies ([48], [57], [58], [60], 

[109]) have all been examined by post-mortem TEM observations, in-situ TEM heating 

experiments could be useful to analyse the precipitation process and sequence of different 

precipitates. Existing studies have analysed the precipitation process of Mg17Al12 precipitates 

in AZ series alloys,  as well as a series of other materials such as Ti, Ni and Al[117]–[120]. 

But this has not been applied to any of the Mg-Sn alloys.  

Basal a dislocations in this study are also examined via post-mortem TEM observations. 

To analyse the exact interaction between dislocations and different precipitate types, in-situ 

TEM mechanical tests would be useful. In addition, the collapsing of dislocations to 

interphase boundaries is suspected and could be confirmed by in-situ observations.  

The Mg-Sn alloy system is supposed to provide good mechanical properties even at 

elevated temperatures. Mechanical testing at different temperatures and creep tests could be 

performed to evaluate the exact performance of Mg-Sn alloys. 



155 

 

The proposed model of Orowan strengthening contributed by multiple precipitate types 

has only been evaluated for the alloys investigated in the present study. In order to confirm 

the validity of this model, evaluation of some other alloys or heat treatment conditions should 

be performed.  

The early research by Henes and Gerold suggests that heat treatment parameters 

including double ageing have the potential to alter the morphologies of the Mg2Sn precipitates 

[8]. However, most succeeding research focused on the effect of alloying elements on 

precipitate morphologies. From a thermodynamic and kinetics aspect, it would be of interest 

to evaluate the effect of different heat treatment parameters on the precipitation process. 

The essence of the formation of different precipitate types is a result of the competition 

between chemical free energy, strain energy and interfacial energy. With modern simulation 

methods such as first-principles simulation and phase-field method, it would be of interest for 

researchers to figure out the reason for a certain precipitate type occurring under a specific 

condition.  
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