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ABSTRACT 

Characterization of the microstructure in Mg based alloy 

Arwa T. Kutbee 

The cast products Mg–Sn based alloys are promising candidates for automobile 

industries, since they provide a cheap yet thermally stable alternative to existing alloys. 

One drawback of the Mg–Sn based alloys is their insufficient hardness. The hardenability 

can be improved by engineering the microstructure through additions of Zn to the base 

alloy and selective aging conditions. Therefore, detailed knowledge about the 

microstructural characteristics and the role of Zn to promote precipitation hardening is 

essential for age hardenable Mg-based alloys.  In this work, microstructural investigation 

of the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) precipitation system was performed using  TEM. 

The chemical composition of the precipitates was analyzed using EDS. APT was 

employed to obtain precise chemical information on the distribution of Zn in the 

microstructure. It was found from microstructural studies that different precipitates 

with varying sizes and phases were present; lath-shaped precipitates of the Mg2Sn 

phase have an incoherent interface with the matrix, unlike the lath-shaped MgZn2 

precipitates. Furthermore, nano-sized precipitates dispersed in the microstructure with 

short-lath morphology can either be enriched with Sn or Zn. On the other hand, APT 

analysis revealed the strong repulsion between Sn and Zn atoms in a portion of the 

analysis volume. However, larger reconstruction volume required to identify the role of 

Zn is still limited to the optimization of specimen preparation.    
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1 INTRODUCTION 

The transportation industry is often challenged by designing lightweight materials to 

minimize fuel consumption and CO2 emissions from engines. Magnesium with 99.8% 

purity is the lightest structural metal with a density of 1.7 g/cm3 (Callister 2006) and is 

readily available as 2.8% in seawater, dolomite (CaMg(CO3)2), magnetite(MgCO3) and 

Carnallite (KMgCl3.6H2O). However, Magnesium can be rarely used in its pure form for 

engineering applications because it is soft and has a low elastic modulus of only 45 GPa 

(Callister 2006).  

Magnesium has a hexagonal closed packed structure (hcp) with the lattice axial 

ratio c/a=1.624 (Gottstein 2004) and atomic radius of 0.16 nm (Callister 2006). The 

atomic radius of magnesium allows it to be easily alloyed with Al, Zn, Ag, Mn and Rare-

Earths (RE). The produced alloys give magnesium a high strength to weight ratio 

attributed to either of the two major mechanisms of alloy hardening: solid solution 

strengthening or precipitation hardening (Callister 2006). 

 Solid solution strengthening requires an alloying element with high solubility in 

the major Mg phase (Bamberger and Dehm 2008). On the other hand, precipitation 

hardening involves the formation of very small particles of a secondary or precipitate 

phase. Two conditions must be satisfied to promote precipitation hardening: the 

maximum solubility of one component into another and solubility limit that decreases 

with temperature reduction. Unlike solid solution hardening, hardening by the 
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formation of precipitates does not only rely on impurity atoms but also on the 

precipitates sizes, morphology, distribution and crystallography. 

 Additionally, the alloying elements can indirectly enhance the creep behavior of 

the base metal, either by increasing the eutectic temperature or by reducing the 

mobility of other alloying elements that are present in the matrix (Callister 2006). 

Therefore, careful engineering of the alloying processes is required to enhance the 

mechanical properties of magnesium.   

One of the most widely used Magnesium cast alloys for automobile applications is 

Mg–Al–Zn system such as Mg–9Al–1Zn (Wt.%) known as AZ91, having properties not 

only limited to its low densities but also its excellent castability with low casting 

temperatures (650-680oC), high precision, good surface finishing and high strength at 

room temperature (Kainer 2003). However, AZ91 exhibit low creep properties at 

elevated temperatures because it rely on solution hardening mechanism (Zhang, 

Couture et al. 1998; Blum, Zhang et al. 2001; Regev, Rosen et al. 2001). On the other 

hand, Mg–Rare Earth (RE) cast alloys exhibit superior creep properties stemming from 

the formation of thermally stable precipitates that hinders dislocation motion and grain 

boundary sliding at elevated temperatures (Zhu, Gibson et al. 2010). However, RE 

additions to Mg are unattractive for any structural application because of the relative 

high cost of the resulting alloy. Thus, it is necessary to develop alternative Mg alloys that 

combine the both advantages of Mg–Al alloys and Mg–RE.  
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Currently, new Mg–Sn–Zn–Mn alloys are attracting interest as a precipitation 

hardening quaternary system to replace the existing industrial alloys. Many efforts are 

directed towards the basic understanding of the alloying process and to reveal the 

influence of the alloying elements and the heat treatment on the microstructure and 

consequently the mechanical properties of the material. The microstructure can be only 

investigated on the nano-scale and therefore requires sophisticated characterization 

tools.  Within the frame of this work, a combination of structural characterization of 

Transmission Electron Microscopy and chemical analysis by Atom Probe Tomography 

were employed.          

After a brief introduction and a scientific motivation of the thesis, the theoretical 

background and thermodynamics of the investigated Mg–Sn–Zn–Mn specimen will be 

presented in chapter 2. Subsequently, Chapter 3 will review the employed experimental 

methods and techniques, particularly an introduction to the dual beam focused ion 

beam, the Transmission Electron Microscopy and Atom Probe Tomography technique. 

The results and discussion will be outlined in chapter 4. Finally a summary is presented 

in Chapter 5. 
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2 FUNDAMENTALS  

2.1 Mg–Sn based alloys  

Mg–Sn based alloys are expected to have high castability performance similar to Mg–Al–

based systems because of the eutectic nature of their phase diagrams (Figure 2.1.1.) 

However, unlike the Mg–Al based alloys, Mg–Sn relies on precipitation for hardening 

mechanism. Precipitation hardening conditions are met in Mg–Sn based alloys: a high 

solubility limit (3.35 at.% at 561oC) and low solubility at room temperature and 

formation of the precipitate Mg2Sn.  Additionally, the precipitate Mg2Sn designated as 

the β phase is a stable phase because it has a high melting temperature (783oC). For 

these reasons, Mg–Sn systems are expected to have comparable creep properties to the 

Mg–RE based alloys.   

 

 

 

 

 

 

 

 

 

 

 Figure 2.1.1: Phase diagram for the Mg–Sn system 
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Nevertheless, the only constraint on the usage of Mg–Sn based alloys in industrial 

applications is the insufficient hardness.  Investigations in the 1960s and earlier on the 

Mg–16.5 Sn (at.%) aged at 200oC for 100 h showed low hardness level with peak 

hardness of Hv= 62 (Van Der Planken 1969). Later Transmission Electron Microscopy  

(TEM) Investigations revealed that the weak peak hardness in Mg–Sn systems can be 

ascribed to the sparse distribution of the coarse Mg2Sn on the basal plane of the matrix 

(Mendis, Bettles et al. 2006). The distribution of the precipitates has a clear relation to 

the critical resolved sheer stress as implied by the Orowan equation (Nie 2003). 

 

2.2 Mg–Sn–Zn based alloys  

An effective way to enhance the hardness in a precipitation system can be achieved by 

either refining the distribution of the precipitates or increasing the volume fraction of 

the precipitates (Bamberger and Dehm 2008). However, the dependence of the volume 

fraction on the solubility of Sn in  -Mg has motivated many studies to refine the 

distribution of the precipitates.  

Microalloying is one of the most effective methods to refine the distribution of the 

precipitates. Microalloying may affect the precipitate formation by two processes: 

energetically downhill processes associated with clustering or ordering of the 

microalloying element (heterogeneity formation) and energetically uphill processes 

associated with the formation of critically sized nuclei of the hardening precipitates at 
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these heterogeneities(Mendis, Bettles et al. 2006). Several cases may be considered for 

microalloying such as single additions (Mg–Sn–X) and double additions [Mg–Sn– (X–Y)]. 

Different microalloying elements such as Na (Mendis, Bettles et al. 2006) and Zn 

(Mendis, Bettles et al. 2006; Sasaki, Oh-ishi et al. 2006; M. Zhang 2007; Sasaki, Ju et al. 

2009) when added to Mg–Sn based systems, led to improved age-hardening behavior.  

Sasaki et al. showed that Zn additions to a Mg–Sn based alloy increased the peak 

hardness from Hv=62 to Hv=80 (Figure 2.2.2). TEM analysis of the microstructure of the 

aged Mg–Sn–Zn alloy revealed two factors of the noticeable increment in the peak 

hardness: firstly, the increased homogenous dispersion of the lath-shaped precipitates 

on the basal plane of the α-Mg-matrix, as can be seen from comparing the micrographs 

a to c in Figure 2.2.1. Secondly, the increased density growth of rod shaped precipitates 

on non-basal planes as marked with solid lines in Figure 2.2.1 (c and f). Non-basal 

precipitates has proven to be more effective in increasing the hardness when compared 

to precipitates formed on basal planes (Nie 2003). Since dislocation slip in Mg alloys 

mainly occurs on basal planes for ambient temperature, the formation of precipitates 

on non-basal planes is more effective to increase the hardness.  

Further attempts to enhance the microstructure by changing the morphology of 

the precipitates was achieved by altering the heat treatments and alloy compositions (S. 

Henes 1962). Different morphologies were reported for the precipitates in the Mg–Sn–

Zn system: long laths (Shi, Dai et al. 2012), short laths (Shi 2013), plate-like (Sasaki, Oh-

ishi et al. 2006) and rod-like (Sasaki, Oh-ishi et al. 2006).  
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Figure 2.2.2 Age-hardening response of the Mg-2.2at.% Sn, Mg-2.2at.%Sn-0.1 at.%Zn, and Mg-22at.%Sn-
0.5at.%Zn alloys during isothermal aging at 180

o
C (Sasaki, Oh-ishi et al. 2006) 

 

Figure 2.2.1: TEM bright field images of the peak-aged (a) Mg–2.2Sn, (b) Mg–2.2Sn–0.1Zn and (c) Mg–2.2Sn–0.5Zn 
alloys along the [0001]zone, (d)–(f) along the [11-20] zone. In (c) and (f), the precipitates shown inside the dotted 
circle are those on the pyramidal plane, and precipitates shown inside the solid line are those on the prismatic 
plane.(Sasaki, Oh-ishi et al. 2006) 
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Additionally, not only the morphology of the precipitates has an influence on the 

mechanical properties of the alloy but also the orientation relationships (OR) between 

the precipitates and the matrix. The ORs control how the atomic planes match at the 

interface between the respective precipitate and the matrix (so called phase-interface 

e.g., coherent or incoherent). These interfaces govern the motion of - and interaction 

between dislocations and planer defects, thus, controlling largely the mechanical 

properties of the material.  

Several ORs associated with Mg–Sn–Zn of different combinations of composition 

and heat treatments were reported in literature. Two major ORs designated as OR3 and 

OR2 were associated with Mg2Sn precipitates. OR3 is {111}β // (0001)α  and <110>β // 

<11-20>α, and OR2 is {110}β // (0001)α and <1-11>β // <11-20>α. These ORs and others 

are summarized elsewhere by Shi et al. (Shi, Dai et al. 2012).  

 

2.3 Mg–Sn–Zn–Mn based alloys  

In the present study, we look into a Mg–1.4Sn–1.3Zn–0.1Mn (at.%) alloy. The alloy was 

prepared from pure elements 99.99 (at.%) mixed in an induction melting furnace under 

Argon atmosphere, and then cast into a steel mould. Addition of Mn is mainly to remove 

impurities particularly Fe, which is known to be in the cast alloy and would influence  
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Figure 2.3.1: Vickers Hardness versus ageing time at 200

o
C for the two alloys with the following composition Mg–

1.4Sn–1.3Zn–0.1Mn  (referred as TZM730 in fig.), Mg-1.5Sn-1.4Zn-0.3Ag-0.1Mn (referred as TZQM7310 in fig.). (Shi 
2011). Green arrow indicate the point investigated in this work  

 

negatively the corrosion behavior of Mg based alloys (Song and Atrens 1999; Liu, 

Uggowitzer et al. 2009). A second argument in favor of Mn is that it promotes the 

formation of precipitates that are oriented along the C-axis. (Shi, Dai et al. 2012) 

The as-cast mixture was homogenized at 310oC for 24 h and 410oC 24 h followed 

by 470oC for 24 h to resolve any eutectic microstructure. The homogenized sample is 

then quenched into water and aged at 200oC for 1h.  

Aging time (h)  

V
ic

ke
rs

 H
ar

d
n

es
s 

(H
v)

  



21 
 

The hardness of the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) alloy was measured by (Shi 

2011) for different aging times as shown in Figure 2.3.1. The early aging state of 1h was 

investigated within the scope of this work, as indicated by the arrow.  

Unfortunately, the phase diagram of the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) with the 

given heat treatment is not known, However, as any Mg–Sn–Zn alloy  different phases 

can be expected to form after aging of 1h as summarized in Table 2.3.1 

 
 
 

 
Table 2.3.1: Solid phases of Mg–Sn–Zn (Rokhlin 2006) 

Phase  Pearson 

Symbol 

 

Space 

Group 

Lattice constant (nm) Temperature 

range  [°C] 

Mg hP2 

 

P63/mmc 

 

a = 0.320 

c = 0.521 

< 650 

Mg2Sn cF12 Fm ̅m aβ=0.676 < 770  

MgZn oP48 ? a = 0.533 

b = 0.923 

c = 1.716 

< 347 

MgZn2 hP12 P63/mmc 

 

a = 0.5223    0.001 

c = 0.8566   0.003 

< 586 

Mg2Z11 cP39 Pm ̅ 

 

a = 0.8552   0.005 < 381 
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3 EXPERIMENTAL METHODS AND TECHNIQUES 

3.1 Dual Focused Ion Beam and Scanning Electron Microscope 

(FIB/SEM) 

3.1.1 Operating Principle 

Dual FIB/SEM systems combine both benefits of SEM and FIB. The electron and ion 

columns are inclined toward each other by 52o so that they intersect at a coincident 

point. Thus, it allows the SEM to provide high resolution images of a surface while 

simultaneously a FIB is milling the surface.  Such systems allow both the preparation of 

TEM and APT samples with high accuracy.  

A known artifact of this method is ion irradiation damage and ion beam 

implementation. The damage introduced to the sample depends greatly on the 

accelerating voltages during milling and imaging and the material itself. Thus, the use of 

lower milling voltages at the final processes must be carried to minimize the 

implementation depth.  

Two systems were used within this work: FEI Quanta3D FEG Environmental for 

TEM sample preparation and the higher resolution FEI Helios 400S for APT sample 

preparation.  Both systems use Gallium to supply a Liquid Metal Ion Source (LMIS). 

Gallium is contained in a liquid reservoir and is allowed to flow along a very fine 

tungsten tip. When, an electric field is applied on the tip, it extracts and accelerates Ga  
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Figure 3.1.1: The sputtering mechanism in FIB (Jeanne Ayache 2010) 

 

ions. The accelerating voltage varies between 10 and 30 kV.  

On the other hand, the electron beam is generated in a similar manner by field 

emission phenomena and focused to a nanometer sized spot.   

Both the electron beam and the ion beam interact with the specimen’s surface to 

produce secondary electrons or both secondary ions and electrons respectively. These 

signals can be used for imaging the specimen surface. However, the large mass of the 

ions compared to electrons allow them to sputter the specimen’s surface. The sputter 

yield (number of sputtered atoms per bombarding ions) depends on the type of the 

material.  

 In addition, ion beam assisted chemical vapor deposition can be used to deposit 

Pt on the surface of the specimen with high accuracy. This technique allows the 

structuring of the surface.  
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Not only limited to imaging, sputtering and deposition, FIB dual systems allow the 

micro-manipulation of specimens via a needle probe called (OmniprobeTM). For this 

purpose the needle can freely move with respect to the sample stage, to ease the 

transfer of the micron-sized components.  

3.1.2 Preparation of the TEM samples by means of the FIB 

The TEM sample preparation started with cutting the bulk into a slice by a diamond 

wheel saw. After the slices were obtained, they were mounted to a TEM goniometer for 

further wet grinding and polishing with SiC paper of 600 and 1200 grit size. The sample 

was attached to a double-stick carbon tape to be mounted on the conventional SEM 

holder.  

 An in-situ-lift out technique for TEM specimen preparation was employed in the 

dual-beam FIB. A sacrificial Pt-layer having a thickness of 0.3 μm was deposited on the 

sample to minimize irradiation damage caused by the Ga ions. Milling with the ion beam 

included three steps to produce a lamella. The first step used a high accelerating voltage 

and current to produce stair-like area around the Pt. layer. The second step involved 

cleaning the sides of the lamella with lower beam currents. Finally, the lamella was 

attached via Pt. welding to the Omniprobe in order for it to be cut free and lifted out. 

The lamella was positioned on a commercial Cu-TEM grid by Pt. welding. 

Afterwards, the lamella was finally released from the Omniprobe and further thinned 

for electron transparency at 30 kV. 
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3.1.3 Preparation of the APT samples by means of the FIB 

Samples were cut from the bulk by a diamond wheel saw to produce a slice.  The 

slices were further cut by spark erosion into 0.2 mm × 0.2 mm × 1.5mm rectangular 

rods. The samples were rolled on 600 and 1200 SiC paper until a wire shape was 

formed. Afterwards, the samples were mechanically polished on 45 μm, 15 μm and 6 

μm diamond particles suspend on a metallic base. The polished samples were attached 

to a conventional copper tube designated for APT samples. The samples were therefore 

ready for electrochemical polishing to obtain a tip shape.  

 Electroplolishing of the samples was carried-out by the method of zone 

electropolishing. Different compositions of electrolytes were tried. The best possible 

sample preparation as shown in Figure 3.1.2 was obtained for a mixture of 20ml 

Perchloric Acid with 80ml of Glycol.  

A closer look of the surface condition of an electropolished sample with the 

electron beam reveals the formation of a thick layer on the surface of the tip. Thus, a 

three-step annular milling with a 5kV accelerating voltage (V) of the FIB was performed 

to remove the oxide layer and also to reduce the shank angle. In the annular milling, the 

sample axis is positioned parallel to the FIB column as shown in Figure 3.1.2, c-e. The 

milling was carried with three steps of sequentially smaller outer diameters (OD) and 

inner diameters (ID) and reduced ion currents (I). The radius of curvature after the final 

milling step was 75nm and the shank angle was about 10o.  
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Figure 3.1.2 : a) Optical micrograph of a polished sample b) Electron beam micrograph of a polished sample . c-e 
Annullar milling steps with milling parameters c) OD: 2μm, ID:1μm, V=5KV, I=11PA,  d) OD: 1μm, ID:0.5μm, V=5KV, 
I=11PA  e) OD: 0.5μm, ID:0.2μm, V=5KV, I=11PA.  
 

b) a) 

c) d) e) 

 

3 μm 3 μm 1 μm 
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3.2 Precision Ion Polishing System (PIPS) 

3.2.1 Operating principle 

Ionic thinning involves the abrasion action of bombarding argon ions with the material 

to be thinned. Electrical discharge of the inert argon gas creates argon ions. The ions are 

accelerated and directed into a focused beam of a few kilo-electron volts into a selected 

area on the surface of the sample. The argon ions owing to their energies penetrate and 

collide with the atoms of the material. Successive bombarding of the ions allows the 

tearing of surface atoms to produce an electron transparent area. 

 As a downside of this method: ion implementation and local enhancement of 

sample temperature must be taken into consideration.    

The system used within this work was a Gatan Model 691 Precision Ion Polishing 

System with argon ions of 1-5 keV accelerating voltage and two ion guns with two 

independent operating angles  10o. These features allow the preparation of thin 

specimens with minimum artifacts. Furthermore, the instrument allows the cooling of 

the specimen by means of a cold stage to cryogenic temperatures, offering an option to 

avoid unwanted phase transformation of the material (Gatan 1998).       

3.2.2 Preparation of TEM samples by means of PIPS 

Sample prepared for TEM investigation was prepared by sectioning of the bulk to 

smaller segments. Diamond wheel saw (model 650 low speed diamond wheel saw) with  



28 
 

 

 

 

 

 

 

 

Figure  3.2.1:  The sputtering mechanism in PIPS  (Jeanne Ayache 2010) 

 

minimum supporting weight and wheel rotation speed of 58 RPM was used for all 

cutting and sectioning processes. The sample was further cut by an ultrasonic grinder to 

3mm disks.  The disk was mounted to a goniometer holder by glue for mechanical 

grinding and polishing. Afterwards, the sample was mechanically grinded by distilled 

water and SiC paper of 600  and 1200 grit size until it reached 40 μm in thickness. The 

polishing steps included manual polishing by the use of 6, 3 and 1 μm diamond 

abrasives on a velvet cloth. Final polishing to eliminate scratches was done by colloidal 

silica on a cloth treated with soap.  

The sample kept at -100oC was finally thinned by the PIPS system with an 

accelerating voltage of 3.5 KeV and operating angle of 4o. An electron transparent 

specimen was obtained when a hole was formed after five hours.  
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3.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy investigation within this work was carried out by the 

utilization of FEI Titan Ct operating at 300 kV and FEI Titan St operating at 300 kV. 

Electron microscopy involves the interaction of accelerated electrons with the sample to 

be analyzed under vacuum conditions.  

The Bright Field (BF) images were used to characterize the microstructure. Selected 

Area Diffraction (SAD) patterns were obtained for structural analysis and correspondingly 

allow phase identification of the present elements. High Resolution Transmission Electron 

Microscopy (HRTEM) images were obtained to study the interfaces between the precipitate 

and the matrix.   

Scanning Electron Transmission Microscopy was used to view High Angle Annualr Dark 

Field images (HAADF) and further obtain chemical analysis with Energy Dispersive 

Spectrometry (EDS). All of the images were recorded digitally and further treated using 

Gatan Digital Micrograph Software. 

3.3.1 Operating Principle  

The TEM utilizes the strong interaction of electrons with matter. Electrons are either 

generated by a thermionic source such as (tungsten or lanthanum hexaboride LaB6) or a 

field emitter such as the Field Emission Gun (FEG). The electrons extracted from the 

electron gun are further accelerated under a high electric potential (U). According to the 
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classical theory, the velocity (v) of the accelerated electrons having a rest mass (mo) and 

charge (e) can be determined by 

  =√
2 e  

mo 
 

 However, a rigid quantum mechanics approach must be involved to include the 

wave-particle duality of the electron. Thus, the electron with a momentum (P) must 

have an associated wa elength (λ) described by the de Broglie’s relation: (with h being 

the Planch’s constant) 

  
 

 
 

Therefore, the wavelength of the electron can be written in terms of the accelerating 

voltage (U) as follows:  

λ=
h

√2 moe   
 

For a TEM with an accelerating voltage of 300 kV, the wavelength is as small as 0.0164 

Ao. Thus, allowing the electron microscope to resolve atomic features.   

Once the accelerated electrons leave the electron gun, they are condensed by means 

of electromagnetic lenses to be projected on the specimen. The specimen must allow 

electron transparency. Thus, it should be thin enough to allow the transmission of 

electrons. After the electrons pass the specimen, they are collected and further viewed 

by an imaging system to produce a diffraction pattern or an image.   
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3.3.2 The Electron-Matter interaction 

Different signals in TEM arise from several scattering events of electrons when they 

interact with matter. A contrast in TEM is formed when there is a difference between 

the number of electrons being scattered or deflected by the specimen and the direct 

transmitted beam of electrons. Although electron-matter interaction may lead to 

different types of contrasts, the most important in this work is the contrast resulting 

from elastic scattering known as the amplitude contrast. Figure 3.3.1 show two types of 

forward electron interactions with an isolated atom: a columbic attraction of the 

electron to the nucleus resulting in a high angle Incoherent scattering (θ1), or a 

scattering by the electron cloud which result in a low angle coherent scattering (θ2).    

The scattering at low angles hereafter referred as electron diffraction results in the 

existence of the diffraction contrast. Diffraction contrast is a specific type of amplitude 

contrast that depends mainly on the electron scattering factor and the structure factor 

of the crystal. 

Figure  3.3.1: Electron and isolated atom interaction (Williams and Carter 2009)  
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3.3.3 The modes in TEM 

Diffraction contrast gives rise to two basic modes in TEM: the imaging mode and the 

diffraction mode.   The difference between the two modes can be understood by a 

simple concept of lenses usually encountered in geometrical optics ( Figure 3.3.2, a). 

When low angle scattered electrons are emerging from the specimen they are 

magnified by an objective lens. The objective lens either disperses the electrons in the 

back focal plane (diffraction mode) or recombines the electrons in the image plane 

(image mode). Switching between the two modes can be achieved mainly in practice 

(Figure 3.3.2, b) by a Selected Area Diffraction pattern (SAD) aperture in the image 

plane to create a virtual aperture in the back focal plane. Thus, only a selected region of 

the image and its corresponding DP is viewed.  

Figure  3.3.2: The formation of the image and diffraction modes: a) The concept. b) The practice (Williams and Carter 
2009) 

a) b) 
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3.3.4 The diffraction mode  

As discussed previously, Electrons transmitting through the specimen are either directly 

transmitted or diffracted at low angles. Using a SAD aperture to select a specific area of 

the image, a diffraction pattern is obtained.  

The formation of a diffraction pattern can be understood if we consider an 

electron with wavelength (λ) that is projected on a crystalline material consisting of (hkl) 

planes separated by an interplaner spacing (dhkl) (Figure 3.3.3, a). The electrons will 

diffract at specific angles (θ) from different planes (hkl). However, an electron diffraction 

pattern will be only obtained for the lattice planes satisfying bragg’s law:  

m λ = 2 dhkl sin(θ) 

Figure 3.3.3: a) The bragg’s law  b)The reciprocal lattice formation   c)The camera length calibration (Williams and 
Carter 2009) 

 

a) 

b) 

c) 
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The diffraction pattern represents a reciprocal lattice plane with reciprocal lattice 

spots (Figure 3.3.3, b). A central spot (denoted as 0 point) corresponds to the main 

transmitted beam and different diffraction spots (denoted as G) represent planes that 

satisfy bragg’s law. In practice, the diffraction pattern is enlarged and projected on a 

viewing screen of a distance (L) from the specimen, known as the camera length 

(Figure 3.3.3, c). The distance between the directly transmitted electron beam and the 

diffracted beams (r) can be related to bragg’s law, so we can write:  

   
   

    
  

 (L  ) is called the camera constant and r can be measured on the viewing screen. 

Since L and   are precisely known, we can obtain the dhkl value of the planes (hkl). Thus, 

electron diffraction allows crystal analysis and phase identification to be obtained at a 

localized area in the specimen. For digitally recorded diffraction patterns, the calibration 

of the camera length is performed for each diffraction pattern by the Gatan digital 

micrograph software. All the recorded images and diffraction patterns are defined as a 

set of rows and columns that correspond to physical distances (Gatan 1999).  

3.3.5 The imaging mode  

As discussed previously, the diffraction pattern consists of a main directly transmitted 

spot and other diffraction spots formed in the back focal plane of the objective lens. 

Using an objective aperture in the back focal plane, we can isolate either the directly 

transmitted spot or the diffracted spots to form an image. If the case is the former we  
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call this image a Bright Field (BF) image, and if it is the latter we call it a Dark Field (DF) 

image (Figure 3.3.4, a).   

3.3.6 HRTEM image 

According to quantum mechanics, an electron should be treated as a wave. Since any 

wave can be described by both an amplitude term and a phase term, two contrasts are 

formed when we speak about electrons interactions with matter. An amplitude contrast 

results either from mass thickness variations or from diffraction contrast. Diffraction 

contrast is the main interest in this work because it allows the structural analysis by two 

modes: a diffraction mode and its associated BF and DF imaging mode. Nevertheless, 

phase contrast is also a very important technique to obtain images of columns of atoms 

for studying interfaces of multiphase materials. The formation of phase contrast results 

in an interference pattern-phase image called the High Resolution Transmission Electron  

Figure 3.3.4: Principle of a) the BF image and DF image(Williams and Carter 2009)  b) the  HRTEM (Leng 2008) 

a) b) 
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Microscopy (HRTEM). HRTEM images contain phase differences between the different 

diffracted beam as well as small changes in thicknesses and variations in focus in the 

objective lens as illustrated in Figure 3.3.4, b. 

3.3.7 Energy Dispersive Spectroscopy (EDS) 

X-ray photons can be generated in TEM. When an electron with high energy is incident 

on the specimen, it displaces an inner shell electron. Upon this, an electron in the outer 

shells decays to the inner shell to form characteristic X-ray (Figure 3.3.5). X-ray 

generation is a function of the atomic number (Z). Thus, it allows chemical analysis and 

analysis of distribution in the materials by means of an Energy Dispersive Spectrometry 

(EDS).  

 

Figure 3.3.5: Characteristic X-ray principle 
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3.4 Atom Probe Tomography (APT) 

Atom probe tomography experiment was conducted using the Cameca Laser Assisted 

Wide Angele Tomographic Atom Probe (LAWATAP). The instrument allows the use of 

either one of the two modes: the Ultra Violet (UV) femtosecond laser pulser mode or 

the conventional voltage pulser mode.  

The APT experiment specifically relies on the field evaporation phenomena. For 

field evaporation of atoms to occur, a tip shaped specimen with a radius of curvature of 

10-100 nm and a shank angle less than 30o must be exposed to an applied voltage to 

reach a field evaporation field strength (F) of about 20 V/nm. The field strength required 

for field evaporation depends on the applied voltage (V) and the radius of curvature of 

the tip (r) as follows:                                                 

F=V/k r 

Since the tip’s shape is approximated to a hemispherical cap, the geometrical 

factor (k=5..7) must be considered to compensate for the deviation from that perfect 

shape. Additionally, the field strength required for field evaporation is also a thermal 

activation process that depends on the material’s type. A rigid mathematical treatment 

for this concept can be found elsewhere (Miller 2000; Tsong 2005). 

It can be seen that the field strength required to achieve field evaporation in a 

controlled manner is dependent on many experimental parameters such as; the 

temperature, the material type, the geometrical shape of the tip and the applied  

https://www.google.com.sa/search?safe=active&hl=en&tbm=bks&q=specifically&spell=1&sa=X&ei=kGJpUcCLDMPUPMGfgfgM&ved=0CCsQvwUoAA
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Figure 3.4.1: Schematic view of the Atom Probe (Al-Kassab, Wollenberger et al. 2003) 

voltage.   

Nevertheless, the precise control of the evaporation process with a well-regulated 

element is achieved by either a voltage pulser or a laser pulser, depending on the 

conductivity of the material. The advantage of regulating the evaporation phenomena is 

to measure the time of flight (ToF) for mass spectrometry and to simultaneously obtain 

three dimensional positioning of the desorbed atoms with respect to the tip surface, 

enabling an APT algorithmic reconstruction to be built from experimental 

measurements.   
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4 RESULTS AND DISCUSSION 

4.1 Transmission Electron Microscopy 

The microstructural characterization of Mg–Sn based alloys was performed using TEM. 

The TEM is an outstanding tool to obtain localized crystallographic information and 

phase identification at the sub-micrometer scale. 

A short overview of the microstructure of the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) 

sample as prepared by FIB is given in Figure 4.1.1. BF images in (Figure 4.1.1, a) revealed 

an odd microstructure with overlapping grains distributed next to the surface of the 

lamella. In order to identify the structure of the surface area, a SAD pattern was 

performed. The SAD pattern (Figure 4.1.1, a) of an area at the surface of the lamella 

showed a thick ring. The thick ring is usually associated to amorphous materials. Thus, 

the odd microstructure must correspond to an amorphosized damaged layer. The 

formation of an amorphous region restricted to the surface milled regions was expected 

to be formed as an artifact during sample preparation with the FIB for a Mg–based alloy 

(McKenzie 2007). However, BF images (Figure 4.1.1, b) and SAD pattern (Figure 4.1.2) 

reveal the extension of the damaged area through the whole lamella. The SAD pattern 

consists of a combination of rings and diffraction spots. Thus, it is suggested that a 

nanocrystalline material is formed on top of the crystalline phase. DF of the excited rings 

and spots proves the damaged area as shown in Figure 4.1.2 (i., ii. And iii.). The excited 

rings correspond to nanosized features that are absent from the crystalline region.   
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Figure 4.1.2: SAD pattern of an area far from the surface of the lamella, the arrows indicate the DF images obtained 
from specific regions from the SAD  i. and ii. DF images of the corresponding rings in SAD  iii.  DF image of the 
crystalline constitute 

 

Figure 4.1.1: TEM lamella prepared by FIB  a) BF image of an amorphous layer near the surface of the TEM lamella and 
the corresponding SAD pattern  b) BF image of a nonocrystalline structure far from the surface 
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Furthermore, Figure 4.1.3 presents an EDS analysis for the Mg–1.4Sn–1.3Zn–0.1Mn 

(at.%) prepared by the in-situ FIB lift out method. The chemical analysis revealed the 

considerable amount of diffusion of Gallium to the microstructure.  

The relative Ga concentration calculated from the intensity ratio of Ga-K peak to 

Mg-K peak is about 6 at.%. Comparing the value of the diffused Ga determined in this 

work to the value reported by (Kamino, Yaguchi et al. 2004) for a Mg–8.1 Al (at.%) finally 

milled at 40 kV, we found that the value of the diffused gallium is the same in both 

samples.  Thus, the influence of FIB was designated to an observed elemental damage in 

both Mg alloys.  However, electron diffraction method for the Mg–8.1 Al (at.%) finally 

milled at 40 kV revealed no structural damage introduced to the sample. As discussed 

above, FIB introduces structural damage to the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) as 

identified from electron diffraction images. Thus, the difference in the influence of the 
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Figure 4.1.3: EDS analysis of the sample prepared by FIB reveal the large gallium implementation during sample 
preparation   
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FIB on the structural analysis between the Mg–8.1 Al (at.%) and the Mg–1.4Sn–1.3Zn–

0.1Mn (at.%) is observed. The results suggest that FIB damage introduced to Mg–based 

alloys is dependent on the alloying elements. 

Contrary to FIB prepared specimens, TEM specimens prepared by PIPS have 

yielded a successful microstructural representation of the Mg–1.4Sn–1.3Zn–0.1Mn 

(at.%) alloy. The BF image taken at low magnification shows the Mg matrix (nominated 

as the α phase) next to a lath shaped precipitate (Figure 4.1.4, a). According to the SAD 

pattern in (Figure 4.1.4, d), the Mg matrix was observed along the [0001]α zone axis.  

Additionally, Figure 4.1.4, e presents the HRTEM image for the Mg matrix. Strain 

contrasts in the BF images of the matrix (Figure 4.1.4, c) were observed strongly at the 

matrix/precipitate interface. The strain contrast gives a hint to the influence of the 

lattice matching between the matrix and the present precipitate on the lattice of the 

matrix. In other words, the variation at the interface between the matrix and the 

precipitate must depend on the ratio between the lattice constants of the matrix to the 

precipitate. Magnesium is known to have an hcp structure with lattice constants of 

aα=0.321 nm and cα=0.521 nm. The observed precipitate has an average width of 1 μm 

and a length of more than 5 μm. Unfortunately, further TEM investigations to identify 

the structure of the observed precipitate in Figure 4.1.4, b isn’t presented in this work 

due to sample loss. However, according to (Sasaki, Oh-ishi et al. 2006; M. Zhang 2007), 

most lath precipitates lying on the basal plane [0001]α of the matrix with their long axis 

positioned along [11-20]α are expected to be of the Mg2Sn phase.  
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Figure 4.1.4: Transmission Electron Microscopy observation of the Mg matrix next to a precipitates along [0001]α 
zone axis  a) BF image a lath shaped precipitate  b) BF image of the interface between the precipitate and the matrix  
c)BF image of a the Mg matrix and its  d) SAD pattern and the corresponding   e) HRTEM image  
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Since the precipitate shown in Figure 4.1.4, a has a lath shape morphology with a 

growth direction parallel to [11-20]α , we expect it to be the major Mg2Sn lath.  

Further investigation on other TEM samples allowed the observation of other 

precipitates with different orientations. TEM micrograph for a lath shaped precipitate 

was obtained as shown in Figure 4.1.5, a. The average width of the precipitate is 3 μm 

and its length is 2 μm. Figure 4.1.5, b show a DF image of the matrix with bright contrast 

while the precipitate is having a dark contrast.  

A SAD pattern is obtained in order to identify the structure of the precipitate. 

Figure 4.1.5, c presents only the diffraction spots of the precipitate. The diffraction 

spots for the precipitate are indexed to the [211]β zone axis of the Mg2Sn phase.  

HRTEM images taken between the Mg2Sn precipitate and the surrounding matrix 

revealed an incoherent interface (Figure 4.1.5,d). Mg2Sn phase is known to have a face 

centered cubic structure (fcc) and a lattice constant aβ=0.676 nm. Therefore, the strain 

around the Mg2Sn precipitate is imposed by the difference in the crystal structure 

between the precipitate and its surrounding matrix, and also the difference between 

their lattice constants (aβ/aα=2.1). Correspondingly, the observed lattice mismatch 

between the Mg/Mg2Sn implies that Mg/Mg2Sn must be regarded as a large lattice 

misfit system.  Another lath precipitate was observed in a different orientation of the 

electron beam (Figure 4.1.6, a). The average length and width of the precipitate is 10 

μm and 200 nm respectively.  The precipitate has a different contrast with respect to  
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Figure 4.1.5: Transmission Electron Microscopy observation of the Mg2Sn precipitate along [211]β  zone axis  a)BF 

image of Mg2Sn  b) DF image c) SAD Pattern of the precipitate  d) HRTEM image of the precipitate and the matrix  
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the matrix in the DF image (Figure 4.1.6, b).  

Figure 4.1.6, c show a SAD pattern for the precipitate. The SAD pattern consists of 

overlapped diffraction patterns of both the precipitate and the matrix.  The diffraction 

pattern of the matrix is obtained parallel to the [01-11]α beam direction. On the other 

hand, the diffraction pattern for the precipitate is indexed along the [21-30]ϒ
  zone axis. 

Thus, the SAD pattern was observed along [01-11]α//[21-30]ϒ
 zone axis. The precipitate 

was identified as the MgZn2 phase.  

The MgZn2 phase denoted as the ϒ-phase has an hcp structure with the following 

lattice constants: aϒ=0.5221 nm and cϒ=0.856 nm. Thus the lattice matching (aϒ / aα=1.6) 

is expected to be more pronounced in the Mg/MgZn2 system compared to the 

Mg/Mg2Sn system. HRTEM images reveal that the interface in the Mg/MgZn2 system is 

coherent.  

Interestingly, the Mg2Sn lath shaped precipitate is shorter than the MgZn2 

precipitate. The difference in length can be understood from X ray diffractometery  

(XRD) study done by Rashkov et al. (Rashkova B 2005). The study presented the XRD 

patterns (Figure 4.1.7) aged at 175oC for different aging times 16 h and 48 h. The sample 

aged at 175oC for 16 hours exhibit two peaks in the XRD measurements; one for Mg and 

the other for MgZn/MgZn2. On the other hand, samples aged for 48 hours had an extra 

Mg2Sn peak. The study indicates that MgZn2 phase is formed before the Mg2Sn phase 

during aging. Therefore, the large length of the ϒ-phase MgZn2 precipitate can be 

understood. 
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Figure 4.1.6: Transmission Electron Microscopy observation of MgZn2 precipitate along [01-11]α//[21-30]ϒ
  
zone axis  a) 

BF image of MgZn2  b) DF image c) Overlapped DP of the precipitate and the matrix  d) HRTEM image of the interface 

between the precipitate and the matrix  
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Figure 4.1.7: X-ray diffraction pattern for the base alloy aged at 175C for a)16 h and b) 48 h.(Rashkova B 2005) 
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A closer inspection of the microstructure at higher magnification allows the observation 

of nano-sized precipitates as shown in Figure 4.1.8, a. are observed. The size of the 

precipitates can be attributed to the early stages of aging. The precipitates were 

observed along the basal plane of the Mg matrix (Figure 4.1.8, b). Most precipitates 

have short lath morphology with a maximum length of 100 nm. The majority of basal 

laths orient their long axis to the [1-100]α direction, while others are oriented to the [11-

20]α direction. The average aspect ratio of length to width (l/w) is 3. Identifying the 

phases of the precipitates with the SAD pattern is not possible in this work due to the 

limitation in time. However, they are expected to be of the Mg2Sn phase since they have 

similar morphology to the laths observed by Shi et al. for a Mg–1.4Sn–1.3Zn–0.1Mn 

(at.%) (Shi 2013). Nevertheless, their long axis is oriented differently. The basal laths 

observed along [0001]α zone axis by Shi et al. orient themselves 10o away from the [1-

100]α direction.  

Figure 4.1.8: a) A BF image at high magnification along the [0001]α direction b) Diffraction pattern of the Mg  
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Another set of precipitates were observed along another orientation as shown in the BF 

image in Figure 4.1.9, a. One of the precipitates was chosen for preliminary structural 

investigation with its corresponding SAD pattern. An overlapped diffraction pattern 

obtained from the precipitate and its matrix is shown in Figure 4.1.9, (b,c) The indexing 

of the diffraction pattern of the magnesium matrix was along a beam direction parallel 

to the [02-21]α zone axis. In addition, a set of diffraction spots can be indexed to the 

[211]β zone axis of Mg2Sn.   
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Figure 4.1.9: Transmission electron microscopy observation of lath shaped precipitates a) BF image at lower 
magnification b) a lath shaped precipitate at higher magnification c) overlapped diffraction pattern of Mg2Sn 
precipitate and Mg matrix  
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A High Angle Annular Dark Field (HAADF) image using Scanning Transmission 

Electron Microscope (STEM) was obtained for a precipitate with a different zone axis 

(Figure 4.1.10, a). An EDS analysis was done to identify the precipitate type by 

comparing the chemical compositions in three different points as seen in Figure 4.1.10, 

b. The preliminarily EDS analysis (Figure 4.1.11) was performed with an exposure time 

of 29s in 3 different points.  The points (P1 and P3) chosen at the matrix had as 

expected, a large amount of Mg. On the other hand, point P2 inside the precipitate was 

enriched with Zn and Sn contents. Thus, the lath shaped precipitate is expected to be 

either of MgZn or MgZn2 phase as proposed by Rashkove et. al. (Rashkova B 2005). The 

presence of both Sn and Zn can be related to the early stages of precipitation processes. 

Since the aging condition is 1h, the final composition of the precipitate could not have 

been arrived yet.     

Figure 4.1.10: a) STEM HAADF image b) STEM HAADF image of precipitate with performed EDS analysis at points 

P1, P2 and P3   
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Figure 4.1.11: EDS analysis done on a HAADF STEM image in (Figure 4.1.8,d) at three points P1, P2 and P3 
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4.2 Atom Probe Tomography  

The structural investigation of the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) alloy is followed by 

the atom probe characterization tool. The APT is a unique device because of its high 

resolution in the sub-nano level .This capability allows it to identify any local variations 

of composition with high accuracy. Thus, it was employed to identify the role of Zn 

additions to the increased hardness during the precipitation processes. 

 

LAWATAP allowed the analysis of only 15 nm in depth of the volume of the tip. The 

small volume of the reconstruction prevents reliable APT results.   Also, the 

reconstructed volume suffered from the formation of steps as shown in Figure 4.2.1, a. 

The steps imply a drastic change in the radius of curvature during the experiment. Thus, 

the formation of steps is an indicator of a specimen fracture event occurring during data 

acquisition.  

A preliminary result of an average of 10 nm selected from the whole analyzed volume 

can be seen in Figure 4.2.1, b. The selected volume was chosen in a smooth area to 

exclude the event of fracture. Side view of the analyzed volume for isolated elements 

was obtained as can been seen in Figure 4.2.2. Four main elements were identified from 

the analyzed volume: Magnesium, Magnesium Oxide, Tin and Zinc. Figure 4.2.3 show 

the top view of the reconstructed volume with all superimposed elements and also with 

each element reconstructed separately. The density distribution of the elements at this 

stage is not adequate due to the limited size of the reconstructed volume. However, the 



54 
 

top view allows the comparison of the density of Sn and Zn. The density of Sn increases 

in areas with less Zn content as indicated by the arrows. Thus, conclusion can be made 

on the repulsive nature between Sn and Zn.  

To identify the reasons of the failure of the APT experiment, several experimental 

factors should be considered, as discussed in the experimental methods chapter.        

One possible factor of the specimen failure is related to the different evaporation 

fields strengths associated with the different elements.  Since MgO forms a thick layer 

on the surface of the tip (Figure 4.2.2), and the evaporation field of Mg differs 

considerably from MgO, an assumption on the specimen fracture is attributed to the 

MgO layer. However, no clear evidence can be made on this observation.  

Therefore, the TEM was utilized to identify the real reasons of the failure of 

conventionally electropolished samples. Figure 4.2.1, a reveal the TEM BF image 

showing an unsmooth surface of the tip at lower magnification. The non-hemispherical 

shape of the tip agrees strongly with the inhomogeneous distribution of the elements in 

the reconstructed volume seen in Figure 4.2.3.  In other words, protruding regions will 

exhibit larger atomic density when compared with groove-like regions. Additionally, A 

careful examination of Figure 4.2.1, a  reveals a large shank angle of the tip. Of course, 

minimization of the current shank angle of 50o to values less than 30o is required to 

promote the evaporation phenomena at lower voltages.   
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Figure 4.2.1: Three dimensional atomic representations obtained by atom probe tomography a) The whole analysis 
volume b) A chosen region 

 

 

 

Figure 4.2.2: Side view of the reconstructed volume of Mg–1.4Sn–1.3Zn–0.1Mn (at.%) alloy 

a)  

b)  
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Figure 4.2.3:  Top view of the reconstructed volume of Mg–1.4Sn–1.3Zn–0.1Mn (at.%) alloy 
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Also, a closer look to the surface of the tip and it’s corresponding SAD pattern 

(Figure 4.2.1 b,c) reveals the undesirable formation of nanocrystalline rings. The 

indexing of the rings matched the MgO phase. Thus, we can conclude that samples 

prepared with the electropolishing preparation method encountered three main 

problems: an inhomogeneous surface roughness, a considerably large shank angle and a 

thick MgO layer forming on the surface.  

The elimination of the encountered problems was proposed by the utilization of 

the FIB. The FIB annular milling was employed as a successive step to electropolishing, 

as discussed in 3.1.3 chapter. 

 TEM investigation was also employed to judge the quality of the samples after FIB 

milling. As can be seen in the BF image in Figure 4.2.1,d . Annular milling with the FIB 

effectively reduced the shank angle and enhanced the surface roughness. However, SAD 

pattern of the surface (Figure 4.2.1 e,f) revealed the unwanted MgO layer. Therefore, 

FIB annular milling after the polishing step could not remove completely the surface 

oxide layer.     

From the TEM observation of a FIB prepared sample, we can conclude that 

specimen failure was attributed to the formation of the thick surface oxide layer and not 

to the optimization of the experimental parameters. Since electrochemical polishing 

induces the formation of thick oxide layer on the tip’s surface.  The oxide layer could not 

be eliminated even after successive FIB preparation. This implies a complete change of 

the microstructure in the vicinity of the tip. Therefore, care should be taken when 

preparing Mg–based samples for APT investigation by electrochemical methods.   
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Figure 4.2.1: Electropolished sample: a)  BF image  b) BF image of the surface c) SAD pattern of the surface. FIB 
prepared sample: d) Scanning electron micrograph e) BF image of the surface and f) SAD of the surface 
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CONCLUSION 

 

The structural analysis of the Mg–1.4Sn–1.3Zn–0.1Mn (at.%) revealed the formation of 

precipitates of different sizes and phases in the microstructure. The size of the 

precipitates ranged from large precipitates in the micron scale to smaller ones in the 

size of 10th of nanometers. The formation of nano-sized precipitates was attributed to 

the early stages of aging. In larger precipitates, the major phase was the Mg2Sn phase. 

However, a precipitate having a MgZn2 phase was also detected. Additionally, one of the 

nano-sized precipitates contained both Zn and Sn enrichments, according to our EDS 

analysis. Whereas, other nano-sized precipitate exhibited short lath morphology similar 

to that of the Mg2Sn phase.   

The interface coherency and lattice matching between the precipitates and the 

matrix have also been investigated. It was found that precipitates of the MgZn2 interface 

possess a coherent interface with the matrix unlike the precipitates of the Mg2Sn phase.  

Finally, APT was used to identify the role of Zn in the precipitation process. The 

APT findings emphasized the repulsive nature between Zn and Sn from a portion of the 

analyzed volume. Unfortunately, the density of Zn in a larger analysis volume could not 

be obtained due to specimen failure. Specimen failure in APT was attributed to the 

formation of thick oxide layer.   

Unfortunately, specimen preparation for TEM and APT investigations is a very 

critical step for successful interpretation of the microstructure in Mg–1.4Sn–1.3Zn–

0.1Mn (at.%) alloy. The sample exhibited severe sensitivity to the FIB as well as 
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electrochemical treatments. Thus, further optimization of the preparation methods is 

currently under study; such as cooling of the electrolyte to very low temperatures or 

using an in situ-lift out method to prepare AP sample at low  milling voltages.  Further 

investigations on the nano-sized precipitates present in different orientations will be 

needed to clearly identify their prospective phases and determine the ORs between the 

matrix and precipitates.     
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APPENDIX 

Interestingly, twin boundaries were observed during our microstructural investigations 
with TEM as shown in Figure1 and Figure2.  
 

1 µm1 µm

Figure2: Transmission Electron Microscopy observation of twin boundaries along [211]α 
 
zone axis with tilt angles a) 

α=-8.46 β=15.56, b) α=-9.55, β=14.9  

Figure1: Transmission Electron Microscopy observation of twin boundaries  
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