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Abstract 

The automotive industry is adopting the application of magnesium and magnesium alloys in order to produce 

light-weight auto-body structures. Therefore, it is essential to evaluate the load bearing capability of these 

metals in spot welded applications, since spot welding is widely used to assemble the body components.  

Failure of spot welds is one of the major durability issues of auto-body structures in monotonic, cyclic and 

impact loading conditions. Spot weld performance is a special concern because of the operation of a localized 

stress field at the edge of each weld nugget. The load-bearing capability of a spot weld depends strongly on the 

toughness of the microstructure existing at the edge of the nugget including fusion zone and heat affected zone. 

Therefore, any microstructural feature which deteriorates the toughness properties is considered to be 

detrimental to the structural integrity of a spot weld. This study attempts to assess the effects of microstructure 

on failure characteristics and mechanical performance of magnesium spot-welded structures in monotonic 

loading. 

Microstructural evolution in resistance spot welding of AZ31, AZ61 and AZ80 magnesium alloys has been 

studied. The results indicated formation of ɓ-Mg17(Al,Zn)12 divorced eutectic phase at the grain boundaries of 

both fusion zone and heat affected zone. As the Al content of the magnesium base alloy increased from 3 wt.% 

(AZ31) to 6 wt.% (AZ61) and 8 wt.% (AZ80), the volume fraction of ɓ phase increased both in heat affected 

zone and fusion zone. It was found that with increase in volume fraction of the ɓ phase, tensile shear properties 

of spot welds were adversely affected. Microstructural examinations identified the ɓ intermetallics as preferred 

sites for micro-crack initiation in monotonic loading of spot welds. It was found that as the Al content of base 

metal increased from 3 wt.% (AZ31) to 6 wt.% (AZ61) and 8 wt.% (AZ80), the load-to-failure and elongation-

to-failure of spot welds (with almost identical nugget diameter) decreased. At the same time, the failure mode 

changed from interfacial (in AZ31) to nugget pull-out (in AZ61 and AZ80). Removal of the ɓ phase particles 

via post-weld solutionizing treatment was found to increase the weld strength and ductility of high Al-bearing 

magnesium spot welds (i.e. AZ61 and AZ80). Failure mode also changed from nugget pull-out to through-

thickness.  

With the absence of ɓ intermetallics in the microstructure of post-weld heat treated welds, plasticity occurred 

near the edge of nuggets under load, which introduced resistance against crack initiation. The plastic zones 

could be identified by observation of heavily twinned microstructure near the crack region. Inspection of 

misorientation boundaries between the parent and twinned segments revealed the role of ρ π ρ ρ- ρ π ρ ς 

double twinning, which essentially involved rotation of ộρ ς ρ πỚȾσχȢυЈ relative to parent, on formation of 

transgranular micro-cracks. This twinning mode intensified the shear stresses resolved onto the basal slip 
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systems, leading to early shear localization and transgranular void/crack initiation. It was argued that the 

susceptibility of an individual grain to transgranular cracking depended strongly on its orientation relative to 

the stress condition. Those grains in which the stress field created a high shear stresses onto their ρ π ρ ρ 

twinning systems were more susceptible to transgranular fracture. The primary ρ π ρ ρ twinning mode was 

found to follow a Schmid-type behavior in most of the studied grains. 

For AZ61 and AZ80 magnesium sheets with sharp basal texture, the stress condition under loading at the 

coarse-grained microstructure of the heat affected zone resulted in high activity of ρ π ρ ρ twinning. 

Therefore, the heat affected zones of these AZ alloys were susceptible to transgranular fracture. The heat 

affected zone in ZEK100 sheet, demonstrated higher toughness. Due to its fine-grained microstructure along 

with more randomized texture, heat affected zone of ZEK100 exhibited lower twinning activity. Therefore, in 

tensile shear loading of AZ80/ZEK100 dissimilar spot weld (in post-weld heat treated condition), fracture 

occurred preferentially in the heat affected zone of AZ80, while the heat affected zone of ZEK100 

demonstrated high resistance against fracture initiation.  

From the experimental-numerical work on fracture study in tensile shear loading of magnesium spot welds, it 

was concluded that the toughness of the material was associated with combined effect of stress condition and 

microstructure. This combined effect was further investigated by mechanical testing of magnesium sheet 

metals using double-edged notched tensile (DENT) specimens. In order to evaluate the effect of texture on the 

notch sensitivity, DENT specimens were made with notches whose tip was pointing to the sheetôs normal 

direction (for ND specimens) and transverse direction (for TD specimens). The mechanical test results for AZ 

alloys indicated that the strength and ductility of specimens with notches along the normal direction were 

lower compared to those with notches along the transverse direction. Schmid law numerical calculations were 

conducted based on the notch stress condition and crystallographic texture of the alloys to predict the activity 

of different deformation mechanisms (i.e basal slip, prismatic slip, ρ π ρ ς twinning and ρ π ρ ρ twinning) 

at the notch root. The difference in notch sensitivity in ND and TD specimens was associated with an activity 

competition between prismatic slip and ρ π ρ ρ twinning. The numerical results predicted higher activity for 

ρ π ρ ρ contraction twinning at the notch root of ND specimens than that in TD specimens. The easy 

activation of ρ π ρ ρ twins in ND specimens, led to transgranular shear localization and early fracture; 

however in case of TD specimens, prismatic slip was more active at the notch root which led to more 

homogeneous deformation and delay in shear localization. Owing to its more randomized texture, ZEK100 

alloy appeared to be less sensitive to the notch orientation. 
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Chapter 1 

Introduction 

With the growing demand for increasing the fuel efficiency and reducing of pollutant emissions, 

production of light-weight structures has attracted much interest in the automotive industry. 

Magnesium alloys owing to their low density combined with high specific tensile strength, are 

potentially good candidates to replace the steel and aluminum alloys in structural components of 

automobiles. Magnesium is the sixth most abundant element in the earthôs crust. Its density is 

approximately 75% less than that of steel and 33% less than the density of aluminum [1]. According 

to U.S. Automotive Materials Partnership (including Chrysler, Ford and General Motors), 

Magnesium-based components should contribute to 15% weight reduction per vehicle by 2020 [2]. 

Recently, magnesium alloys in the form of rolled sheet metal is being considered for use in the auto-

body components [3]. The sheet metals are assembled by resistance spot welding for manufacturing 

of automotive body components. A modern car typically contains 2000-5000 spot welds [4]. 

Therefore, having the science and technology for production of magnesium spot welds with high 

load-bearing and energy-absorbing capabilities is essential to expand the application of magnesium 

materials in the automotive industry. 

1.1 Motivation 

Over the past decades leading automobile makers have used magnesium-based materials in their 

automotive parts such as gearbox housing, steering wheel, fuel tank cover, air bag housing and 

suspension systems [1], [5], [6]; however its role as a major material for auto-body manufacturing is 

still challenged. Therefore, it is essential to examine the mechanical performance of spot welded 

magnesium sheet metal components under static and cyclic loads. 

Failure in resistance spot welds has been identified as one of the major durability concerns in auto-

body components [7]. Due to presence of a sharp notch at the circumference of every spot weld, the 

material is subjected to complex multiaxial loads during service. Due to the restrictive nature of spot 

welding assembly, the design process is not able to do much to alleviate the stress condition. 

Therefore, strength and integrity of a spot weld depends strongly on the quality of the material at the 

vicinity of the spot weld notch. The failure location and mode can significantly affect the load-

bearing capability of spot welds as well as their energy-absorbing capacity in a car crash. For a spot 

weld under service, with low ratio of nugget diameter to sheet thickness, interfacial failure is the 
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dominant mechanism of failure [4], [8]. In case of a spot weld with high ratio of nugget diameter to 

sheet thickness, the materials in the fusion zone, heat affected zone and base metal experience high 

stresses. Therefore, fracture can occur in any of these regions [8], [9]. The local notch toughness of 

materials determines the failure mode and mechanical properties in the large spot welds [10]. Notch 

toughness is an indication of capacity of materials to absorb strain energy before fracture and depends 

strongly on the materialôs strength and ductility [11], [12]. Therefore, any microstructural features 

which affect the strength and ductility of material, substantially contribute to failure mode and load-

bearing capability of a spot weld.  

Ductility of magnesium alloys depends strongly on the microstructural features such as secondary 

phase(s), grain size and crystallographic texture. When magnesium material is subjected to a tensile 

stress, brittle fracture of intermetallic compounds may lead to early fracture [13]ï[16]. Elongation-to-

failure is significantly affected by grain size [17], [18]. Wrought Mg alloys normally take up a strong 

basal texture during mechanical processing [19], [20]. Due to lack of active slip systems in the hcp 

lattice at ambient temperatures, these alloys demonstrate anisotropic behavior during plastic 

deformation. The conventional magnesium sheet metals lack the ductility for energy absorption and 

shear easily [2]. 

1.2 Objectives 

The major aim of the current research is to understand the microstructural effects on fracture 

characteristics of magnesium alloys, subjected to a localized stress field, operating due to presence of 

a stress raiser. The major objectives in this work are as follows: 

ü Characterization of microstructural evolution during resistance spot welding 

Since both heat affected zone and fusion zone are present at the edge of a nugget, they are both 

subjected to intensified stresses when a spot weld is in service. The significant effects of welding 

thermal cycle on the microstructure of fusion zone and heat affected zone must be studied in 

order to predict the mechanical strength and energy-absorbing capacity of a spot weld.  

ü Microstructure -property relationships in spot weld 

In the majority of previously published works, the mechanical performance and fracture mode of 

spot welds (in static and cyclic loading conditions) were investigated using solid mechanics 

approaches and microstructural factors (such as intermetallics, micro-texture and grain size) were 
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mostly neglected. This study aims to understand the contribution of such microstructural features 

to mechanical performance and failure mode of spot welds. 

ü Characterization of failure micro-mechanisms 

Before general fracture, microstructure is damaged locally by certain types of mechanisms during 

loading. A major part of the current work is to characterize such micro-mechanisms and find a 

correlation between their activity and microstructural fractures. Reduction of the activity of such 

micro-mechanisms (by microstructural modification) leads to delay in fracture and consequent 

improvement in mechanical properties.  

ü Modeling the combined effect of micro-texture and stress condition 

There has been a lack of data on how magnesium alloys respond to a complex stress field, 

operating ahead of a stress raiser. It is of great importance to understand how the localized strain 

energy is released in the microstructure. A model has been developed in the current research, 

accounting for both micro-texture and stress condition, in order to predict the activity of 

deformation mechanisms. Having the fundamental knowledge of the effects of stress condition on 

deformation activity in microstructure, enables the design engineers to alleviate (or change) the 

stress state in order to exploit the desired mechanical performance from weld-fabricated 

magnesium alloy structures.  

Organization of the Thesis 

The current work is subdivided into eight chapters. Chapter 2 provides background information 

regarding fracture in magnesium and microstructural effects on its fracture strength and fracture 

characteristics. This chapter also presents background information regarding stress and strain 

conditions in spot welds subjected to external loading. Moreover, the impacts of microstructure 

(including fusion zone and heat affected zone) on the failure mode and load-bearing capacity of spot 

weld are discussed.  

In chapter 3, the materials, conditions, experimental methods and test equipment used in the current 

work are explained in detail. 

Chapter 4 discussed in detail the effects of alloying elements (in chemical composition of Mg-Al -Zn 

alloys) on the mechanical properties of spot welds. The effects of welding thermal cycle on 

microstructure in fusion zone and heat affected zone are presented. The weld microstructure has been 

characterized by optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction 
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(XRD) and transmission electron microscopy (TEM). This chapter demonstrates that ductility of 

magnesium is adversely affected by the formation intermetallic compounds during welding. Fracture 

micro-mechanisms are also characterized in microstructures with high volume fraction of the 

intermetallic compounds. The capability of post weld heat treatment for improvement of 

microstructure and mechanical properties of the weld is discussed.  

In Chapter 5 attempts are made to find a correlation between fracture initiation and twinning activity 

in magnesium subjected to intensified stresses at the vicinity of spot weld notch. This was achieved 

by experimental investigation of micro-texture, along with numerical modeling using Schmid law 

combined with finite element analysis. In order to characterize the twins, micro-texture in the fracture 

zone was studied by electron backscattered diffraction (EBSD). The dislocation activity within the 

matrix and twins were investigated by TEM. It was demonstrated that local ductility of magnesium 

material depends strongly on the micro-texture and grain size. 

Chapter 6 presents experimental approaches to confirm the claims made in chapter 5. It was 

demonstrated that the spot weld toughness and ductility were significantly affected by grain size and 

crystallographic texture at the vicinity of notch. This is due to the fact that a magnesium 

polycrystalline material, with finer grain size and more randomized texture, is able to accommodate 

the localized inelastic strains more effectively.  

Chapter 7 discusses the effect of micro-texture on the notch strength and notch sensitivity of the 

magnesium materials. The justification for the notch sensitivity has been calculated using a Schmid-

based numerical analysis combined with finite element analysis at the notch root.  

Finally chapter 8 lists the major conclusions and contributions made in this work and provides 

recommendations for future research. 
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Chapter 2 

Background and Literature Review 

In this chapter, background information regarding  the materials and processes used in this study are 

presented. Firstly, magnesium and magnesium alloys are introduced with focus on their fracture 

characteristics and the effects of microstructural features on fracture strength and ductility. Such 

information has been utilized in the current work to understand the micro-mechanisms leading to 

failure in resistance spot weld of magnesium alloys. In the second section, resistance spot welding is 

presented with focus on failure mode and mechanisms, when spot welds are subjected to a 

mechanical loading. Background information associated with stress and strain conditions in spot weld 

under mechanical loading is presented as well. Having a good understanding of stress and strain fields 

in spot welds is necessary to understand the failure micro-mechanisms. At the end of this chapter, the 

literature associated with process-structure-property relationships in welding of magnesium alloys are 

presented. 

2.1 Magnesium and Magnesium Alloys 

2.1.1 Deformation and Ductility of Magnesium Alloys 

Despite their industrially desired properties such as high specific strength (strength to weight ratio), 

good castability and machining behavior, the wrought magnesium alloys have demonstrated poor 

formability and ductility at room temperature, which has significantly limited their applications in 

auto-body production. The theory proposed by Tylor [21], following von Mises [22] suggested that 

five independent slips systems are necessary to be activated in a polycrystalline material in order to 

have a homogeneous deformation. Those crystal structures lacking five independent slip systems are 

more prone to premature fracture and thus considered to have poor ductility. 

Magnesium has a hexagonal close packed (hcp) crystal structure with the lattice parameters of a=3.21 

Å and c/a ratio of 1.624 [23]. Basal and prismatic slip systems with ộὥỚ Burgers vectors, offer only 

four independent modes for deformation. Slip on the close packed π π π ρ planes of Mg-hcp lattice 

is energetically more favored than the other slip systems. Although the non-close packed prismatic 

planes possess greater Interplanar spacing than the basal planes, prismatic slip is more difficult to be 

activated due to production of stacking fault[24]. The four pyramidal slip modes with ộὥỚ burgers 

vector cannot be considered as independent modes as they are the product of the cross-slip between 
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the basal and prismatic slip modes [25]. It has been argued that the pyramidal slip with ộὧ ὥỚ 

Burgers vector also provides further five independent slip modes [26], [27]. Therefore the Tylor 

criteria would apparently be fulfilled; however activation of ộὧ ὥỚ pyramidal slip modes at room 

temperature is of argument in the previous researches, since the critical resolved shear stress (CRSS) 

for the pyramidal slip is at least two orders of magnitude larger than that for basal slip [28] in 

magnesium single crystal.  

It was proposed by Kocks and Westlake that ductility of polycrystalline hcp materials can be 

improved by localized deformation produced by the twins which are nucleated at the highly stressed 

grain boundaries [29]. Twinning takes place via small atomic translation (known as shuffling) for 

accommodation of deformation [30]. While slip deformation is a reversible process, the twinning 

possesses a one-directional character. Therefore, twinning is considered as only 0.5 independent 

deformation mode; however study of twinning behavior is of great importance. Two different 

twinning systems have been identified in magnesium. A twinning system leading to accommodation 

of tensile strain along the c-axis is known as extension twinning which has shown to be activated and 

propagated easily when a crystal is favorably oriented. The twinning which accommodates the 

compressive strain along c-axis is known as contraction twinning which is of great important in 

fracture studies [19], [31]ï[34]. Figure  2-1 schematically presents the possible slip/twinning systems 

in magnesium. Table  2-1 lists the reported CRSS values for the slip and twinning systems. Twinning 

and crystallographic reorientation by twinning is discussed in more detail in chapter 5.  

 

Figure  2-1 Plastic deformation systems in magnesium single crystal 
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Table  2-1 Estimated CRSS values (MPa) of deformation mechanisms i.e. basal slip, prismatic slip, 

extension twinning (E-twin) and contraction twinning (C-twin), reported in the literature for magnesium 

alloys 

Material Method CRSSbasal CRSSprism CRSSE-twin CRSSC-twin 

Mg SC1 0.81[35]; 

0.76[36] 

39.2[37]   

  0.45[38]; 

0.65[39] 

   

  0.52    

AZ31 SC     

AZ31 PC2, VPSC3, 

XRD4 

45[40] 110[40] 15[40]  

AZ31 PC, EBSD5, 

ND6 

10[20] 55[20] 30[20]  

AZ31 PC,SF7,EBSD    100[32] 

AZ31 Numerical      

AZ31 PC, ND, SF   25-

35[41] 

 

AZ61 PC, XRD     

Mg 7.7 at.% 

Al  

   65-

75[42] 

 

2.1.2 Microstructural Aspects of Fracture in Magnesium Alloys 

A cleavage fracture normally occurs in a brittle or poorly ductile material due to significant increase 

in the elastic stresses. A ductile material is capable of relieving the stresses by the generation and 

motion of dislocations. Fracture in a ductile material is associated with shear localization and 

                                                      
1 single crystal 
2 poly crystal 
3 visco-plastic self-consistent model 
4 X-ray diffraction 
5 Electron backscattered diffraction 
6 Neutron diffraction 
7 Schmid factor 
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subsequent void nucleation [43]. Therefore, any metallurgical factor which limits plastic deformation 

or promotes early shear localization is considered to be detrimental to fracture strength and ductility 

of Mg alloys. Such factors can be divided into three categories as follows: 

2.1.2.1 Intermetallics 

Aluminum is the major element added to enhance the strength of the magnesium alloys. Aluminum is 

also added in order to improve the corrosion resistance in Chloride media [44]. Figure  2-2 shows the 

Mg-Al binary phase diagram. The room temperature microstructure of the magnesium alloys is 

composed of the Ŭ-Mg and ɓ-Mg17Al 12 with the Strukturbericht A12 lattice structure (space group 

Iτσm and aͯ 1.06 nm [45]). The strength of alloys based on the Mg-Al system comes from both Al 

solid solution hardening and Mg17Al 12 precipitation hardening mechanisms [46]ï[48]. Figure  2-3 

shows a low-energy orientation relationship (OR) normally established between Ŭ-Mg and ɓ-

Mg17Al 12 during isothermal aging process. The aging response of the magnesium alloys based on the 

Mg-Al system is small compared to the other age hardenable alloys such as Al-Cu and Cu-Be. The 

problem is associated with the nature of the precipitation process which is based on formation of only 

equilibrium ɓ phase. Due to higher energy barrier of the equilibrium phase(s) compared to the 

transition phase(s), the nucleation rate of the equilibrium phase(s) is lower during isothermal age 

treatment. Thus, resultant inter-plate spacing of the particles is not small enough to require the 

dislocations to shear [49].  

 

Figure  2-2 Al -Mg binary phase diagram [50] 
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Figure  2-3 The crystal structures of the two phases (a) Mg and (b) ɓ-Mg17Al12 and (c) Schematic 

diagram showing the lattice correspondence between hcp and bcc structures described as Pitsch-

Schrader OR [51] 

The as-cast structure of the magnesium alloys demonstrates poor mechanical properties in tensile 

loading. In non-equilibrium solidification of a Mg-Al -Zn system solid solution Ŭ-Mg is formed 

depleted in Al pushing the remaining Al to the inter-dendritic regions. The solidification is completed 

by the formation of eutectic phase i.e. Ŭ-Mg + ɓ-Mg17(Al ,Zn)12. The morphology of ɓ phase in 

solidified microstructure depends strongly on the Al content of the alloy and cooling conditions. The 

phase shape changes from scattered fine particles to dense large particles as Al content increases. In 

low and moderate solidification rates (such as in casting processes), lamellar Ŭ+ɓ eutectic is formed, 

whereas at higher solidification rates, the divorced eutectic phase has been mostly observed [14], 

[52]ï[54]. This is due the fact that insufficient time has been provided for diffusion through both 

liquid and solid and thus, the condition for intimate contact between the two eutectic forming phases 

is not provided [55].  

The presence of divorced eutectic ɓ phase has been shown to deteriorate the ductility and fracture 

toughness of as cast magnesium alloys [56]. The fracture mode in the as cast microstructure of Mg-

Al -Zn alloys was intergranular [13]ï[15], [57]. Micro-cracks have been observed at the cell 

boundaries of ɓ phase near the primary crack during the SEM in-situ fracture test of the as cast AZ51 

alloy [58] as shown in Figure  2-4a. Addition of alloying elements such as Sn was demonstrated to 

improve the mechanical performance since mechanical twinning was activated ahead of propagating 

crack-tips as shown in Figure  2-4b.  
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Figure  2-4 SEM micro-graph near a crack tip of (a) AZ51 and (b) AZ51+3wt. %Sn [58] 

1.1.1.1 Crystallographic Texture 

Magnesium alloys generally take up a strong basal texture during thermo-mechanical processes (such 

as rolling and extrusion). The mechanical properties of a magnesium alloy are significantly affected 

by a sharp texture. Failure in wrought magnesium alloys occurs in shear mode with very small 

reduction in the cross-sectional area when contraction along the c-axis of crystal is needed to 

accommodate the imposed strains [20] (i.e. tension perpendicular to c-axis or compression along the 

c-axis).  

Several previous researchers have claimed that there is a correlation between twinning activity and 

cracking in magnesium alloys. It was first proposed by Tuer [59] that both twinning and fracture 

possess a cataclysmic nature in releasing the elastic strains. Thus a condition suitable for the 

formation of the former might be ideal for the formation of the latter. Yoo [60] developed a model to 

evaluate a critical stress state for the crack extension or twin extension as shown in Figure  2-5. He 

argued that as long as the parameters involved in equilibrium equations are provided, such as surface 

energy, twin boundary energy and lattice resistance to twinning dislocations, it is possible to predict 

whether the elastic strains are to be released via twinning deformation or cracking. A simple 

expression was defined based on the ratio of critical stresses: 

Ë
ː

ː
                                                                                                                                         eq.1.1 
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where ʎ and ʎ are the critical stresses for activation of cracking and twinning respectively,  ːis the 

surface energy and ː is the twin boundary energy. k is a function of axial ratio and elastic constants 

of the material. When a propagating twin intersects a boundary, crack initiation is possible due to 

production of stress concentration (Figure  2-5a). On the other hand, when a crack intersects a twin 

boundary, its path might change either based on the twinôs equivalent habit plane or along the twin 

boundary (Figure  2-5b).  

 

Figure  2-5 (a) 2D model for crack and twin nucleation at the region of stress concentration; (b) basal 

crack blunting by two symmetrical twins; (c) accommodation of slip/crack ahead of twin tip [60] 

Microstructural evidence concerning twin-induced fracture in magnesium was first presented by 

Reed-Hill. He demonstrated various twin traces on σ π σ τ, ρ ρ ς τ, ρ π ρ τ and ρ π ρ υ 

crystallographic planes near fracture location [37]. Barnett for the first time [19] found a strong 

evidence correlating the fracture during in-plane tension to the activity of ρ π ρ ρ contraction 

twinning (Figure  2-6a). He argued that these twinned segments are unstable and immediately 

transform to double twins via a secondary ρ π ρ ς twinning. He further demonstrated traces of 

different variants of double twins within the vicinity of fracture surface of AZ31, subjected to tensile 

loading perpendicular to the c-axes of the grains [31] (Figure  2-6b). Ando et al. found large surface 

steps near the fracture area caused by double twinning activity [34]. These surface steps were further 

shown to be able to act as crack nucleation sites in fatigue failure [33].  

a 

b c 
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Somekawa et al. performed an extensive research on the effects of texture on the fracture toughness 

of magnesium alloys [61]. They argued that having a sample with a pre-crack normal to the basal 

plane resulted in higher value of plane strain fracture toughness than having a sample with a pre-crack 

parallel to the basal plane. They correlated such difference in the fracture characteristic to the surface 

energy of different crystallographic planes: Due to lower surface energy, free surfaces of π π π ρ 

were created easily. Thus, the stretched zone ahead of a crack front is small and cracks remain sharp 

during propagation (Figure  2-7a). When new surfaces of the non-basal planes were to be formed, a 

propagating crack faced more resistance and thus the stretch zone ahead of crack front was larger 

(Figure  2-7b) 

Somekawa et al. showed high activity of ρ π ρ ς twinning ahead of the propagating crack [62] 

during a fracture toughness test of conventionally extruded AZ31. They found significant 

improvement in fracture toughness for the same material when it was subjected to the equal channel 

angular processing (ECAP). They found reduced twinning activity due to rotation of the basal planes 

to an orientation favorable for slip.  

 

Figure  2-6 (a) SEM images of voids in ZK60 at failure with the EBSD map showing     and 

       twin boundaries [19]; (b) TEM analysis of the        near the 

fractur e surface of AZ31 [31] 
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1.1.1.2 Grain size 

Grain refinement in magnesium was reported to increase the fracture strength in monotonic and cyclic 

loading [62]ï[64]. The effect of grain size was associated with a reduced twinning activity at the 

stress concentrated zone due to activation of non-basal slip. Koike [65] showed that the yield 

anisotropy decreased in magnesium via grain refinement [62]. Yield anisotropy is defined as  , 

where ŰBS and ŰNBS are the CRSS values for basal and non-basal slip respectively. The room 

temperature activation of non-basal slip systems was reported in fine grained AZ31 alloy [65]. The 

reason was attributed to the increased operation of the compatibility stress at the grain boundaries 

(GBs) as shown schematically in Figure  2-8.  

Other than non-basal slip systems, GB sliding was reported to occur in a fine-grained magnesium due 

to the increased diffusion rate and also pile-up of lattice dislocations [66]. The critical grain size for 

the change of dominant deformation from twinning to slip was estimated to be 20 µm . The 

mechanical asymmetry was reported to disappear for grain sizes of less than 4 µm [47].  

 

Figure  2-7 Schematic illustration of crack propagation and dimple formation in (a) pre-crack parallel 

and (b) pre-crack normal to the basal plane, d is the inclusion size, ɚ is the spacing from pre-crack to 

inclusion and D is the dimple size [61] 
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Figure  2-8 Schematic drawing of stress state in a bi-crystal: (a) before deformation; (b) deformed grains 

without any bonding; (c) resultant stress state in order to maintain the grain boundary bonding [62] 

2.2 1 Resistance Spot Welding 

2.2.1 Heat Generation and Welding 

In the resistance spot welding (RSW) process, the heat (Q) required for melting of the two metal 

sheets clamped together, is generated based on the principals of Joule heating, by the application of 

an AC or DC electric current through the two electrodes on the either sides of the two sheets as shown 

in Figure  2-9 [67]: 

ὗ ὍὙὸ                                                                                                                                          eq.2.2 

Where I is the welding current, R is the electrical resistance of the circuit which is comprised of the 

contact resistance at electrode/sheet interfaces (R1, R3), the bulk resistance of materials (R2, R4) and 

the contact resistance at the sheet contact interface (R3), and t is the time the current is flowing.  

 

Figure  2-9 Schematic drawing of resistance spot welding in a sheet stack-up [67] 
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The contact resistance and heat generation at the interface are determined by the surface roughness, 

hardness and cleanliness of the sheets. The actual contact between the two strongly smoothed surfaces 

slightly pressed together is a small fraction of the apparent contact area. The contact area is developed 

in the form of a number of clusters of micro-contacts [68]. When the electrical current is applied and 

the temperature rises in the contact area, the sheet surfaces become softened and the actual contact 

area increases due to increase in the plasticity. Consequently the resistance decreases.  

The surface properties affect both the quality and shape of the weld nugget. The contact area is 

reduced by excess contaminants, mainly oxides, which results in excessive heat generation and 

expulsion of liquid metal. Due to metal loss in the weld pool, solidification shrinkage intensifies 

tensile stresses leading to pore/crack formation in the center of the weld nugget [69], [70]. Chemical 

cleaning of the surfaces reduces the chance for metal expulsion and increases the weld soundness 

[71].  

RSW has been mostly performed by the application of AC current; however, due to demand for 

energy conservation, the new technology of DC spot welding known as mid-frequency DC (MFDC) 

has been recently developed [72]. Welding current, welding cycle (time) and electrode force are the 

three major parameters in RSW to be adjusted appropriately based on the material and thickness of 

the sheets.  

According to eq.2.2, the generated heat is proportional to the square of the electrical current. 

Consequently, changes in the electrical current results in more significant changes in the heat input 

than the other two parameters i.e. resistance and welding time.  

The RSW welding time is generally defined by cycles (=1/60 sec.) and determined by the electrical 

constants of the system. In case of materials such as aluminum and magnesium with high thermal 

conductivities, the nugget diameter initially increases with welding time, but levels off with further 

increase [10], [71]. Generally, higher welding currents and shorter welding time are needed for 

welding of magnesium and aluminum alloys than for steels.  

The functions of the electrode force are: (1) to bring the interface(s) into intimate contact; (2) to 

reduce the initial contact resistance at the interface; (3) to suppress the expulsion of the molten metal 

from the joint and (4) consolidate the weld nugget. Large expulsion and cracking can be prevented 

when more constraints are applied against the escape of liquid from the nugget [10].  
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2.2.2 Mechanical Testing and Failure Modes in RSW 

Due to geometric characteristics of spot welds, mechanical loading results in creation of a non-

uniform stress field. The weldment is usually considered a unit and its mechanical response is often 

expressed in terms of load vs. displacement instead of stress vs. strain. To evaluate the mechanical 

performance of the joint under the static and cyclic loadings three types of tests are generally used: 

a. Tensile shear testing 

b. Cross tension testing 

c. Coach-peel testing 

Tensile shear (TS) testing is most commonly used to evaluate the load-bearing capability of the weld 

due to its simplicity in specimen fabrication and testing. The most important monitored variable in TS 

testing is the load-to-failure; however the elongation at the load-to-failure also helps in determining 

the energy-absorbing capacity of a weld [10]. The schematic drawings of the specimens and the 

direction of loading in the TS test are illustrated in Figure  2-10.  

 

Figure  2-10 Schematic presentation of the spot weld under tensile-shear force F 

Since the mechanical performance of RSW is not solely determined by its fusion zone (FZ) but by its 

surroundings i.e. heat affected zone (HAZ) and base material (BM), understanding the properties of 

these regions leads to better interpretation of testing results. Failure mode in TS testing is a strong 

function of the nugget size, sheet thickness and fracture toughness of material existing at the 

circumference of the nugget [10]. Such dependence has not explicitly been formulated mainly due to 

the complicated relationship between the weld size (d) and specimen thickness (t). Chao claimed that 

there is a competition between two failure modes for the TS specimens i.e, interfacial and through-

thickness and defined a term ñcritical weld nugget diameterò (dcr) [4]: 

Ä πȢψφ ȾÔȾ                                                                                                                      eq.2.3 
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where Ô is thickness, ʐ is the shear strength of HAZ and +  is the fracture toughness of FZ. 

Specimens with small welds tend to fail in interfacial mode in which the crack propagates through the 

joint area and hence separated the two sheets after final fracture. In large nuggets, the stress state is 

changed and normally crack will propagate along the thickness of the sheets. Based on eq.2.3, as 

thickness of the sheet(s) increases, the fracture toughness of FZ, required to avoid the interfacial 

failure, must increase. The low value of the hardness ratio of FZ to pull-out failure location (i.e. HAZ 

or BM) and the high tendency to shrinkage void formation are the two main factors contributing to 

high susceptibility of a large nugget to interfacial failure [8], [73]. Figure  2-11 schematically 

illustrates the possible failure modes in TS testing of spot welds. 

 

Figure  2-11 Schematic drawing of a spot weld and possible failure modes during TS loading and their  

reasons (as reported in [8], [9], [74])  

Under cyclic load applications, mode I stress intensity factor controls the crack growth rate in the 

tensile-shear spot welds [75]. Failure has been shown to occur through the thickness of magnesium 

sheets when TS coupons were subjected to a high cycle fatigue (HCF) condition; however interfacial 

failure occurred in low cycle fatigue (LCF) condition [76]. In the HCF condition, since small load 

was applied, the joint area was bent slightly, hence the components of the load on the ñn-planeò (Pn as 

shown schematically in Figure  2-12a) dominated and crack propagated faster on the n-plane 

compared to the t-plane. In the LCF condition where the applied load was large, bending occurred 

more and the load component on the t-plane (Pt´) became comparable to that on the n-plane (Pn´) 

(Figure  2-12b). Therefore, stress intensity factors for the two planes were similar and the crack grew 
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with the same speed in both directions. As the applied load increased, the stress intensity factor on the 

ñtò plane became larger and fracture mode changed to interfacial.  

 

Figure  2-12 TS coupon (a) in high cycle regime and (b) in low cycle regime [76] 

2.2.3 Stress and Strain Analysis at the Edge of Nugget 

The unique shape and geometry of the FZ relative to the BM has made the resistance spot weld an 

interesting subject for study in the field of fracture mechanics. The sharp slit between the two 

overlapping BM plates joined by the spot weld nugget can be considered an intrinsic three 

dimensional crack or notch. Pook [75] considered the circumference of the spot nugget as a crack-like 

flaw and proposed maximum global stress intensity solutions in lap shear specimens based on fracture 

modes I and II (+ and + ). 

+
Ѝ
πȢωφτ

Ȣ
                                                                                                                eq.2.4 

 +
Ѝ
πȢχωψπȢτυψ

Ȣ
                                                                                                              eq.2.5 

where d is the nugget diameter and t is the sheet thickness. 

Zhang [77], [78] utilized the J-integral method to determine the maximum intensity factors at the 

nugget edge of TS coupons in order to predict the life of spot welds subjected to cyclic loading: 
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Ѝ
                                                                                                             eq.2.6 

The equivalent stress intensity factor (Keq) was derived for different spot weld specimens: 

+ + ɻ+ ɼ+                                                                                                                             eq.2.7 

where Ŭ and ɓ are the constants depending on the observed fracture mode and materials properties. 

Zhangôs stress intensity solutions were further validated using finite element (FE) analysis [79]. In 
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most cases, the circumference of the nugget was assumed to be an initial crack in the publications on 

fatigue-life prediction of spot welds; however microstructural observations from cross-sections of 

spot welds after TS test revealed notch blunting as shown in Figure  2-13a. It has also been found that 

the through-thickness crack did not initiate exactly from the edge but at a distance away from it 

(Figure  2-13b). Pan [80] utilized such observations and calculated the stress intensity factor based on 

a pre-existing through-thickness crack in order to predict the fatigue life.  

Stress and strain analysis confirmed that local yielding occurred near the nugget circumference which 

affected the stress intensity and therefore fatigue life [80]ï[82]. Based on Neuberôs rule [83] when 

yielding occurs ahead of a stress raiser, the stress concentration factor (Ků) and strain concentration 

factor (KŮ) no longer stay constant and equal to each other. The maximum stress ahead of a notch is 

reduced by local plastic deformation. Unfortunately, an analytical elastic-plastic solution to estimate 

the strains and stresses at the edge of a nugget is difficult to obtain [9]. Therefore, numerical methods 

are the most widely used approaches. Elastic-plastic analysis showed that the strains within the 

nugget at the plane of symmetry were small and maximum plastic strain occurred in the HAZ under 

low-cycle fatigue condition [9], [74]. 

The FE analysis results indicated that during loading of TS coupons, the maximum principal stress 

was introduced exactly at the edge of the nugget in the plane of symmetry and its direction was close 

to the direction of the applied load (Figure  2-14) [84], [85]. Pan et al. investigated the mechanisms for 

the through-thickness failure of spot nuggets when the ratio of nugget diameter to the sheet thickness 

was high [9], [86]. Using FE stress-strain analysis, they demonstrated that the maximum strain 

location is not at the notch root but up to the root during TS loading as shown in Figure  2-15. Their 

elastic-plastic FE model indicated that necking failure occurred at the base metal at a distance in order 

of the thickness away from the notch root (i.e. nugget edge). Necking occurred due to localized shear 

bands as shown in Figure  2-16.  

    

Figure  2-13 Typical fatigue failure mode of spot weld [80] 

a b 
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Figure  2-14 Stress distribution in spot weld along longitudinal direction for upper and lower plates; (b) 

Stress distribution in plate thickness direction, both in plane of symmetry [84] 

 

Figure  2-15 Maximum principal strain contour for a spot weld of steel subjected to shear load of 1446 N 

 

Figure  2-16 (a) Schematic diagram of shear necking in spot weld; (b) Contour plot of plastic strains at the 

edge of spot weld [9] 
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2.3 Microstructure-Property Relationship in Welding of Magnesium Alloys 

There have been numerous publications regarding weldability of the magnesium alloys in fusion 

welding processes. In this section, a brief summary of the reports [54], [56], [87]ï[91] concerning the 

fundamental understanding of the microstructure-property relationships in weld of magnesium alloys 

is presented. 

2.3.1 Heterogeneous Nucleation and Mechanical Properties of Magnesium Spot Weld 

Interfacial cracking is the most prevalent fracture mode during the monotonic loading of AZ31 spot 

weld with a high ratio of nugget diameter to sheet thickness [87], [90], [92]. The morphology and 

grain size of solidified microstructure significantly affect the mechanical properties of spot welds 

[90], [93]. A refined and uniform grain structure may be formed inside the RSW nugget of AZ31. A 

fast cooling rate as well as dendrite fragmentation due to forced convection of molten pool 

contributed to the refined grain structure. In the nugget, normally equi-axed dendrites existed; 

however a columnar dendritic structure was developed near the fusion boundary due to high thermal 

gradient (Figure  2-17a). Liu at al. investigated the effect of columnar dendritic structure on the nugget 

strength during monotonic TS loading [90], [91]. They reported that the nugget strength increased 

significantly, if the development of columnar structure was minimized. It was found that the size of 

Al -Mn particles, pre-existing in the base metal, affected the heterogeneous nucleation rate during 

solidification: large particles contributed more efficiently in crystallization and a more refined grain 

structure with small columnar dendrite zone was formed as shown in Figure  2-17b. Significant 

improvement in the weld strength was achieved. The effects of refined equi-axed grain structure in 

the FZ was claimed to be due to the following factors: 

a. More isotropic behavior of the equi-axed grains compared to columnar dendrites 

b. Reduced segregation of the alloying elements 

c. Enhancement in the fracture toughness of the material due to reduction of the grain size.  
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Figure  2-17 Microstructure variation across RSW of AZ31 (a) Alloy 1 with sub-micron Al -Mn particles, 

(b) Alloy 2 with micron -sized Al -Mn particles [91] 

Xiao et al. [87] investigated the fatigue life of TS spot weld of AZ31. The results demonstrated better 

fatigue properties of the spot weld with finer microstructure at the LCF condition. Using transmission 

electron microscopy, they analyzed the deformed substructure to understand the difference in the 

mechanisms of deformation between fined-grained and coarse-grained FZ microstructure during TS 

testing. They claimed that the better performance of the weld with a refined grain size was due to 

activation of non-basal slip deformation and thus, more effective strain accommodation at the notch 

root. On the other hand, higher twinning activity was observed in a deformed weld with larger grains 

as shown in Figure  2-18.  

While heterogeneous nucleation led to improvement of the fracture toughness in welds, it 

significantly reduced the yield strength of the material in the weld. This reduction was associated with 

the texture change in the fusion zone compared to that in base metal [94]. Figure  2-19 shows that the 

strong basal texture in the as-rolled sheet metal was turned into a randomized texture in the fusion 

zone. In this condition, more grains are favorably orientated for basal slip and therefore, plastic 

yielding starts more readily.  

a 

b 
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Figure  2-18 Twinning in the fatigued spot weld of AZ31, incident beam // [0 1  0] [87] 

 

Figure  2-19 EBSD inverse pole figure map across the laser weld of AZ31[94] 

2.3.2 Liquation and Grain Growth in HAZ 

Recrystallization and subsequent grain growth was reported to occur in the HAZ of Mg alloys 

subjected to a strain hardening process (cold/warm rolling) before welding [56]. The recrystallization 

temperature of the wrought AZ31 was reported to be in the range of 250-450 oC [95], [96]. The 

maximum temperature in the HAZ of magnesium was measured to be around 550 oC [97]. Therefore, 

grain growth in the HAZ is expected. By increasing the solute content, the mobility of the GBs 

decreased, hence the grain growth was reduced: When a GB moves, the solute atoms migrate along it 

and induce a drag force which reduces the boundary velocity. The magnitude of the drag force 

depends on the solute-atom/solvent-atom binding energy and the solute concentration in the GBs. 

Grain growth is also interrupted by the existence of second phase particles distributed along the GBs 

[98]. The particles exert a drag force on the GB restricting its motion. The driving force for grain 

growth (i.e. energy reduction due to decrease in the GB area) might be insufficient to overcome the 

a b 
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drag of the particles and grain growth stagnates. If the microstructure is exposed to a temperature 

above the dissolution temperature of the second phase, abnormal grain growth is possible to occur 

[99].  

Along with grain growth, liquation has been observed in the HAZ of Mg-Al alloys [100], [101]. 

Liquation predominantly occurred at either GBs, where maximum solute content existed, or interface 

of matrix/eutectic phase(s). The HAZ liquation is a non-equilibrium process and results in significant 

damage in properties of the weld. In some cases crack nucleation was observed due to transient 

thermal stresses at the liquified regions [89], [102].  

2.4 Summary 

The major points from the reviewed literature are as follows: 

1. Microstructural features such as intermetallics, texture and grain size substantially affect 

fracture strength, ductility and deformation characteristics of magnesium alloys. Twinning 

activity was reported to be correlated with fracture process in magnesium alloys 

2. Several factors such as sheet thickness, nugget diameter and fracture properties of material in 

fusion zone and heat affected zone affect fracture mode and mechanical properties of spot 

weld subjected to tensile shear loading.  

3. A highly localized stress field exists at the edge of a nugget when a spot weld is subjected to 

mechanical loading. Mechanical performance of the spot weld is determined by the fracture 

strength and ductility of material, existing at the edge of the nugget.  

4. For a spot weld with high ratio of nugget diameter to the sheet thickness, plastic zone is more 

developed into the heat affected zone than in the fusion zone.  

5. The welding thermal cycle leads to several forms of microstructural evolution such as grain 

refinement and texture randomization in the fusion zone and grain growth and grain boundary 

liquation in the HAZ.  
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Chapter 3 

Materials and Methods 

3.1 12 Materials 

AZ31, AZ61, AZ80, ZEK100 commercial hot rolled sheets, all 2 mm in the thickness were used for 

the current research. The AZ series alloys were provided by Pohangôs Research Institute of Industrial 

Science and Technology (RIST) and ZEK100 alloy was provided by Magnesium Elektron of North 

America (MENA). Table 3-1 lists the chemical composition and tensile properties (in the as-received 

condition) of the alloys. The stress-strain curves of the materials (in different heat treated conditions) 

can be found in Appendix A. Rectangular specimens of 100mm×25mm were prepared for the 

resistance spot welding according to AWS-D17.2 standard [103].  

Table  3-1 Chemical composition (wt. %) of the three AZ alloys and ZEK100 and tensile properties (along 

sheetôs rolling direction) for the magnesium alloys used in this study in as-received condition 

 

3.2 13 Resistance Spot Welding and Heat Treatment 

Resistance spot welding was performed using a median-frequency DC spot welding machine 

(Centerline Ltd., Windsor, ON, Canada). The welding parameters used for the RSW of all the welded 

samples were selected based on the maximum strength of the weld nugget and prevention of 

expulsion during the welding process. In the whole study, welding time and electrode force were kept 

constant as 8 cycles (133 ms) and 4kN respectively. Post weld heat treatment was performed in air 

and atmosphere protected (for temperatures more than 400ºC) furnaces. The heat treatment 
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temperature was selected based on the thermodynamic calculations by FactSage [104] software 

package for dissolution of the Mg-Al  phase in AZ alloys and Mg-Zn phase in ZEK100. 

3.3 14 Microstructural Examinations and Mechanical Testing 

The specimens were cut from cross sections, hot mounted, ground and mechanically polished. Two 

etching solutions were considered for revealing the microstructure: 5% nital was used for revealing 

the morphology of the microstructure in case of columnar-equi-axed dendrites under the optical 

microscope. The acetic picral solution (4.2 g picric acid, 10 mL acetic acid, 70 mL ethanol, 10 mL 

water) was used for revealing the GBs and the secondary phases. The microstructures of the weld 

samples were examined by optical microscopy (OM) and scanning electron microscopy (SEM). A 

LEO 1550 scanning electron microscope equipped with field emission gun (FEG) and microanalysis 

system by energy dispersive spectroscopy (EDS) was used for the phase characterization. X-ray 

diffraction analysis was performed using Rigaku AFC-8 diffractometer with Cu-KŬ X-ray generated 

by 50 kV acceleration voltage and 40 mA current. The micro-hardness profiles of the welds were 

measured on the cross sections using a HMV-2000 Vickers micro-hardness apparatus. Testing was 

performed with 100 g force and a holding time of 15 seconds. TS specimens were prepared for each 

condition (i.e. as-welded and the heat-treated conditions), to evaluate the mechanical properties 

(Figure 3-1a). The fractography of the fractured samples was performed using JEOL JSM-6460 SEM 

with an Oxford ultra-thin window detector EDS. To study the crack propagation path, the TS testing 

was stopped immediately after reaching the load-to-failure (Figure 3-1b). The crack-bearing 

specimens were afterwards examined by the OM, SEM and electron backscattered diffraction (EBSD) 

to investigate the location and causes of crack formation.  

 

Figure  3-1 a) Schematic diagram of RSW specimens b) Schematic plot of the tensile shear test for 

assessment of the crack location 

a 
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3.4 Advanced Microscopic Analysis  

3.4.1 Electron Backscattered Diffraction 

EBSD Sample preparation for Mg materials is a difficult task. Several factors affect a successful 

EBSD analysis. The main issue is very high sensitivity to oxidation [105]. Thus, the last stage of 

surface preparation should be done immediately before EBSD. Also magnesium demonstrated very 

high twinning activity when a low tensile force is applied along the c-axis. This would result in 

significant change in the micro-texture. Since the EBSD samples should be thin, they must be handled 

very carefully during surface preparation from cutting to final polishing. The applied force during 

grinding/polishing should be kept very low to avoid large sub-surface damages. Any attempt using 

automatic polishers available on-campus, was unsuccessful due to high force applied by the loading 

frame. The preparation procedure used in the current work was arranged according to reports 

(unpublished) from Dr. M. Danaei (Canadian Centre for Electron Microscopy) and Dr. N. Stanford 

(Deakin University).  

The samples were first cut from the cross section by a precision cut-off machine. A cutoff wheel 

(Struers 10S15) appropriate for soft materials was used. Normally a thickness of 1 mm material was 

cut. The samples were not mounted since experience showed that the space between the sample edge 

and mount is a place ideal for the grinding media build-up. Ejection of these particles during 

b 
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polishing leads to introduction of scratches. The samples instead were fixed on the surface of a mount 

using an instant adhesive as illustrated in Figure  3-2. A conductive mount was used to provide 

electrical conductivity for the electro-polishing process. Two small pieces (of the same 

material/thickness) were used as support to balance the surface during grinding/polishing.  

 

Figure  3-2 Assembly of specimen on mount for surface preparation for EBSD 

Coarse grinding was performed by 600, 800, 1200 and 4000 grit SiC papers in a fashion to remove 

the previous scratches by the forthcoming grinding stages. The samples were afterwards electro-

polished for the first time using 5% nitric acid in Ethanol in order to remove any possible sub-surface 

damages imposed by cutting/grinding. A Buehler Electromet-4 electro-polisher was used for electro-

polishing. The sample (anode) was fixed faced down and a pin connecting to the negative terminal 

touched the surface of the mount (Figure  3-3). The electro-polishing parameters (volt/time) were 

selected based on specimen surface area and type of material. From the experience, electro-polishing 

was successful when a current of 0.2 A was achieved for a rectangular area of 4 mm× 15 mm.  

The samples were afterwards cleaned by ultrasonic vibration in a bath of Ethanol. Mechanical 

polishing was performed using 3 µm and 1 µm diamond sprays. Anhydrous Ethanol was used 

throughout the polishing process. Chemo-mechanical polishing was performed for 20 minutes using a 

mixture of colloidal silica (1/3) and ethylene glycol (2/3) on a Struers MD-Chem polishing cloth. The 

samples were immersed in a bath of ethanol and ultrasonically cleaned immediately after polishing to 

prevent formation of a solid film of silica on the surface. The polished samples were polished 

electrolytically for less than 10 seconds, no more than 5 hours before the EBSD analysis. Experience 

has shown that longer electro-polishing time results in shadowing of the secondary phase particles as 

shown typically in Figure  3-4b. From a well-polished sample, one should see the grain/twin 
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boundaries under the polarized light of the optical microscope as well as the SEM backscattered 

image (Figure  3-4). Immediately before EBSD, the samples were ion etched under an Ar ion beam for 

20 minutes. 4 keV beam energy and 150 µA current was applied with rocking angle of 60º and 

rotation speed of 20 rpm.  

 

 

Figure  3-3 Electro-polishing module 

EBSD analysis was performed using JEOL JSM-7000F equipped with a Schottky field emission gun 

and an EBSD detector. An acceleration voltage of 20 keV, with a working distance of 15 mm and a 

sample tilt angle of 70º were utilized. To characterize the twins, small step sizes (0.1-0.4 ɛm) were 

chosen. The indexing fraction of 65-82% was obtained for the microstructures at the vicinity of the 

micro-cracks. For analysis of general texture, step size of 1 ɛm was selected. The indexing success 

for the un-deformed specimens was 88-94%. The maps were cleaned using the ñnoise reductionò 

function via CHANNEL 5 software package and afterwards, the identities of the primary and 

secondary twins were determined in terms of their corresponding Euler angles. 
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Figure  3-4 Polished surface appearance (a) viewed under polarized light; (b) viewed by electron 

backscattered image (the particles which cause shadowing effect are highlighted by black arrows) 

3.4.2 Transmission Electron Microscopy 

For transmission electron microscopy (TEM), two methods were used to prepared samples:  

a. Jet polishing followed by ion milling for characterization of FZ 

b. Focused Ion Beam (FIB) milling for characterization of HAZ and twinned regions near crack 

For the jet polishing method, samples were cut on the AZ80 weld nugget with the thickness of 

400µm. Mechanical thinning of discs was carried out to a thickness of 100 µm. The TEM foils were 

electro-polished in a Tenupol 5 (Struers, Ballerup, Denmark) double jet polishing unit in a 5.3g 

lithium chloride (LiCl), 11.16g magnesium perchlorate (Mg(ClO4)2), 500ml methanol, 100ml butyl 

cellosolve at -45 oC. The foils were afterwards subjected to 2 hrs. ion milling on a Gatan 691 

precision ion polishing system (PIPS) in order to remove the surface oxide layer.  

The FIB milling was performed with a Zeiss NVision 40. The FIB lift-out method was utilized. A 

thin layer of Tungsten was deposited on the specimen to protect it during the milling process. The 

FIB was performed using Ga liquid metal ion source. A Ga beam operating at 30KV excavated the 

specimen from both sides to a depth of 12 microns. The bottom of the lamella was cut out and the 

lamella was then lifted out and attached to a TEM grid. The lamella was further thinned to electron 

transparency using reduced voltage and current. Final thinning was performed at 1kV to reduce any 

amorphous layer. High resolution transmission electron microscopy (HRTEM) and energy dispersive 

spectroscopy (EDS) analysis was performed in a JEOL 2010F TEM (field emission gun with a point 

to point resolution of 0.23 nm) equipped with an EDAX system operating at a voltage of 200kV. 

  

a b 
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Chapter 4 

Microstructure and Mechanical Properties of Resistance Spot Weld 

of AZ Alloys 

4.1 Introduction 

In this chapter the experimental results prepared during the first two years of the current project were 

provided. The work presented in this chapter has been previously published by Niknejad et al. 

[106][107]. The focus in this chapter was to investigate how the presence of the intermetallics 

deteriorated the mechanical performance of the weld. Firstly, microstructural features in base metals, 

heat affected zones and fusion zones were presented. The solidified morphology in the three welds 

(i.e. AZ31, AZ61 and AZ80) was studied by optical microscopy and discussed. The phase analysis 

results by scanning electron microscopy, X-ray diffraction and transmission electron microscopy 

were included. Secondly, mechanical test results were presented which had been prepared by micro-

hardness measurements and tensile shear tests. Thirdly, fracture characteristics and micro-

mechanisms were investigated. Finally, microstructure-property relationships were discussed in 

details.  

4.2 Experiments 

AZ31, AZ61 and AZ80 alloys were used for the resistance spot welding. Welding current was 

selected to produce a nugget with a maximum ratio of nugget diameter to sheet thickness along with 

minimum expulsion. The stress intensity at the edge of nugget is significantly dependent on the 

nugget diameter. Therefore current was selected in such a fashion to produce nuggets with diameters 

close to each other in the three alloys (AZ31, AZ61 and AZ80). Welding current was kept the same as 

28 kA for AZ31 and AZ61 and 26 kA for AZ80. The nuggets formed in AZ31, AZ61 and AZ80 

alloys had diameters of 9.12 mm, 9.85 mm and 9.38 mm respectively. The welded samples were also 

studied in the post-weld heat treated condition. Post-weld heat treatment was performed in 

atmosphere furnace at 400ᴈ for ½ hr followed by cooling in the air. 

4.3 Results 

In this section, first the microstructural features in base metal, fusion zone and heat affected zone was 

presented. Afterwards, mechanical properties and fracture characteristics of spot weld were presented 

and finally fracture mechanisms were studied by careful microscopic examinations.  
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4.3.1 Microstructural Observations 

4.3.1.1 1 Base Metal 

The base metal (BM) microstructures of AZ31, AZ61 and AZ80 are shown in Figure 4-1. A single 

phase microstructure, having very few second phase particles was observed in the AZ31 and AZ61 

base alloys (P1 and P5 in Figure 4-1). The EDS analysis results indicated that these particles were 

enriched in Al (Table 4-1). Coarse globular Al-rich phase particles were observed in the GBs of the 

AZ80 base microstructure. The average grain size (from the sheetôs transverse direction view) was 

measured based on the linear intercept method according to the ASTM-E112-96 (2004) to be 4.8 µm, 

6.9 µm and 4.3 µm for AZ31, AZ61 and AZ80 respectively. Other than Mg-Al particles, large 

irregular shaped particles enriched in Al and Mn were also observed (Table 4-1) in microstructures of 

the three alloys (P1, P3, P4, P6).  

4.3.1.2  Fusion Zone 

Figure 4-2 shows the microstructure across the RSW nuggets of the Mg alloys. Microstructure in 

fusion zone (FZ) can be divided into two distinctive regions based on the morphology. A columnar 

dendrite zone (CDZ) existed adjacent to the fusion boundary. By advancing towards the center of the 

nugget, the equi-axed dendrite zone (EDZ) existed comprised of the flower-like dendrites. The 

average length of the columnar dendrite zone was measured to be 320 µm, 170 µm and 80 µm for 

AZ31, AZ61 and AZ80 RSW respectively. The solidification started from the un-melted (or partially 

melted) BM grains requiring low undercooling, due to identical crystal structure of substrate and 

solidifying material. The columnar dendrites grew fast along a crystallographic direction, lined-up 

favorably with the direction of the maximum temperature gradient. The thermal gradient decreased by 

advancing from the fusion boundary to the center of nugget, promoting formation of equi-axed 

dendrites (as observed in Figure 4-2 and Figure 4-3).  

Figure 4-3 shows typical microstructures of FZ in the center of the nuggets. The size of dendrites 

decreased from AZ31 to AZ80. The averaged diameters of the flower-like dendrites were measured to 

be 31 µm, 20 µm and 16 µm for AZ31, AZ61 and AZ80 welds, respectively. 
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Figure  4-1 SEM micrographs taken from microstructures of as-received AZ base alloys (a,b) AZ31, (c,d) 

AZ61, (e,f) AZ80. the EDS analysis results for highlighted particles are shown in Table 4-1 
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Figure  4-2 Microstructure s across the RSW (a) AZ31, (b) AZ61 and (c) AZ80 

CDZ EDZ 

a 

b 

CDZ EDZ 

c 

CDZ EDZ 
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Table  4-1 EDS analysis results for the highlighted particles shown in Figure 4-1 

Element P1 P2 P3 P4 P5 P6 P7 

Mg (at. %) 42.3 77.8 65.3 61.85 83.2 12.3 67.3 

Al (at. %) 36.2 17.8 24.3 24.8 16.8 58.1 32.7 

Zn (at. %) - 4.4 - - - - - 

Mn (at. %) 21.5 - 10.5 13.35 - 29.6 - 

 

Figure 4-4 shows the SEM micro-graphs, taken from the center of nugget for the three welds. Al-rich 

phase particles (appeared bright in SEM micro-graphs) were found in the inter-dendritic regions of 

the three welds. Based on the Mg-Al binary phase diagram, it is expected that these particles are of ɓ-

Mg17Al 12 phase. The volume fraction of the Mg-Al particles increased from AZ31 to AZ80. Figure 

4-5 shows the Mg-rich side of Mg-Al binary phase diagram thermodynamically calculated using 

FactSage (FT-lite database) [104]. In order to predict the solidification products from the alloying 

elements other than Al, the averaged content of zinc and manganese in the three alloys (i.e. 1wt. % Zn 

and 0.33wt.% Mn) were considered in the system for the calculations. The most possible Mg-Al  

secondary phase to form in the welded microstructure is ɓ phase. The mechanism of solidification can 

be explained as follows: At the first stage of the solidification, Ŭ-Mg was formed with low 

concentrations of Al, pushing the solute (Al, Zn) to the molten pool. Due to the growth of Ŭ-Mg 

primary phase and the lack of time for diffusion in the solid state, the solute contents in the remaining 

molten pool was progressively increased which led to eutectic reaction and formation of divorced ɓ 

intermetallics in interdendritic regions. The volume fraction of the eutectic liquid (Ὢ) during non-

equilibrium solidification of a liquid with solute concentration of  ὅ can be estimated by the Scheil 

equation [108]: 

Ὢ                                                                                                                                   (eq.4.1) 

where Ὧ is the equilibrium segregation coefficient and ὅ is the solute concentration at eutectic point. 

According to eq.4.1, the volume fraction of eutectic liquid during welding increases with increasing 

the solute content of base metal from AZ31 to AZ80 which results in larger volume fraction of the ɓ 

intermetallics.  

Zinc was also dissolved into the ɓ phase forming Mg17(Al,Zn)12 compound. Figure 4-6 shows a 

typical microstructure of AZ80 at the fusion boundary. Very large Al-Mn particles exist at the fusion 
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boundary (within FZ) in the three welds. Such Al-Mn particles existed within the BM microstructures 

of the AZ alloys but with much smaller dimensions (Figure 4-1 a,c,e). Such large particles were also 

observed within the center of the nuggets but not as frequently as along the fusion boundary. These 

particles are likely to be formed as a result of chemical reaction in the liquid state. 

 

 

Figure  4-3 Optical micrographs taken from center of the FZ in the center of nugget in (a) AZ31; (b) 

AZ61; (c) AZ80 

Figure 4-7 shows the solidification model of AZ80 based on the thermodynamic calculations by 

FactSage [104]. Scheil-Gulliver equations [108] (Ὀ π were utilized for modeling of the 

solidification. The model predicted formation of Al8Mn5 at early stage of solidification (Figure 4-7b). 

Although the model also predicted formation of Al11Mn4 phase, its weight percentage was 

significantly lower than Al8Mn5. Similar predictions were made for the AZ31 and AZ61. It is likely 

that the large Al -Mn particles (formed due to chemical reaction of the Al and Mn atoms during 

welding) were dragged away from the weld pool to the fusion boundary; however smaller particles 

b a 

c 
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remained suspended into the melt as observed typically in Figure 4-4a. The equilibrium model 

suggested the AlxMn5 phase transformation with decreasing the temperature as follows: Al8Mn5  O

Al 11Mn4  OAl 4Mn  OAl 99Mn23. Such sequence of phase transformation is doubted since the present 

system is far away from equilibrium condition.  

 

 

 

Figure  4-4 SEM micro-graphs taken from FZ in AZ31 (a,b); AZ61 (c,d); AZ80 (e,f). The EDS analysis 

results for the highlighted particles are shown in Table 4-2 
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TEM study detected the nano-sized Al-Mn particles in the FZ. Figure 4-8 shows a typical image of 

the Al-Mn rich intra-granular particles highlighted by white arrows. As observed, the nano-sized Al-

Mn particles frequently have elongated morphologies. It was confirmed by the previous studies (on 

the AZ31 alloy with the same chemical composition as it is currently under study) that these Al-Mn 

particles are of Al8Mn5 phase [91]. These particles remained un-melted during welding, since the 

melting temperature of the Al8Mn5 (1048oC to 1191oC [109]) is higher than the highest temperature of 

the weld in RSW of magnesium alloys (around 770oC [110]). A large ɓ particle was observed on a 

nano-sized Al -Mn particle in Figure 4-8. During solidification, the nano-sized Al8Mn5 particles were 

able to act as nucleation sites for the formation of the Mg17Al 12. This is consistent with the previous 

study [111] which reported that the ɓ phase formed preferentially in the Mn-rich areas. 

 

Figure  4-5 Mg-Al phase diagram predicted by thermodynamic calculations (Zn: 1wt. % and Mn: 0.33wt. %) 
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Figure  4-6 Microstructure at the fusion boundary of AZ80 

Table  4-2 EDS analysis results for the highlighted particles shown in Figure 4-4 

Element P1 P2 P3 P4 

Mg (at. %) 14.1 70.7 64.3 64.3 

Al (at. %) 66.2 25.6 32.9 34.2 

Zn (at. %)   3.8 2.8 1.5 

Mn (at. %) 19.8 
 

- - 

 

 

Figure  4-7 Solidification model for  AZ80 alloy (Scheil cooling calculations) (a) Overall solidification 

behavior (b) Formation of Al8Mn 5  

P5 

a 
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Enhanced columnar to equi-axed transition and grain refinement, by increase in the solute content 

from AZ31 to AZ80, could be attributed to increase in the constitutional supercooling (CS) ahead of 

solidification front. As illustrated schematically in Figure  4-9, the extent of CS can be defined by the 

area limited to the actual thermal gradient and ñcritical temperature gradientò () which is 

proportional to the concentration of the solute in the liquid metal (C0) [112]: 

                                                                                                                      (eq.4.2) 

where k is the equilibrium segregation coefficient, m is the liquidus slope, ɡ is the solidification rate 

and D is the diffusivity coefficient in liquid state. Thus, the critical temperature gradient increases as 

the liquid metal is enriched more in solute content. Assuming that the actual temperature gradient was 

the same in solidification of the three welds, it is expected that CSAZ80> CSAZ61> CSAZ31.  

The CS-driven nucleation model proposed by Winegard and Chalmers suggested that the increase in 

supercooling promoted the heterogeneous nucleation rate (Nhet) on the available substrate particles 

[113]. In the current study, Al-Mn particles (either pre-existing in the BM or formed during the early 

stage of solidification) were able to act as heterogeneous nucleation sites. The heterogeneous 

nucleation was reported to take place in the RSW microstructure by the Al-Mn particles, pre-existing 

in the BM of magnesium alloys [91]. As the solute content and hence CS increased from AZ31 to 

AZ80, it is expected that Nhet(AZ31)<Nhet(AZ61)<Nhet(AZ80).  
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Figure  4-8 TEM image of the sub-micron Al -Mn and Mg17Al 12 particle. The Al-Mn particles are shown 

by white arrows 

 

Figure  4-9 Schematic diagram of supercooling for solidification of imaginary alloys 1, 2 (C2>C1) 

4.3.1.3 Heat Affected Zone 

The ɓ intermetallics were frequently observed as worm-like shape at the GBs of heat affected zone 

(HAZ) in the three welds (Figure 4-10). The mechanisms responsible for the formation of Mg-Al 

phase in HAZ are explained as follows: 

AZ61 and AZ80: During the strip casting of the high Al content base alloys (AZ61 and AZ80), the ɓ 

particles grew in the inter-dendritic regions. Due to subsequent thermo-mechanical treatment, the ɓ 

particles were partially dissolved in Ŭ-Mg matrix; however a fraction of particles remained un-
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dissolved as observed in Figure 4-1 d,f. A high density of the large spherical ɓ particles was detected 

in the GBs of the final hot rolled structure of AZ80 alloy (Figure 4-1f). During resistance welding, 

due to very rapid heating of the HAZ, the intermetallic phase lacked the time for dissolution in the 

matrix by the solid state diffusion. Thus, they remained untransformed above the solvus temperature. 

Via further heating to the eutectic temperature (TE), the remaining ɓ phase reacted with the 

surrounding Ŭ matrix and formed liquid eutectic (CE) at GBs. 

AZ31: It appeared that GB liquation in AZ31 (Figure 4-10b) was not triggered by particle/matrix 

reaction during HAZ thermal cycle, since few ɓ particles pre-existed in GBs of BM microstructure 

(Figure 4-1b). It is suggested that the mechanism of GB liquation in AZ31 was different from the one 

in the high Al magnesium alloys. Huang et al. proposed a mechanism of GB liquation in the HAZ of 

the BM free of the second phase particles [114]: It was reported that both aluminum and zinc have 

tendencies to segregate towards the GBs, during magnesium sheet metal production [111]. Lippold et 

al. proposed that solute segregation occurs during HAZ thermal cycle by solid state diffusion which 

leads to further solute enrichment of GBs [115]. The segregated atoms remained dissolved within the 

matrix, lowering down the melting temperature. Due to thermal cycle of HAZ, melting occurred 

preferentially in the GBs of the BM microstructure, while the intra-granular regions remained un-

melted. Melting and subsequent non-equilibrium solidification led to the formation of divorced 

eutectic phase. Figure 4-10 b,d,f also show presence of ɓ phase as globular particles inside the grains. 

Some of these particles were separated by the polishing job as their location was left as pores. Due to 

inhomogeneity of the composition inside the grains, local melting inside the grain occurred which led 

to formation of these spherical particles. Close observation revealed regions, essentially adjacent to 

the GB particles, free of the spherical particles. These particle free zones (PFZs) are highlighted in 

Figure 4-10 b,d,f. During solidification of the solute rich GB melt, fist Ŭ phase were formed depleted 

of the solute pushing the solute atoms to the remaining liquid [116]. Thus, the ɓ particles were 

unlikely to form in this solute-free region i.e. PFZ.  
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Figure  4-10 SEM micrograph taken from microstructures of the HAZ in AZ31 (a,b); AZ61 (c,d); AZ80 

(e,f), the EDS analysis results for highlighted particles are shown in Table 4-3 
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Table  4-3 EDS analysis results for the highlighted particles shown in Figure 4-10 

Element P1 P2 P3 

Mg (at.%) 70.9 70.7 67.9 

Al (at.%) 27.3 25.6 28.8 

Zn (at.%) 1.8 3.8 3.4 

 

4.3.1.4 3 Crystallographic Orientation Relationship in Ŭ-Mg/Eutectic-Mg17Al12 

The eutectic growth orientation relationships were studied by TEM analysis for the AZ80 weld in FZ 

and HAZ. The TEM samples from FZ were prepared by jet-polishing/ion milling. Figure 4-11 shows 

a TEM image of both inter-granular and intra-granular particles in the FZ which were identified as ɓ-

Mg17Al 12 with the body centered cubic symmetry and lattice parameter of a=10.58 Å by the 

corresponding selected area electron diffraction (SAED) pattern. The analysis of the inter-granular 

phase using EDS indicated both Al and Zn in the chemical composition which is consistent with the 

previous SEM observations. Figure 4-11b shows the high resolution (HR) image corresponding to the 

area bounded by a white circle observed in Figure 4-11a i.e. Ŭ/ɓ interface. The incident beam was 

along the ρ ρ ρ . From the Figure 4-11b, planar OR was found as: 

 ρ π ρ ρ  ȿȿ ρ π ρ  

 

Figure  4-11 (a) TEM micro-graphs from the inter-granular and intra -granular ɓ particles in FZ of AZ80, 

(b) HRTEM image for the area marked by white circle in (a), the incident beam was along [1  1]ɓ 

direction 

a 
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Figure 4-11 continued  

Figure 4-12 shows another GB particle and its HR image at the interface. the planar relationship for 

this interface can be defined as:  

 π π π ς  ȿȿ π ρ ρ   

The TEM samples from HAZ were prepared by FIB process. Figure 4-13 shows the location of the 

FIB extracted sample. Figure  4-14 demonstrates a typical intra-granular ɓ. Figure  4-14 b,c,d show the 

SAED patterns taken from Ŭ, ɓ and Ŭ/ɓ interface respectively, with the electron beam parallel to 

υ ρ τ σ  and ρ ρ ρ . From schematic diagram of Figure  4-14 e it is clear that the diffraction spot 

of σ σ π of ɓ was superimposed with that of π ρ ρ ρ of Ŭ. The crystallographic planar relationship 

between the ɓ particle and Ŭ matrix in this site (zone 3 in Figure  4-14a) was determined to be: 

π ρ ρ ρ  || σ σ π .  
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Figure  4-12 TEM micrographs from ɓ particle in the FZ of AZ80 (a) TEM image of inter-granular 

particle; (b) HRTEM image for the area marked by a white circle in (a) the incident beam was along the 

[2   0]Ŭ/[1  1]ɓ directions 

a 

1 

2 
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A divorced eutectic phase essentially grows from the remaining liquid in the inter-dendritic regions at 

the late stage of the solidification. The growth of eutectic phase is done in such a way that certain OR 

will be established with minimum interfacial energy [117]. It was proposed by Shiflet and van der 

Merwe that the minimum interfacial energy is obtained when the close packed or nearly close packed 

atomic rows match at the interface [118]. Moreover, a set of close packed or nearly close packed 

planes from the two phases should be arranged in such a way to achieve the edge to edge matching 

[119]. It has been found that the σ σ π (41.9% close-packed) and τ ρ ρ (44.6% close-packed) are 

both the nearly close-packed planar types in ɓ lattice with the same d spacing of 2.48 ¡ [120], [121]. 

Figure  4-15a shows the atom configuration of the ɓ crystal on the σ σ π plane. The unit cell was 

reconstructed based on the position of the Mg and Al atoms as shown in Table  4-4 [45], [122]. In the 

hcp structure, the most close-packed planes are π π π ς (100% close-packed) and {ρ π ρ ρ (81% 

close-packed). Consequently, the determined planar relationships i.e. π π π ς ȿȿ σ σ π and 

ρ π ρ ρ ȿȿ σ σ π are expected in order to minimize the interfacial energy. The d-value mismatch 

calculations also predicted a fairly desired planar matching (ŭ=4.8% for π π π ς ȿȿ σ σ π and 

ŭ=1.3% for ρ π ρ ρ ȿȿ σ σ π). The crystallographic OR was determined for the HR-TEM image in 

Figure  4-12 as follows: 

ς ρ ρ π  ȾȾ ρ ρ ρ ȟπ π π ς  ȾȾ π σ σ                                                                                  OR.1 

 

 

Figure  4-13 Area in which the FIB specimen was extracted 

10 µm 
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Figure  4-14 (a) TEM image from ɓ particle in the HAZ of AZ80; (b) SAED of Mg matrix in area 1 

(Incident beam // [    ]); (c) SAED of ɓ particle in area 2 (Incident beam // [  ]); (d) SAED of Ŭ/ɓ 

interface in area 3 and (e) its schematic representation in [   ]Ŭ/[ ]ɓ directions 

a b 

c d 

e 
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Table  4-4 Atom position in ɓ unit cell (the values were taken from Ref. [45]) 

 

The interatomic misfit along the matching direction for OR.1 was calculated to be 5.3%. Thus high 

atomic matching is expected to exist at the interface with low strain energy. This has been 

demonstrated in Figure  4-15b. OR.1 is close to the OR defined by Potter [123]. Such relationship was 

previously reported for precipitation hardened Mg-Al alloys[124]. It was argued that such atomic row 

matching satisfied the requirements for the edge to edge matching model in order to obtain a low 

interfacial energy (i.e interatomic misfit  10%). 

In the case of the OR corresponding to Figure  4-14, high interatomic mismatch exists between the 

two parallel directions along the diffraction pattern zone axis i.e.ộρ υ τ σỚ (9.97 Å) of Mg and ộρ ρ ρỚ 

of the ɓ (3.05 ¡). The ộρ υ τ σỚ are not considered as close packed directions in Mg lattice. 

Consequently another direction pair matching should exist between the two phases. Figure  4-15c 

shows the atomic arrangement of π ρ ρ ρ  and σ σ π . Other than the parallelism of ρ υ τ σ  

and ρ ρ ρ , very small misalignment (1.2o) exists between the [ς ρ ρ π]Ŭ and ρ ρ ρ . The ρ ρ ρ 

direction is considered as a nearly close packed atomic row in the ɓ lattice. Thus, the following OR 

can be proposed for this particle: 

ς ρ ρ π  ȿȿ ρ ρ π ȟπ ρ ρ ρ  ȿȿ σ σ π                                                                                    OR. 2 

The interatomic misfit along the matching directions was calculated to be 54.8%. Based on the edge-

to-edge matching model [119], this misfit value is significantly large. Therefore, the interfacial 

boundary between the ɓ particle and Ŭ matrix is expected to be incoherent.  
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Figure  4-15 (a) Atomic arrangement on (3 3 0) plane of ɓ unit cell. The {3 3 0} planes are not flat, but 

ñcorrugatedò, i.e. some of the Al atoms (as indicated by Al_R) have the centers which are not exactly 

located on the plane. The maximum displacement of the centers of such atoms normal to plane normal is 

1.32 Å. Atomic arrangement based on (b) OR.1 and (c) OR.2 

a 

b 
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Figure 4-15 continued 

4.3.1.5 Effects of Post-Weld Heat Treatment on the Weld Microstructure 

The welded samples were studied in the post-weld heat treated (PWHT) condition. The ɓ 

intermetallics were partially dissolved into the matrix in FZ and HAZ after PWHT as observed in 

Figure 4-16. The continuous networks of ɓ particles at the GBs of the HAZ were disrupted and 

changed to isolated particles (see Figure 4-16). Few GB particles were still remained after PWHT. 

This indicated that the time for the complete dissolution of intermetallics was insufficient.  

 It is interesting to note that significant grain growth occurred in HAZ of AZ61 and AZ80 in such a 

short time of heat treatment (Figure 4-16 d and f). Figure 4-17 compares the grain size in BM, as-

welded HAZ and heat treated HAZ microstructures. The HAZ was subjected to grain growth for the 

three alloys. Grain growth was more pronounced in HAZ of AZ31 (×2.3) than in the HAZ of AZ61 

(×1.2) and AZ80 (×1.5). Such an observation can be explained as follows: 

During welding process, grain growth occurred in the HAZ at temperatures above the effective grain 

coarsening temperature (i.e. the single Ŭ phase region in the phase diagram); however, GB liquation 

retarded further grain growth. The solute-rich liquid film penetrated to the GBs and pinned them due 

c 
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to wetting action [125], [126]. Since the liquid film had almost the same composition of the adjacent 

solid, the S-L interfacial energy was low [127] and the liquid film would essentially wet the GBs. No 

further grain growth occurred until the microstructure cooled down below the solidus of solute-rich 

liquid. Consequently, the thermal cycle of the HAZ in AZ61 and AZ80 led to grain growth arrest due 

to significant liquation. Following the dissolution of the GBs in the HAZ of AZ61 and AZ80 during 

PWHT, further grain growth occurred at large scale as indicated in Fig. 10. The unpinning of the GBs 

by dissolution of the intermetallics has been reported to lead to abnormal grain growth in the HAZ 

[128]. Since liquation occurred in HAZ of AZ31 in lower scale, the pinning of the GBs by the wetting 

action was less than what occurred in HAZ of AZ61 and AZ80. Thus, grain growth occurred near the 

saturation limit in the HAZ of AZ31 during the welding cycle and no further growth (at large scale) 

occurred during PWHT.  

 

Figure  4-16 SEM micrographs taken from microstructures of the post weld heat-treated FZ and HAZ for 

AZ31 (a,b), AZ61 (c,d) and AZ80 (e,f) 

 

a 

c d 

b 
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Figure 4-16 continued 

 

Figure  4-17 Grain size in BM, HAZ and heat-treated HAZ for AZ31, AZ61 and AZ80 

X-ray diffraction (XRD) spectra in Figure 4-18 further confirmed the effect of PWHT on dissolution 

of ɓ. The XRD results showed the presence of ɓ IMCs in both FZ and HAZ. After PWHT, the ɓ peak 

intensity of both FZ and HAZ almost disappeared.  

e f 
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Figure  4-18 XRD spectra from a) FZ b) HAZ of AZ80 

4.3.2 Mechanical Properties and Fracture Analysis 

Figure 4-19a shows the Vickers micro-hardness values for the RSW of AZ31, AZ61 and AZ80 in the 

as-welded and post-weld heat treated conditions. For each alloy, the hardness values of the FZ and the 

HAZ are lower compared to that of the associated BM. The decrease in hardness of HAZ can be 

associated with the static recrystallization and subsequent grain growth.  

Post weld heat treatment appeared to decrease the hardness of HAZ and FZ for AZ61 and AZ80. The 

values measured by the micro-hardness indentation did not reflect the hardness of the Ŭ-Mg. Since ɓ 

intermetallics existed in both grains and grain boundaries, the hardness values (calculated from the 

size of the indentions) are the overall hardness of soft Ŭ and hard ɓ. By the application of heat 

treatment and hence significant removal of the intermetallics, the hardness contribution of ɓ phase 

decreases. Consequently, the decrease in the hardness of FZ and HAZ after the heat treatment does 

not essentially indicate the decrease in the hardness of the Mg matrix. On the other hand, an increase 

in the hardness values of the FZ was detected after heat treatment for the AZ31. Compared to the 

weld microstructure of AZ61 and AZ80, fewer ɓ intermetallics were formed in FZ and HAZ of AZ31. 

Consequently the contribution of the intermetallics in micro-hardness measurement was insignificant 

and the hardness of Ŭ matrix became more pronounced in measurements.  

Figure 4-19b compares the load-to-failure and elongation-to-failure of the spot welded Mg alloys in 

both as-welded and heat-treated conditions. The tensile shear responses of the welds (5 specimens for 

each weld/condition) are plotted in Appendix B. Although the grip displacement does not indicate the 

actual specimen elongation, it can be used as a qualitative comparison of the nugget ductility in 

different welds/conditions. It should be noted that more accurate measurements of nugget elongation 
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(by accommodation of an extensometer) was performed in the works presented in chapters 5 and 6 for 

AZ61, AZ80 and ZEK100 spot welds.  

It is interesting that the load-to-failure for the spot welds (in as-welded condition) increased as the 

strength of the BM decreased (Table 3-1). The load-to-failure and elongation-to-failure of AZ80 weld 

was the lowest among the three weld, but improved significantly by the application of PWHT. The 

improvement in load-to-failure of the weld by PWHT was calculated to be +2.3%, +11.4% and 

+43.6% for AZ31, AZ61 and AZ80, respectively. The fracture mode of the AZ61 and AZ80 welds 

changed from nugget pullout (Figure 4-20b) to through-thickness (Figure 4-20c) after PWHT, while 

post weld heat treatment had no obvious effect on the failure mode of AZ31 which was interfacial 

failure (Figure 4-20a). In summary, PWHT favorably affected mechanical properties of RSW of 

AZ61 and AZ80; however, such effects were not substantial for RSW of AZ31. 

In order to further study the effects of PWHT on failure mode and fracture characteristics, tensile 

shear test was stopped at the peak load (Figure 3-1b) and the cross section of tested samples were 

metallographically investigated. Figure 4-21 shows the typical cross-sectional crack path for AZ61 

and AZ80 welds in as-welded condition. Cracks always started from the notch where the two BM 

surfaces were joined by the nugget. The crack initiated and propagated along the fusion boundary but 

mainly located in the HAZ. As indicated by the black and white arrows in Figure 4-22, secondary 

micro-cracks close to the primary crack also existed. The black arrows point to micro-cracks which 

occurred inside or traversed through the ɓ particles. The white arrows point to micro-cracks at the ɓ/Ŭ 

interfaces. Thus, the ɓ intermetallics in the HAZ can be considered preferred crack propagation paths 

during TS loading of RSW joints made with high Al content Mg alloys.  

  In post-weld heat treated AZ61 and AZ80 coupons, crack propagated on a different path as 

illustrated in Figure 4-23. Cracks occasionally initiated away from the edge of nugget (as observed 

typically in Figure 4-23b). After initiation, the crack propagated inside the HAZ and far away from 

the fusion boundary. The ɓ particles were not observed along the crack pathway of the post-weld heat 

treated samples as illustrated typically in Figure 4-24. High twinning activity was detected near the 

crack edges, suggesting that plastic deformation took place at the vicinity of notch before crack 

initiation. 
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Figure  4-19 (a) Micro-hardness values of the BM, HAZ and FZ of RSW in as-welded and heat-treated 

conditions (b) Load-to-failure and displacement at failure load for the spot welded specimens (5 

specimens for each joint/condition) in as-welded and heat treated conditions 

 

a 
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Figure  4-20 Illustration of fracture modes: (a) Interfacial (b) Nugget pull-out (c) Through-thickness 

       

Figure  4-21 Typical crack pathway for  RSW in the as-welded condition (a) AZ61; (b) AZ80 

 

Figure  4-22 (a) Microstructure near the primary crack in the AZ80 spot weld in as-welded condition (b) 

Area A at higher magnification (c) Area B at higher magnification. 

 

a 
b c 

 

FZ 

HAZ 

a 

 FZ 

HAZ 

b 

a b 
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Figure 4-22 continued 

  

Figure  4-23 Typical crack propagation path of the RSW in the heat-treated condition (a) AZ61; (b) AZ80 

c 

 

FZ 

a 

FZ 
 

b 
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Figure  4-24 Microstructure near the crack for the AZ80 RSW in the heat-treated condition 

Figure 4-25 shows the fracture surface of an AZ80 TS specimen in the as-welded condition. Based on 

the fracture morphology, the fracture surface can be divided into three sections as illustrated 

schematically in Figure 4-25a. Figure 4-25 b and c are the low magnification SEM images of these 

three sections while Figure 4-25 d and e are high magnification images of section 1 and 2, 

respectively.  

Section 1 was located at the FZ/HAZ interface and appeared to have a dendritic structure (Figure 

4-25d), which indicates that very weak joining occurred at the faying surface close to the notch of the 

nugget. Located in HAZ, Section 2 appeared to exhibit cleavage-like steps as shown in low 

magnification in Figure 4-25. Careful examination of the fracture surface in Section 2 revealed a high 

density of micro-voids (Figure 4-25e). The EDS analysis, from the fracture surface of Section 2, 

indicated presence of ɓ particles near the micro-voids (P2, P3, P5 in Table  4-5). Finally, section 3 

demonstrated a shear fracture through BM due to over loading. 
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Figure  4-25 Fracture surface of AZ80 RSW in as-welded condition: (a) Scheme of the fracture location 

showing three sections; (b) Fracture surface in section 1 and 2; (c) Fracture surface in section 2 and 3; (d) 

Magnified image of fracture surface in section 1; (e) Magnified image of fracture surface in section 2 
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Table  4-5 EDS analysis results for the particles shown in Figure 4-25e 

Particles 1 2 3 4 5 

Mg (at.%) 84.6 83.5 82.5 81.5 77.6 

Al (at.%) 15.4 16.5 17.5 18.5 22.4 

 

Figure 4-26 illustrates the fracture surface of AZ80 RSW in PWHT condition. The fracture 

morphologies were different from those of the as-welded sample. The fracture surface of the post-

weld heat treated sample could be divided into 3 sections as shown in Figure 4-26b and their locations 

are schematically illustrated in Figure 4-26a. Fracture surface at Section 1 demonstrated dimpled-like 

morphology (Figure 4-26c). Section 2 was mostly related to the through-thickness fracture in the 

HAZ/BM region. The SEM image in Figure 4-26d shows a transgranular fracture surface, which is 

similar to the fracture surface of the AZ80 base alloy, solution heat treated at 400ᴈ for ½ hr (Figure 

4-26e). No evidence of intermetallics was detected on the fracture surface of post weld heat-treated 

sample. Section 3 had the same morphology as found in the Section 3 of the as-welded sample.  

 

Figure  4-26 Fracture surface of the spot weld in the heat-treated condition: a) Scheme of the fracture 

location b) Fracture surface in section 1, 2, 3 c) Magnified image of fracture surface in section 1 d) 

Magnified image of fracture surface in section 2 e) Fracture surface in AZ80 BM in heat-treated 

condition 
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Figure 4-26 continued 

4.4 Discussion on Microstructure-Property Relationships 

It was observed that the HIGHER the Al content of the magnesium BM, the more eutectic ɓ phase 

formedand hence the more deterioration in mechanical properties of the weld occurs. The current 

results contradict the previous reports made on electron beam weld of the AZ alloys which indicated 

that as the Al content of magnesium alloy increases, the weld strength increases [53], [54]; however 




































































































































































































































