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ABSTRACT 

In spite of the increasing trend of magnesium (Mg) application over the last decade, numerous 

technical restrictions still limit Mg alloyôs extensive implementation in industry. For instance, 

many mechanical behaviors of Mg alloys are still unknown, which make them risky options for 

manufacturers who prefer to be well-informed about raw materialsô characteristics so as to 

maximize their product reliability. Therefore, a comprehensive characterization in conjunction 

with life assessment via empirical models is needed to expand these alloysô application. A 

literature review has revealed the potential of energy-based models to be employed in strain- and 

stress-controlled modeling of wrought alloys. However, to the best of the authorôs knowledge, no 

study is available yet on the anisotropic fatigue behavior and modeling of smooth and notched 

ZK60 extrusion, which is the focal point of this research. 

The quasi-static and strain-controlled fatigue characteristics of ZK60 extrusion have been 

investigated along three different directions: the extrusion direction (ED), the radial direction 

(RD), and 45° to the extrusion direction (45°). The quasi-static response showed symmetric 

behavior for the samples tested along RD and 45°, whereas ED samples manifested completely 

asymmetric behavior. Although the ED samples exhibited longer fatigue lives than the RD and 

45° in the high cycle fatigue, the fatigue lives in the low cycle fatigue regime were similar. 

Microstructural analysis revealed finer grains for ED, thereby higher strength for this direction. 

Moreover, the texture measurement indicated a sharp basal texture justifying asymmetric behavior 

solely along the ED direction. Higher tensile mean stress and less dissipated plastic energy per 

cycle for the ED samples, acting as two competing factors, were the principal reasons for showing 

identical fatigue responses to those of RD and 45° in the low cycle fatigue regime. The fracture 

surface in the ED direction was dominated by twin lamellae and profuse twined grains, whereas 

slip bands were dominant on the fracture surface in RD direction. Smith-Watson-Topper, as a 

critical-plane strain-based criterion, and Jahed-Varvani (JV), as an energy-based damage criterion, 

were employed to predict the strain-controlled fatigue lives along all directions using a single set 

of material parameters. 

Fully reversed stress-control condition was also investigated over a wide range of stress 

amplitudes along two different material directions: ED and RD. The in-plane random texture along 

RD promotes activation of twinning/detwinning deformations in both tension and compression 
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reversals, which brings about a sigmoidal but near-symmetric shape for hysteresis loops along this 

direction. The stress-strain response along ED is asymmetric in tension and compression reversals 

if subjected to high-stress amplitudes. The asymmetry is attributed to different deformation 

mechanisms being active in the tension and compression reversals. Overall, loading along ED 

yields superior fatigue performance compared to RD. One set of JV coefficients extracted from 

the strain-controlled tests was employed and successfully modeled the anisotropic stress-control 

fatigue response of the material. 

The effect of a materialôs orientation on the fatigue response of notched ZK60 extrusion was 

investigated via fully reversed stress-controlled experiments in ED and RD. The anisotropy 

observed in the stress-life curves of the notched ED and RD samples resembles the stress-

controlled fatigue performance of the smooth samples. This observation is attributed to the higher 

strength of ED specimens, which imposes less plastic-induced-damage in the stress-controlled 

fatigue experiments. The ED specimens exhibit not only superior fatigue performance but also 

higher notch sensitivity while loading along RD significantly reduces the notch sensitivity. 
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Chapter 1 : Introduction  

 

 

Introduction  

 

 

 

Light-weighting is one of the pivotal steps toward fuel consumption reduction in vehicles and 

consequent environmental preservation. Magnesium (Mg) alloys, as the lightest engineering metal, 

could contribute to this process. However, they must first be well characterized in order to 

elucidate their properties for the transportation industry [1]. The present study is concerned with 

the effect of loading direction on the fatigue behavior of notched ZK60 extrusion as a wrought Mg 

alloy. This chapter introduces this thesis in three sections: research motivations, objectives, and 

the thesis outline. 
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1.1 Motivation 

Environmental concerns, as well as economic considerations, have shaped car manufacturersô 

strategies toward cutting fuel consumption in vehicles. Reducing weight by adopting lightweight 

materials such as Mg alloys has been a key approach to achieving this goal [1]. In spite of the very 

low density (1.8 g/cm3) that makes Mg the lightest structural metal, its applications have been 

limited. One challenge ahead of applying Mg alloys in load-critical components is their complex 

mechanical behavior, which arises from their crystallographic structure. This complexity is more 

pronounced in textured wrought alloys than in cast alloys, and results in intricate fatigue analysis 

[2].  

Mg was first adopted in the automotive industry by Volkswagen in its Beetle model [1]. High 

interest in light-weighting, owing to governmentsô environmental aid policies, increased the Mg 

average usage per car from 3 kg in 2005 to 20 kg in 2010 [3]. However, in spite of the current wide 

implementation of Mg alloys in many non-structural automotive components such as trim parts 

and casings, their application in load-bearing sections is still limited [4]. To expand their 

application to these sections, it is of key importance to investigate Mg alloysô behavior under both 

static and cyclic loadings. The wrought alloys are better candidates for load-bearing components, 

having greater strength than cast alloys.  

Notches are inevitable in many components and structures due to design limitations. In 

addition, they are the locations for stress concentration and are susceptible to fatigue failure. As a 

result, understanding the fatigue behavior at a notch is of key importance. This need justifies the 

proposed research, aimed to analyze the notch effects on the anisotropic fatigue response of ZK60 

extrusion as a high-strength wrought Mg alloy. 

1.2 Objectives  

This thesis is motivated by two main objectives.  

1.2.1 To Characterize the Effects of Loading Direction (Anisotropy) on Fatigue 

Behavior of Smooth and Notched Members 

The induced strong texture in wrought Mg alloys results in anisotropic mechanical properties 

(dissimilar behavior in different material orientations). In addition to that, notches affect the life 
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of load bearing members significantly, according to the fact that they locally boost the strain/stress. 

As a result, anisotropy and notch effect are two crucial factors in the fatigue analysis of Mg notched 

members.  

Despite the importance of life correlation in Mg alloys as a promising candidate for their 

extensive application in many industries, limited research has been conducted on characterizing 

their fatigue damage mechanisms. This lack of knowledge is even more pronounced when it comes 

to loading direction (anisotropy) and notch-effect considerations. A better understanding of active 

fatigue mechanisms contributes to selecting appropriate damage parameters in the next objective. 

Designing and performing direction-based experiments on smooth and notched samples are crucial 

steps in meeting this first objective. 

1.2.2 To Propose an Anisotropic Fatigue Life Criterion  for ZK60 Extrusion 

under both Stress- and Strain-controlled Conditions 

Numerous fatigue damage criteria have been developed in the past three decades. However, 

only a limited number of them are capable of taking into account both anisotropy and asymmetry 

(dissimilar behavior under tension and compression), two main characteristics of wrought Mg 

alloys that complicate their fatigue analysis. In addition to such intricacies, the load controlling 

parameters in the cyclic tests, i.e. stress or strain, could crucially alter the materialôs fatigue 

response. Controlling strain induces mean stress in the stress-strain hysteresis loops, whereas 

controlling stress tests may impose ratcheting mean strain.  

The final and main objective of this research is to propose an applicable fatigue life criterion 

for ZK60 extrusion alloy regardless of both the load controlling parameters and the materialôs 

direction. 

1.3 Thesis Layout 

In accordance with the aforementioned research objectives, this thesis incorporates two main 

investigations on ZK60 extrusion; characterization and fatigue modeling. The organization of the 

thesis is as follows: 

Chapter 2 provides brief background information on Mg, in particular, wrought alloys, their 

crystallographic structure, and mechanical characteristics. To furnish pertinent modeling in the 

following chapters, the fatigue models are categorized and the employed ones are meticulously 
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introduced. Eventually, a review of the available studies on fatigue of smooth and notched wrought 

Mg alloys, in particular ZK60 extrusion, is followed by divulging the gap in the literature at the 

end of this chapter. 

Chapter 3 begins with the microscopic characterization of ZK60 extrusion. The cyclic 

behavior of the material, including its strain-life and stabilized strain-stress response together with 

the fractographic observations, are presented and rigorously discussed along three different 

materialôs directions. Finally, the merits of two common fatigue models are assessed based on their 

capability of mimicking experimental data. 

Chapter 4 focuses on the fatigue behavior characterization of the material under stress-

controlled condition in two perpendicular directions. Special attention is given to a detailed 

explanation of the observed anisotropy and asymmetry. Jahed-Varvani, as an energy-based model, 

will be calibrated first, using strain-controlled experiments. Lastly, the merit of the model is 

scrutinized by using the same set of the material parameters to predict the fatigue life for stress-

controlled tests. 

Chapter 5 covers the influence of notch presence on the anisotropic fatigue response of the 

material. The fatigue stress concentration factor, as well as notch sensitivity, is quantified over 

lifetime. The probable sources of the observed disimilarity in the notch sensitivity along two 

material orientations are discussed. 

Ultimately, Chapter 6 outlines the concluding remarks and comments on the prospects for the 

further works.  
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Chapter 2 : Background and L iterature Review 

 

 

Background and L iterature Review 

 

 

 

This chapter starts with background information on Mg in terms of its 

crystallographic structure and unique mechanical characteristics. Then, the two fatigue 

models employed in this study are explained in detail. In order to statistically quantify 

fatigue strength, the staircase method is described next. Stress concentration and notch 

sensitivity, two terms generally used in notch study, are lastly elaborated on in the 

background section. The chapter concludes with highlights of relevant research and the 

identification of a gap in the literature. 
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2.1 Background 

2.1.1 Magnesium 

The profound impact of the automotive industries on greenhouse gas emission and global 

warming has led them to the light-weighting of their products [1]. Mg alloys with roughly 35% 

and 75% less density than aluminum and steel, respectively are the lightest available structural 

metals. This low density and high specific strength of the Mg alloys have made them highly 

attractive for the transportation industries. In addition to low density, they offer excellent 

machinability and very good die-castability [2]. These alloys are classified into wrought and 

casting types. The former is worked to shape, e.g. through extrusion, rolling, forging processes, 

and performs better than the latter under monotonic and cyclic loadings. The enhanced behavior 

in wrought alloys is due to the absence of detrimental defects such as inclusion and porosity that 

are formed during the cast alloy solidification. 

The hexagonal close pack (HCP) lattice structure of Mg makes a noteworthy difference 

between Mg and other conventional alloys in term of deformation mechanisms. The low 

availability of deformation systems with HCP structure results in poor formability of Mg alloys at 

room temperature. Whereas dislocation slip is the only plastic deformation mechanism for many 

engineering alloys, the limited number of slip systems enforces twinning activation in Mg alloys. 

Figure 2-1 illustrates the predominant slip and twin planes in Mg alloys. 

 

Figure 2-1. Potential slip and twin systems in Mg alloys [5] 

Asymmetry (dissimilar behavior under tension and compression) and anisotropy (dissimilar 

behavior in different material orientations) are the two main mechanical characteristics of wrought 
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Mg alloys. Activation of ρπρς extension-twinning deformation mechanism when the external 

load provokes tension along the c-axis in HCP crystals along one direction and slip-dominant 

deformation in the reverse direction distorts the loading-unloading curve, a behavior known as 

asymmetry [6]. The yield asymmetry in Mg alloys is distinct from previously reported hydrostatic 

pressure dependent strength-differential effect seen in high strength steel [7]. Forming processes 

such as rolling or extrusion render the c-axis perpendicular to the forming direction, bringing about 

an intensive basal texture, and eventually causing anisotropy in wrought Mg alloys [8].  

Alloying elements can affect the Mg properties proportional to the amount of added 

constituent. According to ASTM codification, ZK60 is produced by adding Zink and Zirconium, 

as alloying ingredients to Mg. Zink improves the room-temperature strength, and when combined 

with Zirconium, the mixture potentially refines the grains and makes the alloy participation-

hardenable. Zink also suppresses the corrosive, undesirable effects of nickel and iron impurities. 

2.1.2 Fatigue Models 

2.1.2.1 Smith-Watson-Topper 

SmithïWatsonïTopper (SWT) was introduced as a critical plane approach for modeling 

material in which fatigue cracks are initiated and grew predominantly under tensile loading [9]. 

The SWT parameter was founded on the principal strain range and maximum stress on the 

principal strain plane, namely Ў‐ and „Ȣ , respectively, in the following formulation: 

ὛὡὝ „Ȣ
Ў‐

ς
 Eq. 2-1 

This parameter was originally suggested to account for the mean stress effect and has been 

extensively employed in many efforts to estimate the fatigue life of Mg alloys [10ï15]. Although 

the SWT parameter was defined the same in all those studies, its correlation with fatigue life was 

made differently. In the present study, the correlation is formulated by integrating SWT with the 

Coffin-Manson relation as follows: 

ὛὡὝ
„

Ὁ
ςὔ „ ‐ ςὔ  Eq. 2-2 

where: 

„ ȡ Fatigue strength coefficient  
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‐ȡ Fatigue toughness coefficient  

ὦ: Fatigue strength exponent 

ὧ: Fatigue toughness exponent 

and E is the modulus of elasticity and 2Nf  is the number of reversals to failure. Other components 

on the right side of the equation are based on the Coffin-Manson approximation and will be 

extracted by employing strain-life and hysteresis curves. In this approach, the strain range is 

decomposed into elastic and plastic parts (Ў‐ and Ў‐), which are calculated from the stabilized 

hysteresis loop for each strain amplitude:   

Ў‐

ς

„

Ὁ
ςὔ  Eq. 2-3 

Ў‐

ς
‐ ςὔ  Eq. 2-4 

2.1.2.2 Jahed-Varvani  

Energy-based fatigue models, owing to the scalar nature of energy, are promising candidates 

for describing the fatigue behavior of wrought Mg alloys exhibiting asymmetric and anisotropic 

characteristics [12,14ï16]. By incorporating energy-based fatigue properties, Jahed and Varvani 

[17] defined a damage parameter similar to that in Ellyin's total strain energy model [18]: 

ЎὉ ЎὉ ЎὉ Eq. 2-5 

Where ЎὉ  and ЎὉ are elastic strain energy density (ESED) and plastic strain energy density 

(PSED), respectively. ЎὉ is TSED and is considered as the Jahed-Varvani (JV) damage parameter. 

PSED is essentially the area inside the hysteresis loop, and ESED is calculated from „ ςὉϳ , in 

which E and „  are the Youngôs modulus and maximum stress, respectively. Figure 2-2 

schematically illustrates the JV damage parameterôs components. The elastic and plastic energy 

values are extracted from the half-life hysteresis loops. The life correlation of the JV model is 

defined as follows: 

ЎὉ Ὁ ςὔ Ὁ ςὔ  Eq. 2-6 

where 

Ὁȡ Fatigue strength coefficient 
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Ὁȡ Fatigue toughness coefficient 

ὄȡ Fatigue strength exponent 

ὅȡ Fatigue toughness exponent 

are the material constants. The coefficients Ὁ and ὄ are obtained by fitting a power curve into the 

experimental ESED, ЎὉ , and the coefficients Ὁ and ὅ are found from the experimental PSED, 

ЎὉ. This model has been extensively in modeling fatigue behavior different alloys including Mg 

alloys [15,19ï27]; however, its capability to capture anisotropy on ZK60 has not been studied. 

 
Figure 2-2. Illustration of e lastic and plastic strain energy densities for JV model 

2.1.3 Staircase Method 

The Scattered distribution of fatigue data-points, specifically in the high cycle regime, entails 

a statistical procedure for fatigue strength calculation at a given life. To that intent, the 

International Organization for Standardization (ISO) has proposed staircase estimation [28]. A 

method originally introduced by Dixon and Mode [29] to deal with dosage/mortality sensitivity 

analysis.  

A rough mean and standard deviation (SD) approximation of the fatigue strength is a requisite 

for the staircase method. The method starts with testing the sample at the first stress level (S0), 

preferably close to the estimated fatigue strength of the material at the intended cycle. Based on 

the survival or failure of the sample, the subsequent stress level will be selected by incrementing 

ЎὉ  

ЎὉ 

 

Strain 

S
tr

e
s
s 
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or decrementing the stress by a specified amount, referred to the stress-step (d). The stress-step 

should be taken as close to the SD as possible. In the case of SD unavailability, 5% of the mean 

fatigue strength estimation can be employed as the stress-step. The process will be continued 

sequentially until all the samples are tested in the explained manner. Finally, the mean and SD of 

the survived population will be calculated and reported as the fatigue strength of the material and 

its variation, respectively. 

2.1.4 Stress Concentration 

Notches cause confined stress and strain concentrations. The theoretical stress concentration 

factor, Kt, is defined as follows to measure the level of this localized concentration within the 

elastic response regime: 

ὑ
„

„ὲ

‐

‐ὲ
 Eq. 2-7 

Where: 

„, ‐ : The notch root stress and strain, respectively 

„, ‐ : The nominal stress and strain at the net section, respectively 

Kt is a function of both the geometry and mode of loading and plays a key role in the fatigue 

assessment of notched members, though its applicability is restricted to the linear elastic 

deformation state. The notched members are usually loaded high enough that the calculated stress 

from Eq. 2-7 exceeds the yield strength, and plastic deformation occurs consequently. In fact, the 

local stress may not follow Hookeôs law and so becomes disproportionate to the local strain. In the 

elastoplastic condition, strain and stress concentration factors are defined independently as [30]: 

ὑ
„

„
 Eq. 2-8 

ὑ
‐

‐
 

Eq. 2-9 

where ὑ  and ὑ are the stress and strain concentration factors, respectively. The variation in these 

factors is illustrated schematically versus notch stress in Figure 2-3. The elastoplastic stress and 

strain of notched members can be assessed by experimental, analytical or numerical approaches 

[30]. It should be noted that in the present study, the (net) nominal stress, „, (remote load divided 

by net cross-section) is used as the reference stress for notched specimens. 
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Figure 2-3. Schematic presentation of the changes in stress and strain concentration by increasing 

the stress at the notch [30] 

2.1.5 Notch Sensitivity 

According to the above definition for stress concentration factor, it might be expected that the 

net fatigue strength of a notched component would be predicted by dividing the fatigue strength 

of smooth specimens by Kt. However, under cyclic loading, many materials are not fully sensitive 

to stress concentration, and therefore a reduced Kt is warranted for calculating the fatigue life of 

notched members [30]. The ratio of the smooth specimenôs fatigue strength to the notched one is 

commonly referred to as the fatigue stress concentration factor (Kf): 

ὑ
ὊὥὸὭὫόὩ ίὸὶὩὲὫὸὬ έὪ ὥ ίάέέὸὬ ίὴὩὧὭάὩὲ

ὊὥὭὸὫόὩ ίὸὶὩὲὫὸὬ έὪ ὥ ὲέὸὧὬὩὨ ίὴὩὧὭάὩὲ
 

Eq. 2-10 

The notch sensitivity of materials, q, is expressed in terms of Kt and Kf : 

ή
ὑ ρ

ὑ ρ
 

Eq. 2-11 

When q = 0, the materialôs fatigue strength is not sensitive to the notch, whereas, for q = 1, 

full sensitivity to the notch is expected. 
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2.2 Literature Review 

2.2.1 Fatigue Behavior of Mg Alloys 

Asymmetry and anisotropy have been extensively reported and discussed in the literature on 

wrought Mg alloys under cyclic loading. Numerous studies have presented such a behavior under 

strain-control fatigue tests, covering a wide range of wrought Mg alloys, including AM30 [12,31ï

36], AM50 [37], AZ31 [13,16,45,46,27,38ï44], AZ61 [47], AZ80 [22,24,48,49], AZ91 [50], 

ZA81 [51], and ZK60 [52ï55]. However, fewer studies have inquired into the anisotropy and 

asymmetry in the stress-controlled fatigue behavior of wrought Mg alloys [16,37,39,50,56ï59]. 

Park et al. [16] reported that rotating loading direction from the rolling direction toward the normal 

to the rolled plane (ND), reduces the fatigue strength of wrought AZ31 significantly (Figure 2-4). 

This behavior has been attributed to the greater degree plastic-strain induced damage in ND, 

arising from the reduced twinning stress of ND specimens under tension. Zhang et al. [58] 

conclusively showed that the cyclic softening-to-hardening transition observed in hot-rolled 

AZ31B is insensitive to both specimen orientation and rolling percent-reduction. The anisotropic 

fatigue behavior of ZK60 extrusion under the stress-controlled condition is unprecedented. 

 

Figure 2-4. Fatigue behavior of Rolled AZ31 along two dir ections under controlled stress [16] 

Anisotropy in Mg alloys can affect the fatigue strength differently in the high-cycle fatigue 

(HCF) and low-cycle fatigue (LCF) regimes. Sajuri et al. [60] reported that the HCF strength of 

AZ61 extrusion along the extrusion direction (ED) in stress-controlled experiments is higher than 
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that in the transverse direction (TD) and 45° to the ED, as depicted in Figure 2-5. The same 

characteristic was observed under controlled strain by Jordon et al. [31] for AM30 extrusion in the 

HCF regime, even though for LCF, loading along ED yields lower life to failure than along TD. 

Roostaei and Jahed [12] investigated the effect of loading direction on the LCF fatigue 

characteristics of AM30 extrusion. They reported that TD specimens failed in higher lives when 

identical strain amplitude is applied to both TD and ED specimens. In contrast, Wang et al. [51] 

found the opposite while testing ED against TD samples under the strain-control state for ZA81M 

extrusion, a result they attributed to strengthened twinning deformation as well as to the higher 

detrimental tensile mean stresses in TD (Figure 2-6). 

 
Figure 2-5. SïN curves of AZ61 extrusion in three different directions [60]  

  

Figure 2-6. Contradictory  behavior of ED and TD samples in two different wrought Mg alloys: a) 

AM30 [12] and b) ZA81M [51] 

(a) (b) 
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 Xiong and Jiang [48], while experimentally scrutinizing the LCF behavior of AZ80 rolled in 

four different orientations found that deformation mechanism alteration at a certain strain level 

affects the materialôs fatigue resistance with respect to the loading direction. The AZ80 samples 

in the rolling direction (RD) have the longest life of all other directions for strain amplitudes of 

less than 0.4%, but increasing the strain to higher values causes the 30° and 60° inclined samples 

with respect to the rolled plane to exhibit higher fatigue strength. (Figure 2-7).  

 

 

Figure 2-7. b) Schematic illustration of specimens at different orientations; a) Strain-life curve for 

AZ80 [48] 

ZK60, the material which is focused on in this thesis, exhibits exceptional strength and 

ductility due to its alloying elements [61]. However, despite these characteristics, only limited 

studies have investigated its fatigue characteristics in extrusion form. Xiong et al. [10,62] and Q. 

Yu et al. [11] have studied LCF and cyclic plastic deformation, and Wu et al. [6] explored 

twinningïdetwinning behavior of ZK60 extrusion along the ED. These studies reported asymmetry 

in both the quasi-static behavior and the cyclic hysteresis loops. In another recent study by Xiong 

et al. [63], characterizing ZK60 under monotonic loading along ED and TD revealed intensive 

anisotropy in the stress-strain response of the material. The reviewed literature discloses a lack of 

knowledge on the HCF behavior of ZK60 along directions other than ED. 

 

 

(a) (b) 
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2.2.2 Fatigue Models of Mg Alloys 

Stress, strain, energy, and fracture mechanics are four principal approaches to modeling the 

fatigue behavior of metals. The fully reversed stress-control behavior has been appropriately 

expressed using a stress-based fatigue model proposed by Basquin [64]. Later, the Coffin-Manson 

strain-based relation quantified the strain-life curve in low-cycle (LCF) and high-cycle fatigue 

(HCF) regimes [65]. Plastic strain energy density (PSED) accumulated in the stabilized stress-

strain hysteresis loops was used by Garud [66] and Lefebvre et al. [67] as an energy-based damage 

criterion. Ellyin [18,68] combined PSED with elastic strain energy density (ESED), suggesting the 

concept of total strain energy density (TSED) to take into account the mean stress effect. Paris and 

Erdogan [69] incorporated the concepts of fracture mechanics into Parisô fatigue crack growth law 

for the subcritical crack propagation region.  

The above-mentioned approaches have been adopted to predict the fatigue life of wrought Mg 

alloys under stress-controlled condition [50,59,70ï74]. A study by Ishihara et al. [73] on AZ31 

extrusion under different cyclic load ratios demonstrated that the Greberôs model performance was 

superior to that of the modified Goodman model in predicting the fatigue life of stress-controlled 

experiments. Hasegawa et al. [74] added a correction term to the Coffin-Manson equation in order 

to improve its accuracy for the life prediction of AZ31 extrusion. The new model provided reliable 

predictions under the stress-control condition, while the life was over-estimated for the strain-

controlled tests, exhibiting retained asymmetry in the stress-strain response of the material. The 

inability of the Smith [75], SmithïWatsonïTopper [9], and PaulïSivaprasadïDhar [76] models to 

predict the fatigue life of rolled AZ91 in rolling and transverse directions led to the proposal of a 

modification of Basquinôs equation[50]. It accounted for the mean stress effect by introducing a 

new definition for fatigue strength coefficient („ᴂ) and fatigue strength exponent (b). Shiozawa et 

al. [70] applied different models to predicted the fatigue life of AZ31, AZ61, and AZ80 extruded 

alloys under both strain- and stress-controlled experiments. They found that TSED, as a fatigue 

damage parameter, was superior compared to the plastic strain range and PSED. Park et al. [72] 

showed that Ellyinôs criterion provides reliable predictions for different strain and stress ratios. 

Chen et al. [77] revised the conventional definition of ESED in the Ellyinôs model in an attempt 

to enhance the life prediction accuracy of AZ31B extrusion in a corrosive environment with mean 

stress. For this purpose, they incorporated both the positive and negative elastic energy densities 
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into the ESED. Dallmeier et al. [37] weighted the elastic portion of the strain energy to capture the 

mean stress sensitivity of strain-life and stress-life curves for twin roll cast AM50 in two directions. 

They identified compressive yield stress (CYS) as a reference limit, beyond which twinning was 

significantly activated followed by distinct hardening and pronounced increase in the area 

surrounded by stress-strain hysteresis loops, representing PSED. 

Among the different approaches applicable to explaining the fatigue behavior of wrought Mg 

alloys, the energy approach possesses great potential to describe the damage in different material 

orientations using a scalar quantity as a damage parameter, i.e., the strain energy density. Energy-

based models are commonly differentiated by the definition of ESED and the mathematical 

expression that correlates the damage parameter to the fatigue life [68].  

Jahed and Varvani introduced a fatigue model (JV) based on the governing crack nucleation 

and propagation mechanisms, along with the plastic energy accumulated by cyclic deformation 

[17]. In order to extend the original modelôs applicability to handle non-proportional loading, the 

incremental cyclic plasticity of Garud was embedded into the strain energy calculation [78]. While 

examining the role of the load path sensitivity [79], this extended model showed promising life 

estimation for AZ31B under proportional and non-proportional loading, as shown in Figure 2-8, 

in a research by Albinmousa and Jahed [42].  

 

Figure 2-8. JV promising capability in the life pr ediction of multiaxial  tests on rolled AZ31 under 

proportional and non-proportional loadings [42] 

http://www.sciencedirect.com/science/article/pii/S0142112311000260
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The JV model has been successfully employed for fatigue life correlation of Mg alloys in 

several studies [15,21,24]. Roostaei and Jahed showed that Smith-Watson-Topper (SWT) and 

Jahed-Varvani JV parameters yield acceptable life prediction for AM30 extrusion along the 

different loading directions [12]. The prediction was made by a single set of material parameter 

extracted in one specific direction to assess the modelôs insensitivity to the loading direction 

(Figure 2-9). The conducted literature review divulged that the ability of energy-based models to 

correlate fatigue life, independent of test controlling parameter, i.e., stress or strain, remains 

unknown for Mg alloys.  

 
 

Figure 2-9. Life pr ediction of AM 30 extrusion by: a) JV and b) SWT [12,31,80,81] 

2.2.3 Notch Effects on the Fatigue of Mg Alloys 

The early investigation on notch sensitivity of Mg alloys goes back to decades ago when 

Found reported the notch sensitivity of some commercial Mg alloys, including AZ31, AZ61, and 

AZ80 extrusion [82]. His experiments incorporate cyclic rotary-bending, plate-bending, and axial 

loading. Sonsino and Dieterich [83] quantified the notch sensitivity of AZ91 HP, AM50 HP, and 

AM20 HP cast alloys while looking into their fatigue design characteristics under both constant 

and variable amplitude loadings. The higher notch sensitivity of the investigated Mg alloys in 

comparison with aluminum, cast-nodular iron, and wrought steels is illustrated in Figure 2-10. 

[31] 

[31] 

[80] 

[81] 

[31] 

[31] 

[80] 

[81] 

(a) (b) 
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Figure 2-10. K f correlation with K t for different Mg, aluminum, and steel alloys [83] 

Kf value is expected to fall within 1 and Kt. However, the way it changes in relation to Kt is 

noteworthy. This correlation is illustrated in Figure 2-11 for cast AM60, where the slight difference 

between Kt and Kf by increasing Kt tends to exceedingly elevate at higher Kt values [84]. Zhang 

et al. [85] reported the notch sensitivity of wrought AZ80 to be about 100% at 107 cycles by 

comparing the stress-life curves of smooth and notched specimens (Figure 2-12). The result is in 

agreement with those obtained by Kuester [86] and Wollmann [87]. 

 

Figure 2-11. K f vs. Kt for AM 60 cast and AMX602B Mg alloys and comparison with SUS304 and 

AISI316 steel alloys [84] 

AM 60 
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Figure 2-12. Stressïlife curves of AZ80 for notched and un-notched specimens: a) nominal stress 

and b) elastic notch root stress [85] 

Denk et al. [88] scrutinized the quasi-static and fatigue characteristics of notched roll-cast 

AM50 at four different stress concentration factors, with distinctive consideration of the bands of 

twinned grains (BTGs) formation. The basal texture of rolled AM50 facilitates the twinning 

activation in compressive reversals. As a consequence, in the low cycle fatigue regime where the 

twinning/detwinning is the prominent deformation mechanism, the superficial wedge-shape BTGs 

are formed adjacent to the notch (Figure 2-13). 

 

Figure 2-13. BTGs formation in the vicinity of the notch root due to high compressive loading: a), 

b) macroscopic level, and c) microscopic level at the boundary of the BTG [88] 

(b) (a) 
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BTGs locally and excessively boost the strain and impose an advantageous compressive 

residual stress/strain in the next tensile loading, as shown in Figure 2-14. Thus, BTGs formation 

in LCF diminishes notch sensitivity significantly. Nevertheless, AM50 remains highly notch-

sensitive in the HCF regime, due mainly to the BTG absence (Figure 2-15) 

 
Figure 2-14. Strain distribution near the notch showing the localized negative strain in compressive 

loading and the consequent residual strain in the next tensile loading [88] 

 
Figure 2-15. Notch sensitivity evolution as the function of cycles to failure for AM30 [88] 
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Post-manufacturing treatments, such as heat treatment or shot-peening, may alter the notch 

sensitivity of Mg alloys. Liu et al. [89] compared the notch sensitivity of hot-extruded ZK60 Mg 

alloy against its T5 aging treated alloy (ZK60-T5) along the extrusion direction. They showed that 

T5 treatment brings about 6.8% and 6.2% higher notch sensitivity for Kt=2.3 and 2.7, respectively 

(Table 2-1). The improved fatigue properties of T5 treatment over the as-received condition for 

both notched and un-notched specimens of ZK60 are shown in Figure 2-16. Unfortunately, all of 

the studies on the notched wrought Mg alloys have been limited to the forming direction, which 

highlights the lack of understanding on the anisotropic notch sensitivity of these alloys. 

Table 2-1. Notch sensitivity of ZK60 and ZK60-T5 [89] 

Alloy  K t Fatigue strength (MPa) q (%)  

ZK60 

1 140 NA 

2.3 150 88 

2.7 160 80 

ZK60-T5 

1 150 NA 

2.3 155 94 

2.7 165 85 

 

 

 
Figure 2-16. StressïLife curves for ZK60 (top) and ZK60-T5 (bottom) for un-notched and notched 

specimens: a) nominal stress and b) elastic notch root stress [89] 

(a) (b) 
































































































































