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RESUMEN 

Las aleaciones de Mg son populares en las industrias automotriz y aeroespacial 

debido a su ligereza y alta rigidez específica. Se utilizan en carcasas, cubiertas, piezas de 

acabado y secciones de carga, y como resultado, su comportamiento ante la fatiga es 

crítico para su rendimiento óptimo. Estudios anteriores sobre el comportamiento de la 

fatiga de las aleaciones de Mg no proporcionaron un análisis estadístico confiable del 

efecto de los mecanismos de deformación dominantes, incluyendo el deslizamiento basal, 

el maclado/desmaclado y el deslizamiento piramidal, en la iniciación de grietas de fatiga. 

Además, utilizar esta información para predecir la vida útil de la fatiga de las aleaciones 

de Mg a partir de los parámetros indicadores de fatiga aún no ha sido explorado. 

En este trabajo se estudió el comportamiento de la fatiga de una aleación de Mg 

AZ31B-O con fuerte textura basal sometida a deformación cíclica totalmente invertida a 

lo largo de las direcciones de laminación, normal y a 45º entre las direcciones de 

laminación y normal a ∆ɛ/2 = 0.4%, 0.8% y 2%. Las muestras fueron deformadas en tres 

orientaciones que condujeron a curvas de esfuerzo-deformación cíclicas simétricas y no 

simétricas debido a la activación de diferentes mecanismos de deformación. Se realizaron 

pruebas de fatiga interrumpidas para obtener resultados estadísticamente significativos 

sobre los mecanismos de deformación e iniciación de grietas de fatiga. Los resultados 

mostraron que las grietas de fatiga más dañinas se nucleaban a lo largo de las maclas en 

granos grandes si los mecanismos de deformación dominantes eran el deslizamiento 

basal y el maclado/desmaclado a tracción. Además, las grietas de fatiga más largas se 

nucleaban a lo largo de bandas de deslizamiento piramidal en granos grandes si los 

principales mecanismos de deformación eran el maclado/desmaclado a tracción y el 

deslizamiento piramidal. Las grietas en los límites de grano alrededor de los granos 

pequeños estaban presentes pero no eran críticas para la falla por fatiga. 

En paralelo, se simuló la respuesta mecánica de la aleación de magnesio AZ31 

mediante homogeneización computacional en tres orientaciones. Se utilizó un modelo 

fenomenológico de plasticidad cristalina para modelar el comportamiento de los granos 

de Mg, teniendo en cuenta el deslizamiento basal, prismático y piramidal (incluyendo 

endurecimiento isotrópico y cinemático) y el maclado. Los parámetros del modelo se 



 

 

 
 

calibraron utilizando las curvas de esfuerzo-deformación cíclicas a diferentes amplitudes 

y orientaciones de deformación cíclica. Las simulaciones numéricas se utilizaron para 

comprender los mecanismos de deformación dominantes y predecir la vida útil de la 

fatiga a través de un parámetro indicador de fatiga basado en la acumulación de 

deformación plástica por distintos mecanismos en cada ciclo de fatiga. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

ABSTRACT 

Mg alloys are popular in automotive and aerospace industries due to their 

lightweight and high specific stiffness. They are used in casings, housings, trim pieces, 

and load-bearing sections, and as a result, their fatigue behavior is critical for their 

optimal performance. Previous studies on the fatigue behavior of Mg alloys did not 

provide a reliable statistical analysis of the effect of dominant deformation mechanisms, 

including basal slip, twinning/detwinning, and pyramidal slip, on fatigue crack initiation. 

Additionally, using this information to predict Mg alloys' fatigue life based on fatigue 

indicator parameters is still unexplored. 

In this work, the fatigue behavior of a textured AZ31B-O Mg alloy subjected to fully-

reversed cyclic deformation along the rolling, normal, and 45º between rolling and 

normal directions at ∆ɛ/2 = 0.4%, 0.8%, and 2% was studied. Samples were deformed in 

three orientations leading to symmetric and non-symmetric cyclic stress-strain curves 

due to the activation of different deformation mechanisms. Interrupted fatigue tests were 

conducted to obtain statistically significant results about deformation and fatigue crack 

initiation mechanisms. Results showed that the most damaging fatigue cracks were 

nucleated along twins in large grains if the dominant deformation mechanisms were basal 

slip and tensile twinning/detwinning. Moreover, the longest fatigue cracks were 

nucleated along pyramidal slip bands in large grains if the main deformation mechanisms 

were tensile twinning/detwinning and pyramidal slip. Grain boundary cracks around 

small grains were present but not critical for fatigue failure. 

Furthermore, the AZ31 magnesium alloy's mechanical response was simulated 

through computational homogenization in three orientations. A phenomenological 

crystal plasticity model was used to model the behavior of the Mg grains, accounting for 

basal, prismatic, and pyramidal slip (including isotropic and kinematic hardening) and 

twining. The model parameters were calibrated using the cyclic stress-strain curves at 

different cyclic strain amplitudes and orientations. Numerical simulations were used to 

understand the dominant deformation mechanisms and to predict the fatigue life through 

a fatigue indicator parameter based on the accumulated plastic shear strain in each 

fatigue cycle as a result of the different deformation mechanisms. 
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1. INTRODUCTION 

1.1. Mg Alloys 

Reduction of mass has recently become an important strategy in the automotive and 

aerospace sectors [1–3] due to the rising global energy consumption and growing 

awareness of human-caused pollution, such as CO2 emissions [1,4]. According to 

different reports, the fuel consumption of passenger vehicles can decrease by 6-8% for 

every 10% reduction in weight [5]. Mg and its alloys, the lightest structural metallic 

materials, are being increasingly considered in the automotive sector to reduce the weight 

of vehicles [6]. In addition, they are considered in the biomedical sector to manufacture 

biodegradable implants for bone tissue regeneration because of their excellent 

biocompatibility [7,8]. However, pure Mg cannot be used for structural applications due 

to its low strength and limited ductility and formability at low temperatures [9]. These 

properties can be improved by alloying with aluminum, zinc, manganese, and rare earth 

(RE) elements. Aluminum and zinc are used to increase strength. Zinc is superior in 

improving strength compared to aluminum. However, a mixture of zinc and aluminum is 

preferred because zinc decreases the corrosion resistance in Mg alloys [9]. The presence 

of RE enhances the mechanical properties of Mg due to their relatively high solubility at 

the eutectic temperature and the formation of precipitates like Mg5RE (Gd, Y) [10,11]. 

Mg alloys with aluminum and zinc elements are designated with two letters, AZ, 

followed by two numbers referring to the nominal compositions of the alloying elements. 

Aluminum is the main alloying element in AZ alloys up to 9 wt. %. Zinc is added up to 1 

wt. %. Increasing the aluminum content in the AZ series increases the material density to 

an average of 1.8 g/cm3 and decreases the melting point. In addition, zinc does not change 

the c/a ratio of the Mg HCP (hexagonal closed-pack) lattice, while aluminum increases 

this ratio [12]. AZ31B is a commercially available Mg alloy that can be supplied in the as-

cast, sheet, or as-extruded condition. The primary alloying elements of the alloy are 

aluminum (Al), zinc (Zn), and manganese (Mn). The Al and Zn serve to improve room 

temperature strength, while Mn facilitates grain refinement and improves corrosion 
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resistance by trapping iron [13]. The proportions of these elements are included in Table 

1.1. 

Table 1.1 – Alloying elements of Mg alloy AZ31B [13]. 

Alloying Element Content (%) 

Aluminum 2.5-3% 

Zinc  0.7-1.3% 

Manganese 0.2-1% 

Magnesium Balance 

 

1.2. Deformation Mechanisms of Magnesium Alloys 

The elastic modulus of Mg alloys at room temperature is ≈45 GPa [14], and the 

elastic constants of Mg lead to an almost isotropic behavior. The plastic deformation 

mechanisms in Mg alloys can be divided into dislocation slip and twinning. Slip is the 

sliding of crystal blocks over one other along definite crystallographic planes, called slip 

planes. Twinning is the plastic deformation mechanism that accommodates shear by 

lattice reorientation around a crystallographic plane associated with an eigenstrain. Each 

twinning system can be defined by the twinning plane and the shear direction. However, 

twinning is a polar mechanism that allows shear in only one direction.  

A summary of the common slip and twin systems in Mg and its alloys is shown in 

Fig 1.1. The component of shear stress, resolved in the direction of slip, necessary to 

initiate slip along a crystallographic plane is denominated the critical resolved shear 

stress (CRSS). The CRSS for prismatic 〈𝑎〉 (50-60 MPa) and pyramidal 〈𝑎〉 and 〈𝑐+𝑎〉 slip 

(50-70 MPa) in Mg are much higher than that for basal 〈𝑎〉 slip (0.5-10 MPa) at room 

temperature [15–17]. Therefore, basal 〈𝑎〉 slip is the softest available slip mode in Mg 

alloys at room temperature and it is always present during plastic deformation. However, 

basal slip alone is not enough to accommodate the plastic deformation in Mg alloys 

because it does not provide the necessary slip systems to fulfil the von Mises or Taylor 

criterion for uniform deformation [18]. As a result, twinning, which is the softest available 

deformation mode after the basal slip in Mg alloys, will be activated. 
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Mg has two twinning modes, denominated {101̅2}〈101̅1〉 tensile and {101̅1}〈101̅2〉 

compression twins. Tensile twinning ({101̅2}〈101̅1〉) is very easily activated at room 

temperature when applied stress causes to extend the c-axis of the Mg crystal because the 

CRSS for tension twinning (30 MPa) is much lower than pyramidal slip [17,19]. The 

occurrence of tension twins results in an 86° rotation of the c-axis toward the 〈12̅10〉 axis 

[19–21], and compression twinning leads to a lattice reorientation of 56°±7º along the 

〈12̅10〉 axis [22]. It should be noted that the CRSS for compression twinning is much 

higher than that associated with other deformation mechanisms, and compression twins 

are not often found in Mg and its alloys. 

 

Figure 1.1 – Schematic illustration of slip and twinning systems in Mg alloys [23]. 

Thermo-mechanical processes (such as hot rolling or extrusion) result in a preferred 

HCP unit cell orientation or “texture” in wrought Mg alloys, with the c-axis typically 

aligned perpendicular to the deformation direction [24]. For example, extruded Mg alloy 
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displays a fiber texture such that the basal planes are aligned parallel to the extrusion 

direction [25]. Moreover, rolled Mg alloy shows a strong basal texture with the basal plane 

virtually parallel to the rolling direction [26]. As a result, either pyramidal slip or twinning 

has to be activated because the basal slip alone does not permit the accommodation of 

deformation along the c-axis in the HCP unit cell. Herrera-Solaz et al. [27] performed 

monotonic tensile and compression tests in different directions of a hot-rolled AZ31 Mg 

alloy with a thickness of 25.4 mm. The typical strong basal texture pole figure of the as-

rolled material is illustrated in Fig. 1.2a (with c axis parallel to the normal direction), and 

the average grain size was 25 µm. Additionally, the prismatic poles spread along rolling 

and transverse directions.  Samples for tension and compression tests were taken from 

the rolled plate in various orientations, as shown in Fig. 1.2b. The stress-strain curves in 

tension and compression in the normal direction (ND) and in tension in the rolling 

direction (RD), as well as the ones corresponding to the tensile tests in the RD-ND plane 

at 45° from both orientations, are plotted in Fig. 1.2c. These curves demonstrate the Mg 

alloys show a large plastic anisotropy, which is brought about by the limited number of 

slip systems and the polar nature of extension twinning, which is only active when 

deformation causes the c-axis to extend. As a result, tensile twinning cannot be activated 

when the specimen is loaded in tension along the RD or compression along ND, and the 

high CRSS for pyramidal slip leads to a very high value of yield strength. In contrast, 

tensile twinning occurs at low stress in the samples loaded in tension along ND or the RD-

ND plane at 45º from both orientations, leading to much lower yield strength. Thus, the 

deformation of wrought Mg alloys is noticeably dependent on the orientation and 

different slip systems [27]. These deformation mechanisms (basal slip, pyramidal slip, 

twinning) and texture development are responsible for the anisotropic mechanical 

response in compression and tension of wrought Mg alloys, which is shown in Fig. 1.2 

[17,27,28]. 
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Figure 1.2 – (a) Pole figures of rolled AZ31 Mg alloy. (b) Schematic of the loading 
directions for the mechanical tests of the rolled plate of AZ31 Mg alloy. (c) The stress-
strain curves of the rolled AZ31 Mg alloy along different orientations show plastic 
anisotropy [27]. 

1.3. Fatigue Behavior of Magnesium Alloys 

The mechanical behavior of Mg alloys during cyclic deformation is essential to ensure 

the performance of Mg components that will have to support cyclic loads in cars and 

airplanes, leading to fatigue failure [29–31]. Fabrication of cast and wrought Mg components 

with enhanced fatigue behavior is essential due to the considerable increase in the use of Mg 

alloys in the engines, powertrain, chassis, and body regions [31–33]. Therefore, the most 

recent studies on the fatigue behavior of the as-cast and wrought Mg alloys will be 

summarized and discussed in sections 1.3.1 and 1.3.2. 

1.3.1. As-Cast Mg Alloys 

The cyclic stress-strain curves in fatigue of as-cast Mg alloys at moderate strain 

amplitudes (≤1%) are shown in Fig. 1.3a. They are symmetric due to their random grain 

orientations [32,34,35], in contrast to the noticeably asymmetrical stress-strain curves of 

textured wrought Mg alloys [36–42]. It should be noted that some studies have reported 
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slightly asymmetric cyclic stress-strain curves for the cast Mg alloys due to the mild 

activity of twinning/detwinning when the strain amplitude is high (≥1%) [34,43]. 

Both {0001}<112̅0> basal slip and <101̅2> twinning are generally acknowledged as 

the two primary deformation mechanisms of cast Mg alloys at room temperature [44].  

Cast Mg alloy experiences twinning/detwinning during cyclic deformation [32,45,46]. 

The twinned regions formed in the loading part will shrink, and in some cases, the 

twinned region disappears during  unloading, a phenomenon commonly known as 

detwinning [47,48]. 

 

 

 

 

 

 

 

Figure 1.3 – (a) Hysteresis loops with different strain amplitudes, and (b) Evolution of 
tensile stress as a function of fatigue cycles at different strain amplitudes in the fatigue 

of as-cast AZ91 Mg alloy [32]. 

Apparent cyclic hardening with the number of fatigue cycles has been reported 

during fatigue of cast Mg alloys (Fig. 1.3b) [32,34,35]. The amount of cyclic hardening 

depends on the applied cyclic strain amplitude. Cyclic hardening is limited at relatively 

small strain semi-amplitudes (∆𝜀 2⁄  = 0.4%) because the main hardening mechanism is 

the interaction of basal dislocations with twins but full detwinning takes place during 

reversed deformation in each fatigue cycle (residual twins were hardly observed in the 

experiments). Detwinning does not occurs completely at higher values of the cyclic strain 

semi-amplitude, leading to more noticeable hardening due to the interaction of basal 

dislocations with residual twins that are gradually accumulated in the grains [32,49]. 

(a) (b) 
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The fatigue life of as-cast Mg alloys is strongly related to the casting defects and 

microstructural features [50–54]. Casting defects act as stress concentration locations 

that nucleate fatigue cracks under cyclic loading and the largest casting defects 

determines the fatigue life of cast Mg alloys, like cast aluminum alloys [52–56]. However, 

the microstructural features (twin boundaries and persistent slip bands at or near the free 

surface of materials) have a significant impact on the fatigue life of cast Mg alloys when 

casting defects are smaller than a critical size or there are no casting defects [44,51,57–

62]. Two kinds of fatigue crack nucleation features are found in as-cast Mg alloys when 

there are no casting defects. One feature is parallel lines on basal planes led by localization 

of basal slip, leading to the formation of persistent slip bands (PSBs), and another are 

lens-shaped, thicker defects, which are associated with the formation of twins [62]. 

Moreover, microcracks can be initiated within a surface grain since they deform 

plastically under low stresses due to the lack of constraints on the surface. Therefore, 

fatigue cracks of as-cast Mg alloys mostly nucleate from the free-surface or subsurface in 

the absence of casting defects or when the casting defect is smaller than a critical size 

[44,63]. It should be noted that there is no statistically reliable report on the fatigue crack 

initiation mechanisms of cast Mg alloys. 

1.3.2. Wrought Magnesium Alloys 

The fatigue behavior of wrought Mg alloys has received a lot of attention in recent 

years, i.e., AZ31 [30,64–66], AZ61 [67], AZ80 [68,69], AM30 [70,71], AM50 [72], AM60 

[73], GW83 [74], ZA81M [75], and ZK60 [76]. Fully reversed (Rε=-1) strain-controlled 

low cycle fatigue (LCF) leads to high-stresses and low number of cycles to failure 

[64,65,76,77,66–69,71,72,74,75]. Under these conditions, wrought Mg alloys usually 

show a strong tension-compression asymmetry due to their strong basal texture (Figs. 

1.4a, c), while wrought Mg alloys containing rare earth (RE) elements show limited 

tension-compression asymmetry due to their weak basal texture [74]. Basal slip and 

tensile twinning are the dominant deformation mechanisms in the tensile part of the cycle 

in wrought specimens with strong basal texture deformed along the ND or in compression 

along the RD (Figs. 1.4a, c). Detwinning mainly occurs during unloading and at the 

beginning of the compression along ND or tension along RD, and the deformation is 

controlled by <a> basal and <c+a> pyramidal slip at large strain amplitudes in these 

https://www.sciencedirect.com/topics/materials-science/microcracks
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conditions (Figs. 1.4, c) [65,68,85–87,76,78–84]. At low strain amplitudes, basal slip is 

enough to accommodate the plastic deformation and the asymmetry is more limited. Most 

twins formed during cyclic deformation will be removed when the load is reversed, but 

the residual twin volume fraction gradually increases with the number of cycles [47,88]. 

The tension-compression asymmetry decreases at low cyclic strain amplitudes 

because the activation of <c+a>pyramidal slip is limited because stresses are not enough 

to reach the CRSS for <c+a> pyramidal slip [30,36,65,67,68,83,89,90]. Moreover, it also 

decreases if the textured wrought Mg alloys are deformed under fully reversed cyclic 

deformation in an orientation between 20º-70º between rolling and normal directions 

[65,68], reaching a mean stress close to 0 at 45º [65]. In this orientation, plastic 

deformation takes place by basal slip and tensile twinning/detwinning during the tensile 

and compressive parts of the fatigue cycle. Similarly, the tension-compression asymmetry 

disappears in wrought Mg alloys with weak texture [91–93]. 

The evolution of the peak stress in tension and compression during fatigue of 

wrought Mg alloys for different cyclic strain amplitudes in Figs. 1.4b and 1.4d for 

specimens deformed along ND and RD, respectively. It has been shown that strongly 

textured AZ31 Mg alloy demonstrates cyclic hardening in both tension and compression 

for RD and ND conditions at room temperature. However, the cyclic hardening rate 

differs in compression and tension for RD and ND conditions (Fig. 1.4b, d) [80]. 

Specimens deformed along the ND direction show much larger cyclic hardening in the 

compressive peak stress than in the tensile peak stress, and the opposite behavior is found 

in the RD orientation [80]. The most likely explanation for this behavior is that the slip 

(basal and non-basal) mainly accommodates the deformation in these conditions, as a 

result, the interaction of slip and twinning is important.  
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Figure 1.4 – (a) and (c) Stress-Strain hysteresis loops at half-life for rolled AZ31 Mg alloy 
for different cyclic strain amplitudes in specimens deformed along ND and RD. (b) and (c) 
Evolution of tensile and compressive peak stresses with the number of cycles for rolled 
AZ31 Mg alloy deformed along ND and RD at different cyclic strain amplitudes [80]. 

Obviously, the activation of different dominant deformation mechanisms as a 

function of texture, orientation, and strain amplitude has an important effect on the 

fatigue crack initiation mechanisms [89,90,92,94–98] and the fatigue life of wrought Mg 

alloys [65,68]. The experimental analyses indicate that fatigue cracks are nucleated at 

basal slip bands at low cyclic strain semi-amplitudes (Δε/2 ≤ 0.5%) in textured Mg alloys 

deformed along the extrusion direction [89,90,94]. On the contrary, fatigue crack 

initiation is reported to switch to grain boundaries [90,92,94,98] and twins in these 

circumstances when the cyclic strain semi-amplitude increases. Other investigations have 

reported that fatigue cracks are nucleated around intermetallic particles [97]. Deng et al. 

[98] analyzed over 200 fatigue cracks nucleated in a weakly textured Mg – 3 wt. % Y alloy 

deformed at a cyclic strain semi-amplitude of 1% and found that 80% were nucleated at 

(a) 

(c) 

(b) 

(d) 
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grain boundaries while 20% were parallel to slip bands. More recently, Shi et al. [92] 

studied a limited number of fatigue cracks in specimens deformed along the RD, ND, and 

45º RD-ND (29 cracks in RD, 27 cracks in ND, and 43 cracks in 45º RD-ND) in the RD-

ND plane of a textured AZ31 Mg alloy deformed at a cyclic strain semi amplitude of 1%. 

They showed that intergranular cracking is the primary crack initiation mechanism along 

ND and 45º RD-ND, while transgranular cracking is dominant in RD [92]. 

The relationship between the fatigue life and the cyclic strain amplitude  of 

metallic materials under fully reversed strain-controlled cyclic loading can be described 

by the following three parameter equation [65] 

(
∆𝜀

2
− 𝜀0)

𝜉

𝑁𝑓 = 𝐶         (1.1) 

where Δ𝜀 2⁄  is the strain semi-amplitude, 𝑁𝑓 is the number of loading cycles to 

failure, and 𝜀0, ξ, and 𝐶 are constants determined by fitting the experimental data. 

However, this is not true in the case of textured wrought Mg alloys [36,65,82,99], as 

shown in Fig. 1.5a. It has been shown that there are two kink points in each -Nf curve 

of rolled AZ31 magnesium alloy (Fig. 1.5a) [65].  

The kink points reflect changes in the dominant plastic deformation mechanisms 

during cyclic deformation as well as in the crack nucleation mechanisms. When 

   plastic deformation is controlled by basal slip without involving twinning-

detwinning, and the stress-strain hysteresis loops are symmetric [65]. In addition, the 

fatigue life in this regime is much longer than at higher strain amplitudes (  ) 

due to the lower strain energy dissipation (because of the smaller area of the hysteresis 

loops) and the lower magnitude of the maximum tensile stress in each fatigue cycle due 

to activation of basal slip  [36,65–67,69,77,82,99]. In the regime 0.4% 

<    twinning-detwinning occurs during cyclic deformation, leading to tension-

compression asymmetry in the cyclic stress-strain curves. If    pyramidal slip is 

also active during cyclic deformation, and the fatigue life is < 100 cycles because of the 

higher magnitude of the maximum tensile stress in each fatigue cycle due to the activation 

of pyramidal slip [65,67,82,99]. 
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Figure 1.5 – (a) Fatigue life as a function of the cyclic strain amplitude for rolled AZ31B 
alloy deformed along the RD under fully reversed strain-controlled tension-compression, 
and (b) Fatigue life as a function of the stress semi-amplitude [65]. 

The effect of orientation on the fatigue life of rolled AZ31B Mg alloy under fully 

reversed strain-controlled condition is shown in Fig. 1.5b [65]. It is evident that the 

difference between fatigue life in RD and at 45º at σ = 100 MPa is much higher (two 

orders of magnitude) compared to σ =  MPa. The most likely explanation for this 

phenomenon is that σ = 100 MPa is not enough to activate pyramidal slip, and in 

contrast, pyramidal slip will be active at σ =  MPa, and as a result, the fatigue life 

will just reach hundreds of cycles. 

In addition, it has been shown that the mean stress has a significant role in the 

fatigue life of extruded ZK60 Mg alloy under stress-controlled conditions [99]. For 

example, the fatigue life is > 105 cycles when the mean stress is compressive (𝜎𝑚= -200 

MPa) and the stress semi-amplitude is almost 200 MPa, while the fatigue life is just 

hundreds of cycles (357 cycles) when the mean stress is tensile (𝜎𝑚 = 90 MPa) due to 

activation of different fatigue deformation mechanisms [99]. Basal slip and twinning are 

the main deformation mechanisms in the fatigue of strongly textured as-extruded ZK60 

Mg alloy when the mean stress is compressive, however, the pyramidal slip will be active 

when the mean stress is tensile. 

(a) (b) 
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In summary, changing the mean stress in stress-controlled fatigue or changing 

either orientation or strain amplitude in strain-controlled fatigue of textured wrought Mg 

alloys will result in considerable differences in the fatigue life due to the activation of 

different deformation mechanisms caused by their strong basal texture. Therefore, it is 

important to understand the link between the fatigue deformation mechanisms and the 

fatigue life in textured Mg alloys to design Mg alloys with optimum fatigue resistance. 

1.4. Computational Homogenization 

Physically based models of the mechanical behavior of materials are an essential tool 

for understanding the link between microstructure and mechanical properties. They allow 

a dramatic reduction in the time necessary to develop new materials with optimized 

properties for specific applications and a significant return of investment. Thus, there is 

a manifest interest in the scientific community and industry to improve and develop new 

multi-scale modeling strategies. 

Homogenization theory is one of the most important tools to relate microstructure 

with effective properties in heterogeneous materials [100,101]. According to 

homogenization theory, the characteristic length scale of the microscopic domains—the 

average size of the heterogeneities—is much smaller than the characteristic length scale 

of the macroscopic sample and much larger than the molecular dimensions. As a result, 

continuum mechanics is applicable. The macroscopic or effective properties of the 

material under these circumstances can be determined by the geometrical features of the 

microstructure and the attributes of the various heterogeneities in the material. Following 

the pioneering work of Eshelby [102], different homogenization mean-field formulations 

were developed first for linear materials [103–106]. These techniques were further 

expanded through various linearization approximations to deal with nonlinear 

mechanical properties (nonlinear elasticity, plasticity, and viscoplasticity) [107–111].  

However, there are two main limitations to the homogenization strategies based on 

mean-field approximations. First, these methods cannot account for local heterogeneities 

like clustering of grains with various sizes, shapes, and orientations, or accurately 

represent a specific misorientation distribution because these methods describe the 
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microstructure using average values for grain sizes, shapes, and orientations. While the 

impact of these local microstructural characteristics on properties that are dependent on 

the average values of the micromechanical fields, such as the elastic modulus, is 

frequently negligible, this is not the case for properties that are dependent on the extremal 

values (e.g., damage) [112–114]. Assuming that the micromechanical fields are constant 

throughout each phase results in the second limitation. It is hard to simulate processes in 

which these fields are confined in narrow bands in one or more phases/grains due to the 

plastic deformation, damage progression, low strain rate sensitivity (i.e., high 

nonlinearity), strong mechanical contrasts, etc. [115–117]. More advanced nonlinear 

homogenization techniques have been created to improve this second limitation in recent 

years, but at the expense of more complicated and costly numerical algorithms. These 

techniques use phase/grain level linearization schemes that also take into account 

information on the second moments of the field fluctuations in each phase and grain 

[118,119].  

Full-field homogenization can be used to overcome the limitation of mean-field 

homogenization methods. This method solves a boundary value problem for a 

representative volume element (RVE) of the microstructure under homogeneous 

boundary conditions to find the effective properties of the polycrystal. It has been 

determined that three factors—the representation of the microstructure, the constitutive 

description of the single crystal behavior, and the numerical strategy to solve the 

boundary value problem—are necessary for the success and accuracy of computational 

homogenization approaches for polycrystals. The first criterion is that the size of the RVE 

must be large enough to lead to effective properties independent of the RVE dimensions 

and to offer an accurate statistical representation of the microstructure. The more 

complicated the single crystal constitutive behavior and the greater the RVE, the more 

expensive the calculation will be, necessitating quick and effective numerical methods to 

address the boundary value problem [91]. It should be noted that full-field 

homogenization has been traditionally carried out using the finite element method (FEM) 

to solve the governing partial differential equations (PDEs) of micromechanics in 

combination with the crystal plasticity (CP) formalism developed by Peirce et al. [120].  
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1.4.1. Representation of the Microstructure 

Creating synthetic RVEs of the microstructure is the first step in the computational 

homogenization process. There are two approaches to define an RVE. It can be described 

as the smallest microstructure volume whose characteristics are identical to the effective 

properties of the heterogeneous solid (obtained using either homogeneous traction or 

displacement boundary conditions). Second, the RVE can be defined as the minimum 

volume of the microstructure whose statistical descriptors (which describe the 

characteristics of the heterogeneous microstructure) are equivalent to those found in the 

heterogeneous solid. The grain size and shape distribution, together with the orientation 

distribution function (ODF), which describes the crystallographic texture of the 

polycrystal, are the key characteristics that determine an RVE of a polycrystalline 

microstructure [88,91]. 

The RVE must be built as a digital model to carry out computational homogenization 

once all the data regarding the microstructure has been acquired. The RVEs can be 

created either by creating synthetic microstructures from the statistical descriptors 

defining the microstructure or by creating a one-to-one representation of an actual 

microstructure obtained via X-ray computed tomography or serial-sectioning data. The 

geometry of the RVE is usually defined using two distinct discretization types. The first 

one has the RVE divided into voxels, and the grains are made up of clusters of adjacent 

voxels with the same crystallographic orientation (Fig. 1.6.a). Voxel-based discretizations 

are the ideal choice for directly representing microstructures obtained by three-

dimensional methods because they can be directly derived from the measured data. 

Additionally, voxel-based discretizations may be instantly exported into FEM as 

conventional hexahedral elements or as grid points for FFT-based algorithms. 
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Figure 1.6 – Digital representation of an RVE of a polycrystal. (a) Voxel-based 
representation and (b) Voronoi-based representation [91]. Different colors stand for 
different grains. 

However, there are two significant disadvantages for these voxel-based 

discretizations. First, because the grain boundaries are stepped surfaces, this 

representation cannot simulate phenomena localized at grain boundaries, such as grain 

boundary sliding. Second, because the voxel size is controlled by the dimensions of the 

smallest features that must be resolved within the RVE, the voxel-based FEM 

discretization frequently results in a very large number of elements. Representations of 

the grain structure based on Voronoi tessellation can be used to overcome these 

limitations (Fig. 1.6.b). In addition, weighted generalizations of the Voronoi model are 

often used due to the limitation of normal Voronoi tesselation to reproduce the actual 

grain size distribution. Therefore, the experimental grain size distribution (which can 

often be approximated by a log-normal function) is the starting point for the technique of 

constructing grain structures [88,91]. After implementing the grain size distribution in 

the RVE, the crystallographic texture can be introduced by assigning different 

orientations to the grains to reproduce the statistical distribution given by the ODF. The 

digital representation of the microstructure is an important and time-consuming task, 

and microstructure builders have been developed, such as Neper [121–123] and Dream3D 

[124]. They also provide tools to clean up the voxelized microstructures obtained from 

(a) (b) 



Chapter 1. Introduction 

 

16 
 

tomography, serial-sectioning, or tessellation and to discretize the microstructure for full-

field simulations [91]. 

1.4.2. Crystal Plasticity Model 

Taylor and Elam [125,126] presented the first model that explained how 

crystallographic slip causes metallic single crystals to deform plastically. They studied the 

deformation of Al single crystals, which is described as the result of shear deformation 

along 12 slip systems, with the resolved shear stress on each slip system acting as the 

driving force for the shear deformation.  A few years later, this model was used to study 

the deformation of a polycrystal as an aggregate of grains [127]. Hill [128] fitted Taylor's 

theories for the deformation of single crystals into the continuum mechanics framework 

for infinitesimal strains. In the early 1970s, Rice and Hill [129,130] expanded the theory 

based on the generic internal variable thermodynamic formalism to account for finite 

deformations. They used the advantage of Lee and Liu's [131] concept of the multiplicative 

decomposition of the deformation gradient into elastic and plastic parts. In the 1980s, 

many constitutive models for single crystals based on this framework were created 

employing viscoplasticity [132] or rate-independent formulations [120,133]. In parallel, 

the rigorous numerical implementations of the models were developed, including 

efficient and well-posed integration techniques for the highly nonlinear viscoplastic laws 

[134] and rigorous integration for the finite deformation framework [135].  

In addition, another goal was to find an accurate description of the single crystal 

hardening evolution. The initial models were phenomenological [132,136], detailing how 

the cumulative shear strain changes the CRSS of various slip systems. More recently, 

using physically-based approaches, hardening was modeled from the material state 

variables, such as dislocation densities [136–138]. The choice between a hardening model 

that is phenomenological or microstructurally based is of minor importance because the 

main challenge in both scenarios is finding the quantitative values of the parameters 

experimentally to reproduce the plastic behavior of a specific single crystal. 

The strain hardening model by Peirce et al. [139] only took into account isotropic 

hardening because it was designed for monotonic loading. The CRSS on each system 

included the explicit contributions of the slip in the same system (self-hardening) and the 
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slip on all the other slip systems (latent hardening). By including the effect of a backstress 

in the constitutive model to formulate kinematic hardening laws at the crystal level, this 

phenomenological framework is extended to account for cyclic deformation [140–142]. 

In the case of Mg alloys, plastic deformation will be accommodated by twinning when 

there are not enough slip systems for an arbitrary shape change of the crystal [143]. 

Hence, twinning was included in CP models to capture the monotonic mechanical 

behavior of Mg alloys [144,145]. In addition, the CP models were also incorporated with 

detwinning to accurately simulate cyclic loading in Mg alloys [146–149]. 

The standard multiplicative decomposition of the deformation gradient F into its 

elastic (𝐅e) and plastic (𝐅p) parts is generally the starting point of the crystal plasticity 

(CP) models [150]. 

F = 𝐅𝑒𝐅𝑝           (1.2) 

where the initial configuration, the intermediate configuration as well as the current 

configuration are distinguished explicitly. The mapping from initial configuration to 

intermediate configuration by 𝐅p  dose not change the orientation of slip systems, while 

the mapping from the intermediate configuration to the current configuration through   

𝐅e contains the crystal rotation and the elastic deformation at the same time [129,130]. 

The plastic velocity gradient Lp in the intermediate configuration is the sum of 𝐋p
sl 

and 𝐋p
tw which are the contributions due to slip and twinning, respectively. 

Lp = 𝐋p
sl + 𝐋p

tw.           (1.3) 

It should be noted that the plastic slip in the twinned regions of the crystal is unlikely 

to occur due to the continuous twinning-detwinning during cyclic deformation, therefore, 

it was not included in the model [47]. 

There are three (0001) <112̅0> basal, three {11̅00} <112̅0> prismatic and twelve 

{101̅1} <112̅3> pyramidal slip systems in Mg alloys which can accommodate the plastic 

deformation. Moreover, tensile twinning can occur along six {011̅2} <01̅11> twins 
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variants. The plastic velocity gradient can be contributed to the plastic slip with the 

following equation  

𝐋p
sl = (1 − ∑ 𝑓𝛽

𝑁𝑡𝑤
𝛽=1 ) ∑ 𝛾̇𝛼

𝑁𝑠𝑙
𝛼=1 𝒔̂𝛼

𝑠𝑙  ⊗ 𝒎̂𝛼
𝑠𝑙      (1.4) 

where the unit vectors parallel to the slip direction and slip plane normal of slip system α 

in the reference configuration are 𝒔̂𝛼
𝑠𝑙

 and 𝒎̂𝛼
𝑠𝑙 , respectively. The volume fraction of twins 

corresponding to the twin system β is 𝑓𝛽  and 𝑁𝑠𝑙  and 𝑁𝑡𝑤  stand for the number of slip and 

twin systems, respectively. 

The plastic velocity gradient due to twining is given by   

𝐋p
tw = ∑ 𝑓̇𝛽

𝑁𝑡𝑤
𝛽=1 𝛾𝑡𝑤𝒔̂𝛽

𝑡𝑤  ⊗ 𝒎̂𝛽
𝑡𝑤       (1.5) 

where the unit vectors parallel to the twin direction and twin plane normal of twin system 

β in the reference configuration are 𝒔̂𝛽
𝑡𝑤

 and 𝒎̂𝛽
𝑡𝑤, respectively. The eigenstrain related to 

extension twinning in Mg alloys is o.129 [27] and is given by 𝛾𝑡𝑤.  

The slip rate in a slip system α can be defined by a power-law dependency expressed 

as 

γ̇α = γ̇0 [
‖τα−τα

b‖

gα
]

1

m
sign(τα − τα

b)        (1.6) 

where τα
b and gα are the kinematic and isotropic hardening contributions, respectively. 

The strain rate sensitivity exponent and the reference shear parameter are m and 𝛾̇0, 

respectively.  

The resolved shear stress τα of slip system α can be defined by the projection of the 

second Piola-Kirchhoff stress 𝐒̂ defined in the intermediate configuration, on the slip 

system or twin system α as  

τα = S : (𝒔̂𝛼
𝑠𝑙  ⊗ 𝒎̂𝛼

𝑠𝑙).         (1.7) 

The evolution law of isotropic hardening can be given by [144]  
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ġα= ∑ ℎ′𝛼𝛾𝐻𝛾 (1 −
𝑔𝛾

𝑔𝛾
𝑠𝑎𝑡)

𝑎𝑠𝑠

|𝛾̇𝛾|
𝑁𝑠𝑙
𝛾=1 + ∑ ℎ"𝛼𝛽𝐻𝛽 (1 −

𝑔𝛽

𝑔𝛽
𝑠𝑎𝑡)

𝑎𝑠𝑡

|𝛾̇𝛽|
𝑁𝑡𝑤
𝛽=1    (1.8) 

where 𝐻𝛾 and 𝑔𝛾
𝑠𝑎𝑡 stand for the hardening modulus and the saturation critical resolved 

shear stress of the slip system γ, respectively, while 𝑔𝛽
𝑠𝑎𝑡

 and 𝐻𝛽  are the corresponding 

values for the twin system β. ℎ′𝛼𝛾  stands for the latent hardening parameter between slip 

system α and slip system γ, while ℎ"𝛼𝛽  is the latent hardening parameter between slip 

system α and twin system β. 𝑎𝑠𝑠  is the slip-slip hardening exponent, while 𝑎𝑠𝑡  is the twin-

slip hardening exponent.  

The kinematic hardening contribution can be determined by the evolution of the 

backstress τα
b during the cyclic deformation, which is a simplification of the Ohno-Wang 

macroscopic model [151]. Moreover, it can reproduce the complex cyclic behavior of a 

polycrystal. Mathematically,  

𝜏̇𝛼
𝑏 = 𝑐𝛼𝛾̇𝛼 − 𝑑𝛼𝜏𝛼

𝑏 (
|𝜏𝛼
𝑏|

𝑐𝛼
𝑑𝛼
⁄
)

𝑘𝛼

|𝛾̇
𝛼
|        (1.9) 

where the parameter 1 𝑑𝛼
⁄  indicates the absolute value of the shear caused by slip system 

𝛼 (|𝛾𝛼|) when the back stress stabilizes, and  𝑘𝛼  stands for the nonlinearity of the back 

stress evolution (kinematic hardening power), and the stabilized scalar back-stress for 

slip system α is 
𝑐𝛼
𝑑𝛼
⁄ . 

The evolution of the twin volume fraction in each twin variant, ḟβ, follows a power 

law because twinning systems were treated as pseudo-slip systems. Tension twinning can 

only be activated when the resolved shear stress on the twin plane leads to an extension 

of the c-axis, and the twin volume fraction cannot increase if the whole volume linked 

with the Gauss point is completely twinned (i.e. Σfβ = 1). Furthermore, if the resolved 

shear stress is the opposite of the one needed for twinning and reaches a critical value, 

the twinned region can detwin [47,88,152,153]. This means that 𝑓𝛽̇  can be negative or 

positive, and the CRSS to activate twin boundary motion in both scenarios can be 

different. These criteria can be implemented mathematically as 
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{
 
 

 
 𝑓𝛽̇ = 𝑓0̇ (

|𝜏𝛽|

𝑔𝛽
)

1

𝑚
𝑠𝑖𝑔𝑛(𝜏𝛽)          𝑖𝑓  𝑓𝛽̇ > 0             𝑎𝑛𝑑     ∑ 𝑓𝛽 < 1

𝑓𝛽̇ = 0                                           𝑖𝑓  𝜏𝛽 ≥ 0            𝑎𝑛𝑑      ∑ 𝑓𝛽 ≈ 1

𝑓𝛽̇ = 0                                         𝑖𝑓   𝜏𝛽 < 0            𝑎𝑛𝑑           𝑓𝛽 ≈ 0

  (1.10) 

where 𝑓0̇ is the references twin volume fraction rate,  𝜏𝛽  stands for the resolved shear stress 

on the twin system 𝛽 (which can be calculated from equation (1.7) for the corresponding 

twin system), and 𝑔𝛽  is the CRSS necessary to activate twining or detwinning. Although 

recent experimental observations showed that the CRSS of twinning and detwinning do 

not have to be equal [47,88], the same values of the CRSS for twinning and detwinning 

have been used in this investigation.  

The hardening law for twin boundary motion is given by 

𝑔̇𝛼= ∑ ℎ𝛼𝛽
′′′ 𝐻𝛽𝛾𝑡𝑤 (1 −

𝑔𝛽

𝑔𝛽
𝑠𝑎𝑡)

𝑎𝑡𝑡

|𝑓̇𝛽|
𝑁𝑡𝑤
𝛽=1        (1.11) 

where ℎ𝛼𝛽
′′′

 stands for the twin/twin latent hardening parameter, 𝐻𝛽  the corresponding 

hardening modulus, 𝑔𝛽
𝑠𝑎𝑡 the saturated CRSS for twinning or detwinning, and 𝑎𝑡𝑡  the twin-

to-twin hardening exponent. It is assumed that plastic slip does not influence the 

hardening of twinning. 

1.4.3. Numerical Simulation of Fatigue Behavior in Magnesium Alloys 

Numerical simulations are a key tool to understand the mechanisms of fatigue 

behavior and provide quantitative predictions of the cyclic stress-strain curves and the 

fatigue life [154]. In the literature, crystal plasticity models based on finite element, fast 

Fourier transformation, and self-consistent techniques were often used to simulate the 

cyclic stress-strain curves and twin volume fraction evolutions of Mg alloys [91,146–

149,155–158]. It should be highlighted that self-consistent models can accurately 

simulate the macroscopic behavior but cannot account for general boundary conditions, 

grain distributions, the addition of defects like voids, or the prediction of local fields [159]. 

The cyclic behavior and the activity of twinning during fatigue of Mg and its alloys 

were predicted successfully using the self-consistent models at low strain amplitudes 
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(∆𝜀 2⁄ ≈0.4%). However, there were still some deviations in cyclic curves and twin volume 

fractions at higher strain amplitudes [148,160,161]. In addition, the uniaxial ratcheting 

behavior of single crystal and polycrystal Mg alloy and the multiaxial ratcheting of 

extruded AZ31 Mg alloy under deformations dominated only by slip or twinning were 

simulated using a constitutive crystal plasticity model by  Yu et al. [162] and Li et al. [163], 

respectively. They emphasized that the model was built using a small deformation 

plasticity framework because the final plastic strain was relatively small (not larger than 

10%), thus, their model could not consider the evolution of texture and its influence on 

plastic deformation. More recently, the low-cycle fatigue behavior of a rolled AZ31 Mg 

alloy along the rolling direction was simulated successfully by Guo et al. [164] using a 

modified crystal-plasticity based on the finite strain elastic-viscoplastic self-consistent 

model containing a large deformation framework, slip, twinning, and detwinning. The 

numerical results showed that the evolution of lattice strain during the whole fatigue life 

(80 cycles) was in good agreement with the results of neutron diffraction. In addition, 

they demonstrated that the maximum twin volume fraction increased from the 1st to 2nd 

cycle, followed by a decrease until the 20th cycle and a secondary increase after the 20th 

cycle due to the activity of basal slip and twinning and the contribution of the residual 

twins [164]. 

Yaghoobi et al. [153] successfully modeled the fatigue behavior of the ZK60A Mg 

alloy along the extrusion direction by including a Taylor-type model in the PRISMS-

Plasticity (an open-source crystal plasticity software) [165]. However, such crystal 

plasticity models do not account for the effect of stress within the twin on the slip, 

twinning, and detwinning. More recently, Yaghoobi et al. [159] used in-situ SEM-DIC 

(scanning electron microscope – digital image correlation) results to calibrate their 

advanced twinning/detwinning model for capturing the statistics of twin variants 

activation and twin area fraction in the fatigue of extruded Mg-4Al Mg alloy. In addition, 

they also predicted the first dominant twin variant for 47.5% of the grains and at least one 

of the two dominant twin variants for 80% of the grains at maximum compressive strain. 

The CP model explained in section 1.4.2 was successfully applied to simulate the 

cyclic stress-strain curves of an Mg-RE alloy during computational homogenization at 
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different strain amplitudes (Fig. 1.7) [154]. According to Zhang et al. [154], basal and 

prismatic slip and continuous twinning-detwinning were the key mechanisms activated 

to accommodate cyclic deformation. Their material had an unusual texture which they 

approximated using a composite material made of Mg inclusions with the basal plane 

almost parallel to the extrusion axis (<5◦) embedded in a matrix of Mg crystals with 

random texture. In the matrix portions of the microstructure, basal slip always 

contributed more than prismatic slip, whereas prismatic slip was more significant in the 

inclusions when the material was deformed at high cyclic strain amplitudes. Full 

detwinning was placed in the inclusion areas of the fatigue cycle but not in the matrix 

sections, demonstrating the effect of texture on cyclic deformation processes. 

1.4.4. Prediction of Fatigue Life in Polycrystals 

The localization of damage is the main mechanism responsible of fatigue crack 

nucleation in polycrystals and it is associated with the extreme values of the statistical 

distribution of the microstructural features rather than on the average values. As a result, 

there is a significant experimental scatter among “nominally” similar polycrystals, which 

makes it challenging to draw a firm connection between microstructure and properties 

[91]. It is evident that only simulation approaches that consider the microstructural 

features (microstructure-sensitive computational modeling of fatigue) may establish a 

relationship between microstructure and fatigue properties [91,166,167]. 
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Figure 1.7 – Experimental (black) and simulated (red) cyclic stress-strain curves of the 
Mg-1Mn-0.5Nd (wt.%) alloy deformed along the extrusion direction. Different plots 
correspond to specimens deformed initially in either tension or compression at different 
cyclic strain semi-amplitudes (Δε/2 = 0.8%, 2%, and 4%). 

Fig. 1.8 shows the modeling framework for the fatigue behavior of polycrystalline 

metallic alloys based on the computational homogenization of polycrystals (CHP). The 

numerical simulation of the mechanical behavior of an RVE is the first step to acquire the 
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micromechanical fields in the whole RVE during cyclic deformation. The primary 

characteristics observed during the cyclic deformation of metallic alloys, including the 

Bauschinger effect, mean stress relaxation, ratcheting, and cyclic softening/hardening, 

should be considered in the constitutive model of single crystals, so the deformation 

mechanisms are adequately represented. This is often achieved through 

phenomenological models whose parameters should be calibrated for each alloy by 

comparing them to experimental cyclic stress-strain curves. Trial and error methods or 

optimization algorithms built on creating an objective error function can be used to 

complete this task [168]. The mechanical response of the polycrystal changes with the 

number of cycles until a stable stress-strain hysteresis loop is achieved. Depending on the 

alloy and the loading conditions, stabilization of the mechanical behavior may require a 

few cycles up to a few hundreds or thousands of cycles [168]. 

 

Figure 1.8 – Coupled experimental-simulation strategy to predict the fatigue life of 
polycrystalline metallic alloys using computational homogenization of polycrystals [91]. 
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The prediction of the fatigue life is based on some fatigue indicator parameters 

(FIP), which are obtained from the evolution of mechanical fields and internal variables 

at the local level within the RVE when the stabilized cyclic stress-strain hysteresis loop 

has been determined through computational homogenization of the RVE. The main 

feature which controls crack nucleation can be described by the different FIPs according 

to the literature. Moreover, phenomenological relations can be used to link these FIPs to 

some stages of the fatigue life of the alloy under study (crack nucleation, minor crack 

propagation, or whole fatigue life) [91,169,178,170–177]. The most common FIPs reported 

in the literature are the accumulated plastic strain per cycle [169,170,173], the maximum 

shear strain [179–182], and the energy dissipated [174,183] or the energy density stored 

[173,175] in each cycle. It should be noted that the propagation of small micro-cracks 

dominates the majority of the fatigue life under low-cycle fatigue. However, most 

computational homogenization-based methods for predicting fatigue life assume that the 

fatigue life can be predicted using FIPs acquired from RVEs without cracks [91,184]. 

Zhang et al. [154] reported that the plastic shear strain accumulated in the slip 

system 𝛼 of the voxel V during each fatigue cycle of an hcp Mg crystal can be calculated as 

follows [154] 

∆𝛾𝛼(𝑉) =  ∫ |𝛾̇𝛼(𝑉)|𝑑𝑡
 

𝑐𝑦𝑐
         (1.12) 

It should be noted that they did not include the contribution of twinning/detwinning 

to the plastic shear strain because it was assumed that this reversible process did not 

contribute to the accumulation of damage in Mg-RE alloys [94,154]. As an extension of 

Zhang’s model, it was assumed that plastic strain associated with twinning/detwinning in 

each cycle can also lead to fatigue crack nucleation and their contribution to the FIP was 

also considered. The amount of ∆𝛾𝛼(𝑉) will be different throughout the RVE 

microstructure, and fatigue cracks will be initiated in the voxel with the highest 

cumulative plastic shear strain in stable fatigue cycles, which was considered as the FIP 

[154]. The fatigue life of an Mg-RE alloy has been predicted using the amount of 

cumulative plastic shear strain in different numbers of slip systems during one fatigue 

cycle according to equation (1.13) [154]. 

𝑁 = ∆𝛾𝑐 / ∆𝛾𝑠
𝛼          (1.13) 
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where ∆𝛾𝑐 is a material constant and N stands for the number of cycles to failure, which 

could be measured/compared with experimental data [154]. 

In addition, Briffod et al. [152] showed that the twin-induced FIPs had better trends 

in terms of mean behavior, relative dispersion, and stress amplitude sensitivity than the 

slip-induced (basal slip) FIPs to predict the high cycle fatigue life of AZ31 Mg alloy under 

load-controlled condition (Fig. 1.9) [152]. Therefore, it was claimed that twin initiation, 

despite the abundant basal slip even at low-stress amplitude, dominates the fatigue 

behavior under fully reversed load control. It should be noted that the use of FIPs to 

predict the fatigue life in Mg alloys is limited to the two studies mentioned above. 

 

Figure 1.9 – Distribution of the extreme inverse FIPslip and FIPtwin per aggregate 
fitted against experimentally observed crack initiation lives [152]. 

1.5. Motivations and Objectives 

The fatigue behavior of Mg alloys has received much attention in recent years. 

However, conclusions could not be drawn on the effect of microstructural parameters 

(grain size, grain boundary orientation) on the fatigue behavior of Mg alloys. 

Furthermore, accurate analyses that provide reliable statistical information about the 

influence of different dominant deformation mechanisms (either basal slip, 

twinning/detwinning, or pyramidal slip) on fatigue crack nucleation mechanisms of Mg 

alloys are lacking. This information is essential to design Mg alloys with optimum fatigue 

resistance and also as input to predict the fatigue life of Mg alloys from fatigue indicator 

parameters [91,152,154]. 

[84] 
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In parallel, there are many investigations using crystal plasticity models to obtain 

the cyclic stress-strain curves in Mg alloys,  as discussed in section 1.4.3. However, no 

study uses only one set of parameters to predict the cyclic stress-strain curves of Mg alloys 

at different strain amplitudes and orientations. In addition, the use of FIPs to predict the 

fatigue life in polycrystals was studied by different researchers, as was discussed in section 

1.4.4. However, there are very few studies based on FIPs to predict the fatigue life of Mg 

alloys in the literature. 

Therefore the objectives of this thesis are to study the link between deformation 

mechanisms and crack initiation under fully reversed strain-controlled fatigue of Mg 

alloys and to use this information to predict the fatigue life of Mg alloys under fully 

reversed strain-controlled condition from computational homogenization simulations. 
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2. MATERIAL AND EXPERIMENTAL TECHNIQUES 

2.1. Material 

A rolled AZ31B-O magnesium alloy slab of dimensions 80×65×500 mm 

perpendicular to the rolling direction was purchased from Magnesium Elektron 

Company. The nominal chemical analysis provided by the supplier is shown in table 2.1. 

Table 2.1 – Nominal Chemical Analysis of AZ31B-O 

Chemical Analysis 

Alloying Element Content (%) 

Aluminum 2.89% 

Zinc 1.05% 

Manganese 0.42% 

Magnesium Balance 

2.2. Sample preparation 

2.2.1. Cutting 

Three sheets with dimensions of 15×15×3 mm were cut with a handsaw to study the 

texture and microstructure of the as-received material. The samples were obtained from 

rolling-transverse, rolling-normal, and 45° between rolling and normal planes of the 

rolled material (one for each plane). 

Flat dogbone samples for fatigue tests were obtained using Electrical Discharge 

Machining (EDM) in the rolling direction (RD), transverse direction (TD), normal 

direction (ND), and 45° between rolling and normal directions (45°) from the as-received 

materials. The dimensions of the specimens are shown in figure 2.1. EDM is a well-known 

method that offers remarkable advantages when machining magnesium alloys, such as 

the possibility of reproducing complex geometries, suppression of the heating in the 

samples, and excellent surface finish. 
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Specimens with rectangular cross-sections were selected in this investigation 

(instead of cylindrical ones that are standard to measure the fatigue life) to accurately 

assess the deformation and fracture mechanisms on the flat lateral surfaces during 

interrupted fatigue tests.  

 

Figure 2.1 – Schematic of fatigue samples. 

2.2.2. Surface Preparation 

All the texture samples were prepared by mechanical grinding. Each surface was 

manually ground on consecutive abrasive SiC papers with a grit size of 1200, 2000, and 

4000, followed by three polishing steps with 3 µm, 1 µm, and 0.25 µm diamond paste. 

Afterwards, they were etched using Nital 5% (5% nitric acid and 95% ethanol) solution at 

room temperature to eliminate the residual stresses after grinding. 

Three specimens per condition were prepared for fatigue life tests. The surfaces and 

edges were manually ground on consecutive abrasive SiC papers with grit sizes of up to 

4000, leading to mirror-like surfaces. The main concern of the process was ensuring an 

identical surface quality in all the materials to eliminate the influence of surface 

roughness on the fatigue response. 

Interrupted fatigue test samples were etched with the specific solution (chemical 

composition shown in table 2.2) for 10 seconds to reveal the grain boundaries. They were 

again etched with Nital 15% (15% nitric acid and 85% ethanol) for 2 seconds to get a 

mirror-like surface. After etching, they were cleaned by immersion in an ultrasounds bath 

of pure ethanol for 3 minutes. Thus, the microstructural details, as well as the interaction 
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between deformation mechanisms (slip bands, twins) with the microstructural features, 

could be accurately ascertained by scanning electron microscopy (SEM), and 

simultaneously grain orientation and twins could be revealed by electron back-scattered 

diffraction (EBSD). The surface of the specimens was etched because thousands of grain 

boundaries should be analyzed in the SEM to determine the exact crack initiation sites. It 

should be noted that the depth of the grain boundaries after etching was measured by 

atomic force microscope, and the average grain boundary depth was very small (< 250 

nm). This etching step can significantly affect the stress concentration at grain boundaries 

in the high-cycle fatigue test. However, it can not cause the stress concentration at grain 

boundaries in low cycle fatigue (LCF) of Mg alloys [89,90,94], and the fatigue crack 

initiation sites depend on the deformation mechanisms. 

Table 2.2 – Chemical composition of the etchant solution 

Picric Acid Acetic Acid Distilled Water Ethanol 

0.4 g 2.5 ml 2 ml 4 ml 

 

2.3. Microstructural Characterization 

2.3.1. Texture Analysis by X-Ray Diffraction (XRD) 

The macro texture evolution of the as-received samples was analyzed by X-ray 

diffraction to get more precise grain orientations. The measurements were performed 

using Cu Kα radiation at 50 kV with the sample tilt angle ranging from 0° to 90° for 

{0002} basal slip, {101̅0} prismatic slip, and {101̅1} first-order pyramidal slip systems. 

All these measurements are carried out for RD-TD, RD-ND, and 45° between RD and ND 

(45º RD-ND) planes. 

2.3.2. Electron Backscatter Diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a scanning electron microscope (SEM) 

based diffraction technique widely employed in material characterization due to its 

exceptional spatial resolution, high speed, and ability to recreate three-dimensional 

microstructures [185,186]. EBSD enables to obtain quantitative information about the 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
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grain size, grain boundary character, crystallographic orientation, and phase 

identification from the surface of bulk polycrystals.  

The microstructural features were acquired from the area at the center of the 

samples with a FEI Helios Nanolab 600i dual-beam microscope equipped with a Nordlys 

EBSD detector from Oxford Instruments. Statistically representative maps containing at 

least 1500 grains were collected for each condition with an acceleration voltage of 20 kV 

and acceleration current of 2.7 nA. The step size was one-twelfth of the average grain size 

to guarantee an acceptable mapping resolution.  

Average grain size, grain size distribution, grain boundary misorientation angle, and 

crystal orientation were extracted from the raw data using the Matlab toolbox MTEX 

[187]. Following the common practice, the minimum misorientation angle to define a 

high-angle grain boundary was set to 10° for grain detection. MTEX allows reconstructing 

the grains in the EBSD map through a Voronoi decomposition of the domain [187]. The 

grains were reconstructed from the crystallographic orientation recorded for the indexed 

pixels with a grain boundary threshold angle of 2°. Then, the grains whose grain size was 

smaller than 25 pixels were removed, and the grain computation was repeated. 

Afterwards, the EBSD dataset was restricted to the indexed phase (Mg), and the 

inaccurate measurements were removed using a spline filter. Then, the orientation of 

missing data was interpolated using the nearest neighbor method, and grain boundaries 

were smoothed. 

2.4. Mechanical Characterization 

2.4.1. Fatigue Life Tests 

The fatigue life tests are intended to obtain the fatigue life curves and assess the 

evolution of the stress-strain curves. The deformation in the central section of the 

cylindrical specimens was measured and controlled with an extensometer. Fully reversed 

(R = -1), constant strain amplitude low cycle fatigue tests (N < 105 cycles) were performed 

using the servo-hydraulic Instron 8802 testing machine. Fatigue life tests were carried 

out at three different cyclic strain semi-amplitudes of ∆ɛ/2 = 0.4%, 0.8 %, and 2.0% at a 

constant frequency of 0.5 Hz in RD, ND, TD, and 45º between RD and ND. The specimens 
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were initially deformed in compression in all cases. The load and the deformation were 

recorded during the tests, which finished when the sample failed. 

2.4.2. Interrupted Fatigue Tests 

Two different cyclic strain semi-amplitudes of ∆ɛ/2 = 2.0% and 0.4% in RD and 45° 

RD-ND were selected for interrupted tests to have all the dominant deformation 

mechanisms (basal slip, twinning/detwinning, pyramidal slip) in fatigue of magnesium 

alloys. These tests were stopped before failure at the number of cycles indicated in Table 

2.3. They correspond to approximately 1/5 of the fatigue life in the specimens oriented at 

45º RD-ND and 1/3 of the fatigue life in those deformed along the RD. The fatigue tests 

were always stopped after the maximum compressive strain was attained. 

Table 2.3 – Number of Fatigue Cycles in the Interrupted Tests. 

Orientation 
∆𝜀

2⁄ = 0.4% ∆𝜀
2⁄ = 2.0% 

45º RD-ND 1200 cycles 50 cycles 

RD 500 cycles 50 cycles 

 

2.5. Analysis of Deformation and Crack Initiation Mechanisms 

Three circular marks were milled on the center of the samples subjected to 

interrupted fatigue tests using a focus ion beam in a dual-beam microscope (Helios 

Nanolab 600i) to track the identical area before and after deformation. The circle 

diameter and depth were 30 µm and 1 µm, respectively. An area far from circles (but still 

in the center of the sample) was chosen to avoid the possible stress concentrations at 

circles to investigate the fatigue deformation and crack initiation mechanisms. Then, the 

surface of the interrupted fatigue samples was observed with an Apreo 2S LoVac field 

emission scanning electron microscope (FE-SEM) (ThermoScientific, Netherlands) 

equipped with an Oxford-HKL EBSD detector at 20 kV and 2.7 nA before and after 

deformation to identify slip traces and fatigue crack nucleation sites at sub-micron scales. 
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Slip Trace Analysis 

The use of EBSD in trace analysis has provided substantial and reliable evidence of 

the active deformation mechanisms. This approach has emerged as a crucial tool in 

resolving several outstanding controversies regarding the plasticity of Mg alloys [188]. 

The methodology used in this study to determine the active slip system or twin is 

explained in [188–190] and it has been summarized below.  

The experimental approach utilized by Cepeda et al. [188] is illustrated in Fig. 2.2. 

To avoid the impact of surface oxidation, which could hinder the observation of trace 

appearance during straining, mechanical tests are performed using a microtensile testing 

machine (Fig. 2.2a) within an SEM. 

The determination of slip activity is determined as follows. A slip trace is defined as 

a straight line that emerges from the intersection of an active slip plane with the sample 

surface, as highlighted in red in Fig. 2.2b. These traces become visible due to the 

formation of a surface step parallel to the specific plane after a specific strain. A twin trace 

is the long axis of a twin lamella that is visible on the surface. Firstly, EBSD is used to map 

large areas of the microstructure at the center of the gage section of the 

tensile/compression specimens before each test, as illustrated in the pre-test EBSD map 

in Fig. 2.2c. Secondly, the microstructure's evolution within these regions is monitored 

after deformation using Secondary Electron (SE) imaging with the SEM. The aim is to 

detect and track the development of as many slip traces as possible in a large number of 

grains. Post-process of the EBSD maps of the same areas is performed after 

tensile/compression testing up to a specific strain, to measure the orientations of the 

grains that exhibited slip traces. Then, a specific trace (such as the one shown in Fig. 2.2b) 

is selected, and its orientation is compared with the 12 potential traces given by a 

dedicated MATLAB code [191] from the orientation (three Euler angles) of the 

corresponding grain obtained from EBSD map (each trace corresponding to a different 

slip plane, as shown in Fig. 2.2e). In this code, the cross product between the slip plane 

normal and the Z axis of the specimen (perpendicular to the surface) in the sample 

reference frame was used to determine the theoretical orientation of the slip traces for 

each potential slip plane in Mg (basal, prismatic, or pyramidal). Finally, the selected trace 
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is assigned to the slip plane that provides the best match, with the MATLAB code also 

providing information about the Schmid Factor of the corresponding system (Fig. 2.2f). 

A similar methodology is employed to estimate twin activity. Twin lamellae are readily 

identifiable in EBSD maps after deformation because of the associated lattice rotations 

(with rotation angles dependent on the particular twin system).  

The process of trace/twin identification is repeated for as many traces/twins as 

possible to obtain data that are statistically significant to estimate the activity of different 

deformation mechanisms. The frequency of observed traces is then linked to the activity 

of different slip and twin systems. 

According to Schmid's law, a slip system can become active only if the resolved shear 

stress applied to the material exceeds the critical resolved shear stress of that particular 

slip system [192]. The slip or twinning system with the highest Schmid factor (SF) is the 

most likely to be activated [193–195]. Therefore, SF is commonly utilized to assess the 

activation of deformation modes, particularly for Mg alloys subjected to a uniaxial stress 

state.  
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Figure 2.2 – Methodology used for slip trace analysis. a) Screw-driven tensile 
micromachine placed inside a scanning electron microscope (SEM). b) SEM micrograph 
showing the appearance of slip traces (red lines). c) and d) EBSD IPF maps in the ND 
corresponding to the SEM micrograph before and after straining, respectively. e) 
Calculation of the 12 possible traces and determination of the active slip system and f) 
Schmid factors for each grain in which a trace was detected [188].  
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3. FATIGUE DEFORMATION MECHANISMS 

3.1. Initial Microstructure 

The EBSD maps showing the grain orientations of the AZ31 Mg alloy in TD-45º RD-

ND and RD-TD planes are shown in Figs. 3.1a and 3.1c, respectively. Moreover, the 

inverse pole figures of the (0002) orientations obtained by X-ray diffraction in the same 

planes are presented in Figs. 3.b and 3.1d, respectively. Most grains are suitable for 

accommodating plastic deformation via basal slip and twinning when the material 

deformed along the 45º RD-ND in TD-45º RD-ND plane because their c axis formed an 

angle of ≈45º with this plane (Fig. 3.1b). In contrast, the material has a strong basal 

texture in the RD-TD plane with the c axis of most grains perpendicular to the RD-TD 

plane (Fig. 3.1d). Hence, the basal slip will be hindered by the low Schmid factor of all 

basal slip systems due to the orientation of the basal planes, and tensile twinning can only 

take place in compression in most of the grains during deformation along the RD. The 

initial EBSD map for the specimen deformed along RD at ∆𝜀 2⁄ = 0.4% is depicted in Fig. 

3.1c. There is a region marked with a black rectangle in the RD-TD plane (Fig. 3.1c) where 

the grains are suitably oriented to accommodate plastic deformation by basal slip. This 

region was observed in the specimen deformed along RD at ∆𝜀 2⁄ = 0.4%. However, it was 

not seen in the studied area of the specimen deformed along RD at ∆𝜀 2⁄ = 2% (Fig. 3.1e). 

In addition, some small grains (with a grain size below 20 µm) were fully twinned grains 

because of their orientation and grain boundary misorientation angle ≈ 86º (which 

corresponds to the twin boundary misorientation in Mg alloys), and 3 of them were 

marked with black arrows in (Fig. 3.1e). The grain boundaries and twin boundaries in Fig. 

3.1e are shown with black and red lines, respectively, in Fig. 3.1f to demonstrate the grain 

boundary misorientation angle (≈ 86º) of the fully twinned grains.  
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Figure 3.1 – EBSD map showing the grain orientation according to the inverse pole figures 
in (a) TD-45° RD-ND plane (c) RD-TD plane. XRD pole figures in (b) 45° RD-ND plane 
(d) RD-TD plane. (e) Initial EBSD image showing the orientation of the grains in the 

studied region in RD at ∆𝜀 2⁄ = 2%. Twinned grains (as indicated by the orientation and 

the grain boundary misorientation angle) are marked with arrows) (f) Grain boundaries 
and twin boundaries of the studied area in (e). 

The cumulative grain size distributions (obtained from two EBSD maps for each 

plane) are plotted in Fig. 3.2a for both planes. The average grain sizes are 7.2 ± 4.4 µm 

(TD-45º RD-ND) and 9.1 ± 5.2 µm (RD-TD), and this difference can be attributed to the 

rolling process. More than 80% of the grains in both orientations were < 10 µm, although 
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large grains up to 50–60 µm were also present in both planes. The fraction of large grains 

was higher in the RD-TD plane. The grain boundary misorientation distributions 

obtained from the EBSD maps (two EBSD maps for each plane) in both planes are plotted 

in Fig. 3.2b, and they are practically superposed with a maximum of around 30º. There is 

a tiny peak in both cases at around 86º, which indicates that there were very few twins in 

the as-received alloy. 

 

Figure 3.2 – (a) Cumulative grain size distributions in different planes. (b) Initial 

misorientation angle distributions in different planes.  

3.2. Cyclic Stress-Strain Curves and Fatigue Life 

The experiments to measure the fatigue life were carried out under strain control at 

cyclic strain semi-amplitudes (∆𝜀 2⁄ ) of 0.4%, 0.8%, and 2% with a strain ratio of R=-1, as 

indicated in section 2.4.1. At least two tests per condition were performed to check the 

scatter. The cyclic stress-strain curves for different values of the applied cyclic strain semi-

amplitude are plotted in Figs. 3.2-5 for the different orientations along RD, TD, ND, and 

45° between RD and ND, respectively. In general, the cyclic stress-strain curves reached 

a steady-state condition after a few cycles and presented similar features to those reported 

by others [76,79,82,83] in Mg and Mg alloys.  
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The hysteresis loops of the specimen deformed along the RD are not symmetric (Fig. 

3.3). Plastic deformation during the compression part of the first cycle occurs at constant 

stress (Fig. 3.3), and this behavior is in agreement with massive twining, which is 

supported by the strong basal texture (Fig. 3.1d). Detwinning is expected to be active 

during unloading, particularly when the far-field stresses become tensile until it is fully 

completed. Tensile twinning cannot accommodate further plastic deformation in tension, 

and most grains are not suitably oriented for basal slip. Thus, the pyramidal slip has to be 

activated, leading to a strong strain hardening (Fig. 3.3) [80,85,154,196,197]. The shape 

of the stress-strain curve in the second load cycle in tension was not the same as in the 

first cycle. The strain range of the twinning part at second cycle is much larger than the 

first cycle, therefore, there are many more twins. As a result, the detwinning part in 

second cycle accommodated larger strains. Afterwards, the shape of the cyclic stress-

strain curves did not change significantly with the number of cycles until failure. The 

plastic deformation mechanisms were similar during the whole fatigue life and are 

reflected in the corresponding shapes of the hysteresis loops at the 100th cycle in the RD. 

The shape of the stress-strain curves in the TD is similar to the ones in the  RD (Fig. 

3.4) due to the similar sequence of active deformation mechanisms. These stress-strain 

curves for RD and TD were also reported in other investigations [80,84]. 

The shapes of the stress-strain curves along the ND also show similar differences 

between the tension and compression regions (Fig. 3.5), although the sequence of events 

was different. The curves showed parabolic hardening during compression in the first 

cycle, followed by twinning when the load was reversed to tension. The shape of the stress-

strain curve in the second load cycle in compression was not parabolic (presented an S-

shape) due to the development of detwinning (like in the tensile region of the second cycle 

along RD and TD). This asymmetric behavior in cyclic stress-strain curves of the AZ31 

magnesium alloy agrees well with the previous investigations in the hot-rolled condition 

[65,80]. 
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Figure 3.3 – Cyclic stress-strain curves of the RD specimens loaded in cyclic deformation at 
different strain amplitudes. 

 

 

 

 

 



Chapter 3. Fatigue Deformation Mechanisms 

 

41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Cyclic stress-strain curves of the TD specimens loaded in cyclic deformation at 
different strain amplitudes. 
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Figure 3.5 – Cyclic stress-strain curves of the ND specimens loaded in cyclic deformation at 
different strain amplitudes. 

The cyclic stress-strain curves of the specimens deformed along 45º RD-ND at 

different number of cycles are plotted in Fig. 3.6. The hysteresis loops are symmetric from 

the first fatigue cycle in the specimens deformed along 45º RD-ND, and this behavior 

indicates that similar deformation mechanisms are active in the tensile and compressive 

parts of the fatigue cycle. Taking into account the orientation of most of the grains (Fig. 

3.1b), basal slip is expected to be the dominant deformation mechanism together with 
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tensile twinning [65,92,93,198]. In addition, grains twinned during the compressive part 

of the cycle will detwin in the tensile part and viceversa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 – Cyclic stress-strain curves of the 45° specimens loaded in cyclic deformation at 
different strain amplitudes. 

The stress-strain curve of the first cycle in RD, TD, ND, and 45º RD-ND at ∆ɛ/2 = 

2% is shown in Fig. 3.7 to clarify the effect of the deformation mechanism on the cyclic 

stress-strain curves in the rolled AZ31 Mg alloy. It is evident that the yield stress during 

deformation along 45º RD-ND (compression part) is much lower (≈70 MPa) than in other 

orientations because deformation will mainly be accommodated by basal slip (which has 
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the minimum CRSS among different deformation mechanisms in Mg alloys) instead of 

either twinning or pyramidal slip. Deformation along the ND (compression) leads to the 

highest yield stress (≈140 MPa) due to the activation of pyramidal slip (which has the 

maximum CRSS among different deformation mechanisms in Mg alloys). Finally, the 

activation of twinning (CRSSBa<CRSSTw<CRSSPy in Mg alloys) in the compressive part of 

the cycles in RD and TD resulted in a yield stress of 100 MPa. 

 

Figure 3.7 – Cyclic stress-strain curves of the first cycle for different orientations at ∆ɛ/2 = 
2%. 

The stress-strain curves of the first cycle at the ∆ɛ/2 = 0.4%, 0.8%, and 2% in RD 

are plotted in Fig. 3.8 to illustrate the strain semi-amplitude dependency of the hysteresis 

loops. As shown in Fig. 3.8, the hysteresis loops are narrow and almost symmetric at a 

low strain amplitude of 0.4%. In addition, the maximum stress in tension in each fatigue 

cycle is higher than the maximum stress in compression, and the asymmetry increases 

with ∆ɛ/2 because of the strain hardening associated with pyramidal slip 

[30,36,65,67,68,83,89,90].  
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Figure 3.8 – Cyclic stress-strain curves of the first cycle for different strain semi-amplitudes 
in RD. 

The evolution of the maximum (𝜎𝑚𝑎𝑥) and minimum (𝜎𝑚𝑖𝑛) stress in each cycle with 

the number of fatigue cycles 𝑁 is plotted in Fig. 3.9 for the specimens deformed along RD, 

TD, ND, and 45° RD-ND. There are large differences between the absolute values of 𝜎𝑚𝑎𝑥 

and 𝜎𝑚𝑖𝑛 in the RD, TD, and ND for any given cyclic strain semi-amplitude due to the 

activation of different deformation mechanisms in the tension and in compression, and 

the differences increase with ∆ɛ/2. In contrast, the magnitude of the maximum and 

minimum stress is the same when the samples are loaded along 45º RD-ND (𝜎𝑚𝑎𝑥 ≈

|𝜎𝑚𝑖𝑛|). 

A glance at the results for 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛 suggests that both 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛 remained 

almost constant throughout the test at ∆𝜀 2⁄  =  0.4%, while a slight cyclic hardening 

occurs in both tension and compression with the number of cycles at ∆𝜀 2⁄  =  0.8% and 

∆𝜀
2⁄  =  2% for any material orientation. Thus, higher strain amplitudes result in larger 

cyclic hardening. The maximum cyclic hardening was observed in the compressive stress 

of the specimens deformed along the RD and TD (Fig. 3.9a and 3.9b). It could be 

attributed to the latent hardening associated with the interaction of the twin boundaries 

with the pyramidal dislocations accumulated during the tensile part of the cycle because 
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the twins act as obstacles to dislocation motion. Moreover, the hardening ratio increased 

with ∆𝜀 2⁄  because the contribution of twinning also increased. These results are in good 

agreement with the previous studies on te evolution of the maximum (𝜎𝑚𝑎𝑥) and 

minimum (𝜎𝑚𝑖𝑛) stress as a function of the number of fatigue cycles [65,80]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 – Evolution of the maximum (𝜎𝑚𝑎𝑥) and minimum (𝜎𝑚𝑖𝑛) stress as a function of 
the number of cycles 𝑁 in different orientations. 
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The fatigue life is plotted in Fig. 3.10 as a function of applied cyclic strain semi-

amplitude (∆𝜀 2⁄ ) for the rolled AZ31 Mg alloy deformed along RD, TD, ND, and 45º RD-

ND. The fatigue life at 45º RD-ND is much longer than that along other orientations. The 

origin of the differences between fatigue lives at different orientations can be traced to the 

activation of the different deformation mechanisms at different orientations. It should be 

noted that the lines in Fig. 3.10 are drawn by connecting the average fatigue lives at 

different strain amplitudes in each orientation. 

 

Figure 3.10 – Fatigue life as a function of the cyclic strain semi-amplitude, ∆𝜀 2⁄  of the all 

specimens. RD, ND, TD, and 45º RD-ND stand for the samples deformed along rolling, normal, 
transverse, and 45º between rolling and normal directions, respectively. 

3.3. Cyclic Deformation Mechanisms in RD 

The surface of the specimens after 1/3 of the fatigue life was analyzed using SEM to 

discover the dominant deformation mechanisms as a function of the strain amplitude in 

the RD (Table 3.1). The theoretical orientation of the slip systems (basal and pyramidal 

slip) and of six different tensile twin variants were determined grain by grain in all 

samples using slip trace analysis methodology by grain orientation (which was extracted 

from EBSD maps) presented in [188–190]. These theoretical traces were compared with 

the orientation of the slip bands and of the elongated twins observed in the deformed 
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specimens in the SEM using secondary electrons. Most active slip systems had a distinct 

slip plane trace and appropriate deviation angles for other slip planes. Although, the slip 

trace analysis cannot discriminate between slip systems if they share the same slip plane. 

In these cases, the slip system showing the largest Schmid factor was considered the active 

slip system [192,199].  

The EBSD map of the sample deformed during 50 fatigue cycles along the RD at 

∆ɛ/2 = 2.0% is plotted in Fig. 3.11a. The test was stopped at zero load after reaching the 

maximum compressive strain, and the inverse pole figure map shows that the c axis of 

several grains was reoriented nearly 90° from ND towards RD and 

the <112̅0> or <101̅0> axes became parallel to the ND. This texture change is consistent 

with the activation of tension twins. In addition, although partial de-twinning took place 

during unloading [47], many elongated twin bands are visible in the microstructure (Fig. 

3.11c). They were also identified as tension twins because of the orientation with respect 

to the parent grain and the grain boundary misorientation angle of around 86˚ (Fig. 

3.11b). The twin area fraction was 28%, indicating the importance of the twinning/de-

twinning during cyclic deformation. 

The SEM images of the specimens deformed along RD at ∆ɛ/2 = 2.0% and ∆ɛ/2 = 

0.4% are shown in Figs. 3.11c and 3.11e, respectively. It is important to mention that only 

a few slip/twin traces are marked in the SEM image in Fig. 3.11. Deformation bands were 

not evident in every grain either because the twin boundaries did not extend to the grain 

surface or because the orientation of the basal slip system was parallel to the grain surface 

and did not lead to any traces. However, they do indicate the dominant deformation 

mechanisms in this orientation. Pyramidal slip bands and elongated tensile twins were 

the main deformation mechanisms identified in the samples deformed along RD at ∆ɛ/2 

= 2% (Fig. 3.11c). There was only one basal slip trace in the sample deformed along RD at 

∆ɛ/2 = 2% and it is presented in Fig. 3.11d, even though basal slip should likewise be active 

at this cyclic strain semi-amplitude in this orientation because of the reduced CRSS to 

activate this mechanism. However, the region in Fig. 3.1e had a very strong basal texture 

(stronger than the average one), and the majority of the basal planes were (nearly) parallel 

to the RD-TD plane. As a result, the Burgers vectors of the basal dislocations were (nearly) 

parallel to the surface and did not lead to slip traces on the surface. In contrast, many 



Chapter 3. Fatigue Deformation Mechanisms 

 

49 
 

basal slip traces were found on the surface of the specimen deformed along RD at ∆ɛ/2 = 

0.4% (Fig. 3.11e) in the region in which the grains were suitably oriented for basal slip 

(Fig. 3.1c).  

 

Figure 3.11 – (a) EBSD map and (b) grain boundaries and twin boundaries of the 
specimen deformed along RD at ∆ɛ/2 = 2.0% after 50 cycles. Tension twins are marked 
with black arrows in (a). Secondary electron image showing slip bands and elongated 
twins within the grains after (c) 50 cycles at ∆ɛ/2 = 2.0% along RD, and (e) 500 cycles at 
∆ɛ/2 = 0.4% along RD. (d) The only one basal slip trace found in the sample deformed 
along RD at ∆ɛ/2 = 2.0% after 50 cycles. (f) Higher magnification  of the region within the 
red rectangle in (e). Following slip/twin trace analysis, those parallel to red lines were 
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identified as basal slip bands, those parallel to the blue lines were tensile twins, and those 
parallel to the green lines stand for pyramidal slip bands. 

The basal slip traces are always very fine and can be seen more clearly in Fig. 3.11f, 

which shows the area marked with a red rectangle in Fig. 3.11e at higher magnification. It 

should be noted that the absence of pyramidal slip traces in this specimen indicates that 

the stresses during the tensile part of the fatigue cycle were insufficient to produce 

pyramidal slip bands due to the low strain semi-amplitude of 0.4%. However, pyramidal 

slip should be present in these samples to explain the asymmetry between the maximum 

and minimum stress in each fatigue cycle (Fig. 3.3). In addition, Shi et al. [92] analyzed 

the strain-controlled fatigue deformation mechanism in a hot-rolled AZ31B Mg alloy and 

have also shown that the basal slip and twinning were activated along RD and ND at the 

strain semi-amplitude of ∆ɛ/2 = 1%. 

A large effort was carried out to look for slip traces and twins in more than two 

thousand grains at different cyclic strain semi-amplitudes in RD to get quantitative data 

regarding the predominant deformation mechanisms. The results of this analysis are 

depicted in Table 3.1. The fraction of the grains with slip traces or twin bands in the 

specimens deformed along RD was reduced from 25.6% (∆ɛ/2 = 2%) to 7.2% ( ∆ɛ/2 = 

0.4%) when the cyclic strain semi-amplitude decreased. Pyramidal slip bands have the 

highest fraction (72.3%) in the sample deformed along RD at ∆ɛ/2 = 2% (Table 3.1). In 

addition, both pyramidal slip bands and elongated twins appeared in the same grain in 

9.1% of the grains, showing that both mechanisms can be active simultaneously due to the 

grain orientation. The large tension-compression anisotropy in the cyclic stress-strain 

curves, which was caused by the activation of pyramidal slip during the tensile part of the 

cycle, is consistent with these observations.  

According to slip trace analysis along RD at ∆ɛ/2 = 0.4% (Table 3.1), the primary 

deformation mechanisms were elongated twins and basal slip bands, which were found 

in 170 grains of the studied area in the deformed specimen (Table 3.1). Very few grains 

are well oriented for the basal slip because of the strong basal texture, which means that 

the deformation must be accommodated in fewer grains, which take up more plastic 

deformation. As a result, the presence of basal slip bands is limited. In fact, it was common 

to find basal slip traces in elongated clusters of tiny grains that were suitably oriented for 
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basal slip. These clusters of grains  in which deformation was localized were oriented 

parallel to the basal slip traces (Fig. 3.1c), and (as it will be demonstrated in the next 

chapter), they were important from the viewpoint of crack nucleation. Although it seems 

that pyramidal slip was also active in this specimen based on the asymmetry in the 

maximum stresses in tension and compression, the cyclic strain semi-amplitude was 

probably too low to promote the development of pyramidal slip bands on the surface. It 

should be noted that the pyramidal slip traces were not found in the fatigue of AZ31 Mg 

alloy at ∆ɛ/2 = 1% along RD and ND by Shi et al. [92].  

Table 3.1 – Deformation mechanisms from slip/twin trace analysis in RD. 

Orientation RD 

∆ɛ/2 (%) 0.4 2.0 

Number of grains analyzed 2348 2100 
Number of grains with traces 170 538 
Elongated tensile twins 61.2% 18.4% 
Basal slip 38.8% 0.2% 
Pyramidal slip - 72.3% 
Pyramidal slip & tensile twins - 9.1% 

 

3.4. Cyclic Deformation Mechanisms in 45º RD-ND 

The surface of the specimens deformed along 45º RD-ND was examined in the SEM 

after 1/5 of the fatigue life to reveal the main deformation mechanisms as a function of 

the cyclic strain semi-amplitude. The EBSD maps showing the grain orientation in one 

region of the specimen deformed along 45º RD-ND before deformation and after 1200 

fatigue cycles are depicted in Figs. 3.12a and 3.12b, respectively. The test was stopped at 

zero load after the maximum compressive strain was reached. This region has random 

grain orientation, and the deformed specimen shows elongated twins (shown by arrows) 

(Fig. 3.12b).  The analysis of the grain boundary misorientation angle in this region (Fig. 

3.12c) showed that these twin boundaries corresponded to tension twins (grain boundary 

misorientation ≈ 86˚). They were nucleated during the compressive part of the fatigue 

cycle and did not disappear by detwinning during unloading [65,197].  
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Figure 3.12 – EBSD maps of one region of the specimen deformed along 45º RD-ND. 
(a) Before deformation. (b) After 1200 fatigue cycles. (c) Grain boundaries and twin 
boundaries after deformation, the latter marked with red lines. The test was stopped at 
the maximum compressive strain. Tensile twins in (b) are marked with arrows. 

Figs. 3.13a and 3.13b display examples of slip trace analysis for the specimens 

deformed along 45º RD-ND at ∆ɛ/2 = 2% and 0.4%, respectively. The specimen deformed 

along 45º RD-ND at ∆ɛ/2 = 2% had basal slip bands and elongated bands parallel to the 

twins (depicted with red and blue lines, respectively). However, the specimen deformed 

along 45º RD-ND at ∆ɛ/2 = 0.4% only had elongated bands parallel to tensile twins (Fig. 

3.13b). One explanation for the lack of basal slip traces in the grains of the specimen 

deformed along 45º RD-ND and ∆ɛ/2 = 0.4% is that the deformation was consistently 

distributed over different basal slip planes in all grains, and most of the grains were 

suitably oriented for basal slip. Hence, the secondary electron images obtained from the 

SEM did not show deformation localization in slip bands in a few grains in the area that 

has been studied. However, basal slip bands appeared in many grains when the cyclic 

strain semi-amplitude was 2% because the basal slip was localized (Fig. 3.13a). It has been 

shown that the basal slip traces are visible in the fatigue of AZ31 Mg alloy along 45º RD-
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ND at ∆ɛ/2 = 1% [92]. These deformation mechanisms (basal slip and twinning) in the 

samples deformed along 45º RD-ND (representative of Mg alloys with weak basal texture) 

are in good agreement with the results of the deformation mechanism in the fatigue of 

AZ31 Mg alloy along 45º RD-ND and weakly textured Mg–3wt.% Y alloy deformed at ∆ɛ/2 

= 1%  [92,93,98,198]. 

 

Figure 3.13 – Secondary electron image showing slip bands and elongated twins within 
the grains along 45º RD-ND after (a) 1200 cycles at ∆ɛ/2 = 0.4% and (b) 50 cycles at ∆ɛ/2 
= 2.0%. Following slip/twin trace analysis, those parallel to the red lines were identified 
as basal slip bands, and those parallel to the blue lines were tensile twins. 

A massive effort was put into looking for slip traces and twins in the specimens 

deformed along 45º RD-ND at ∆ɛ/2 = 2% and 0.4% in 4515 and 1544 grains, respectively, 

to get quantitative information regarding the main deformation mechanisms in these 

specimens (Table 3.2). According to the slip trace analysis, 16% of the grains (248 out of 

1544) showed traces (either basal slip or twin band) in the specimen deformed along 45º 

RD-ND at ∆ɛ/2 = 2%, and approximately one-half of them were elongated twin bands. 

The other half were basal slip traces, which appeared due to the slip localization being 

triggered at higher cyclic strain semi-amplitude. The fraction of the grains with traces 

decreased to 3.8% by reducing the strain semi-amplitude to 0.4% in the specimens 

deformed along 45º RD-ND, all of which were tension twin bands (Table 3.2). However, 

it is essential to mention that basal slip should also be a dominant deformation 

mechanism because most grains were suitably oriented for basal slip [65,68,92,198] but 

slip traces did not appear because the deformation was not localized in a few slip planes. 
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Table 3.2 – Deformation mechanisms from slip/twin trace analysis in 45º RD-ND. 

 Orientation  45º RD-ND 

 ∆ɛ/2 (%)  0.4 2.0 

Number of grains analyzed 4515 1544 
Number of grains with traces 171 248 
Elongated tensile twins 100% 52.4% 
Basal slip - 47.6% 
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4. FATIGUE CRACK INITIATION MECHANISMS 

4.1. Fatigue Crack Initiation Mechanisms in RD 

Fatigue crack initiation sites in the specimens deformed along RD at ∆ɛ/2 = 2% and 

0.4% were analyzed at higher magnification  with secondary electrons in the same region 

where the deformation mechanisms were studied (Figs. 4.1 and 4.2). The detection of 496 

cracks in the specimen deformed along RD at ∆ɛ/2 = 2% shows that microcracking was 

widespread after 33% of fatigue life (Table 4.1). However, the number of observed cracks 

was reduced to 152 cracks by decreasing the cyclic strain semi-amplitude to 0.4% in RD 

(Table 4.1). This large number of cracks at each cyclic strain semi-amplitude led to 

statistically relevant results. Intergranular (crack at grain boundaries) and transgranular 

(cracks parallel to pyramidal slip or twin bands) cracks were discovered in the specimens 

deformed along RD at different cyclic strain semi-amplitudes (Fig. 4.1 and 4.2), in 

agreement with previous studies [89,94–96,200]. Notably, the dominant fatigue crack 

initiation sites were intergranular cracks at both strain semi-amplitudes in RD (57.2% at 

∆ɛ/2 = 2% and 62.5% at ∆ɛ/2 = 0.4%, Table 4.1). Figs. 4.1 and 4.2 show the crack initiation 

sites in the specimens deformed along RD at ∆ɛ/2 = 2% and 0.4%, respectively. A grain 

boundary crack has nucleated around a small grain which is totally twinned due to the 

eigenstrain associated with the twinning (Figs. 4.1a and 4.1b,). Examples of transgranular 

cracks parallel to pyramidal slip bands (33.9% of total cracks, Table 4.1) and tension twin 

bands (8.1% of total cracks, Table 4.1) in this specimen are displayed in Figs. 4.1c,d and 

4.1e,f, respectively. The latter was linked to the large grains (Figs. 4.1e and 4.1f). 

The grain boundary crack initiated at the triple point in the specimen deformed along 

RD at ∆ɛ/2 = 0.4% is marked with a yellow rectangle in Figs. 4.2a and 4.2c. The cracks 

parallel to the basal slip bands (red rectangle in Fig. 4.2a and 4.2b) were the second 

fatigue crack initiation mechanism (32.9%, Table 4.1), and they nucleated in clusters of 

grains suitably oriented for basal slip. The secondary images obtained from the SEM after 

500 and 800 cycles for the sample deformed along RD at ∆ɛ/2 = 0.4% are shown in Figs. 

4.3a and 4.3b, respectively. It is obvious from Fig. 4.3 that the cracks parallel to the basal 

slip band were initiated in a cluster of grains properly oriented for basal slip, and 



Chapter 4. Fatigue Crack Initiation Mechanisms 

 

56 
 

propagated through the grain boundaries to link several grains after 300 more cycles. 

Moreover, a few cracks parallel to the elongated twin boundaries in large grains were also 

found (4.5%, Table 4.1) (Fig. 4.2d and 4.2e). 

The fatigue crack initiation sites along RD were studied in more than 2000 grains in 

each strain semi-amplitude (∆ɛ/2 = 2% and 0.4%) (Table 4.1). The results indicated two 

different mechanisms: Transgranular cracks parallel to the slip bands (either pyramidal 

or basal slip) or tension twin bands and intergranular cracks at triple junctions or grain 

boundaries. The transgranular cracks parallel to the pyramidal slip bands were not found 

in the specimen deformed along RD at ∆ɛ/2 = 0.4% due to the limited number of 

pyramidal slip bands. However, this mechanism was the main transgranular crack 

initiation mechanism in the specimen deformed along RD at ∆ɛ/2 = 2%. Furthermore, a 

few transgranular cracks parallel to the twin boundaries were found at both cyclic strain 

semi-amplitudes. 

Table 4.1 – Fatigue crack initiation locations as a function of cyclic strain semi-
amplitude in RD. IC stands for intergranular cracking, and TC for transgranular cracking. 

Orientation RD 

∆ɛ/2 (%) 2.0 0.4 

Number of Cracks 496 152 
Grain Boundary Crack (IC) 57.2% 62.5% 
Basal Slip Band Crack (TC) - 32.9% 
Pyramidal Slip Band Crack (TC) 33.9% - 
Tensile Twin Boundary Crack (TC) 8.1% 4.6% 
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Figure 4.1 – Fatigue crack initiation sites in the rolled AZ31B-O sample after 50 
fatigue cycles at ∆ɛ/2 = 2.0% along RD. (a) Intergranular crack at a grain boundary 
around a fully-twinned small grain. (b) Higher magnification of the region within the 
yellow rectangle in (a). (c) Crack parallel to pyramidal slip band. (d) Higher magnification 
of the region within the green rectangle in (c). (e) Transgranular crack parallel to tensile 
twin. (f) Higher magnification of the region within the blue rectangle in (e). 

 



Chapter 4. Fatigue Crack Initiation Mechanisms 

 

58 
 

 

Figure 4.2 – Fatigue crack initiation sites in the rolled AZ31B-O sample after 500 
fatigue cycles at ∆ɛ/2 = 0.4% along RD. (a) Intergranular cracks near a cluster of grains 
with almost parallel basal slip traces (yellow rectangle) and at a triple point (red 
rectangle). (b) Higher magnification of the yellow rectangle in (a). (c) Higher 
magnification of the red rectangle in (a). (d) Crack parallel to a twin. (e) Higher 
magnification of the region within the blue rectangle in (d). 
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Figure 4.3 – Fatigue crack parallel to the basal slip bands in the rolled AZ31B-O sample 
at ∆ɛ/2 = 0.4% along RD after (a) 500 fatigue cycles and (b) 800 fatigue cycles. 

The probability of cracking as a function of the grain size for the different types of 

crack initiation sites in the specimens deformed along RD is plotted in Figs. 4.4a and 4.4b 

for ∆ɛ/2 = 2% and 0.4%, respectively. Less than 20% of grains smaller than 20 µm 

presented intergranular or transgranular cracks (associated with twin boundaries or 

basal/pyramidal slip bands), while grain boundary cracking was dominant in these 

smaller grains (Fig. 4.4a and 4.4b). These transgranular or intergranular cracks around 

or through small grains were often short and less important from the propagation 

perspective until failure. Transgranular cracks in clusters of grains that were 

appropriately aligned for basal slip were the only exception (Figs. 4.2a and 4.3a). They 

expanded quickly by connecting cracks that ran parallel to the basal slip bands in various 

grains, and they had the potential to reduce the fatigue strength. In contrast, more than 

60% of the grains > 30 µm were cracked after 33% of the fatigue life. The transgranular 

cracks in large grains (> 30 µm) were parallel to the pyramidal slip bands or along the 

tension twin bands at ∆ɛ/2 = 2% and 0.4%, respectively. They covered the whole grain 

width (for example, look at Figs. 4.2d and 4.2a) and were most likely to propagate until 

failure.  

In addition, Fig. 4.4c displays the influence of grain boundary misorientation angle 

on the probability of fatigue crack nucleation at grain boundaries in the specimens 

deformed along RD. Some grain boundary cracks were related to the small fully twinned 

grains in the specimen deformed along RD at ∆ɛ/2 = 2% (Fig. 4.1a and 4.1b), and the grain 

boundary cracks appeared due to the stress concentration induced by the twinning 
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eigenstrain. However, only 11 grains had this mechanism visible in the specimen 

deformed along RD at ∆ɛ/2 = 2%. As demonstrated in Fig. 4.4c, most grain boundary 

cracks were linked with the high values of the grain boundary misorientation angle rather 

than twinning or the interaction of slip bands or twins with the grain boundary when the 

material deformed along RD at ∆ɛ/2 = 2%. In fact, when the grain boundary 

misorientation is > 40º, the proportion of grain boundaries that initiate fatigue cracks 

grows dramatically, and 70% of grain boundaries with a misorientation angle between 

65º and 90º were cracked. On the other hand, just 3% of the grain boundaries with a 

misorientation angle of < 40º were broken. A clear explanation for this phenomenon is 

not available, although it may be probably created due to the incompatibility of 

deformation between adjacent grains, which is more likely to occur in small grains 

because the critical stress to nucleate twins or promote slip increases as the grain size 

decreases. Higher tensions are thus achieved at the grain boundaries, which encourages 

grain boundary cracking. In contrast, there is no relation between grain boundary 

cracking and grain boundary misorientation angle at low cyclic strain semi-amplitude of 

0.4% (Fig. 4.4c). 
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Figure 4.4 – (a) Fraction of crack initiation sites as a function of grain size for each 
crack initiation mechanism in the specimen deformed along RD at ∆ɛ/2 = 2%. (b) Idem 
at ∆ɛ/2 = 0.4%. (c) Fraction of intergranular cracks as a function of the grain boundary 
misorientation angle in the specimens deformed along RD. 
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4.2. Fatigue Crack Initiation Mechanisms in 45º RD-ND 

Higher magnification secondary images, in the same area where the deformation 

mechanisms were investigated, were used to find the fatigue crack nucleation sites in the 

specimens deformed along 45º RD-ND at ∆ɛ/2 = 2% and 0.4%. Because of the large size 

of the studied region, 200 to 300 cracks were found for each cyclic strain semi-amplitude 

(Table 4.2), resulting in statistically significant results. The different crack initiation sites 

for the samples deformed along 45º RD-ND at ∆ɛ/2 = 2% and 0.4% are depicted in Figs. 

4.5 and 4.6, respectively. The dominant crack nucleation sites in the specimen deformed 

along 45º RD-ND at ∆ɛ/2 = 2% were intergranular cracks (mainly occurred in triple 

points) (67%, Table 4.2), and one example is shown in Fig. 4.5a. It has been shown by Shi 

et al. [92] that the grain boundary cracks are dominant in the fatigue of AZ31 Mg alloy 

along 45º RD-ND at ∆ɛ/2 = 1%, and they were 60.5% of the total number of cracks. The 

number of transgranular crack parallel to the basal slip bands is shown in Figs. 4.5b (the 

fraction was 4.5%, Table 4.2). Furthermore, Figs. 4.5c and 4.5d show cracks parallel to 

the tension twin bands, which were observed in 14.5% of the studied grains (Table 4.2). 

Finally, Figs. 4.5d and 4.5e present clusters of short cracks parallel to the basal slip plane 

orientation. This type of cracks was also observed by other researchers during fully 

reversed strain-controlled fatigue of extruded AZ31 Mg alloy at ∆ɛ/2 = 1% [89] and it is 

most likely related to the basal slip activation inside the tension twin bands during the 

tension or compressive part of the fatigue cycle (twinned regions are properly oriented 

for basal slip). Nonetheless, the fraction of these clusters is limited (13.9%, Table 4.2), and 

they never propagated. As a result, they do not appear to be important in terms of fatigue 

failure. However, the dominant fatigue crack initiation mechanism in the specimen 

deformed along 45º RD-ND at ∆ɛ/2 = 0.4% was the cracks which were initiated at the 

tension twin/matrix boundary (73.1%, Table 4.2). Figs. 4.6a and 4.6b indicate one 

example of this type of crack. Intergranular crack, found in 27% (Table 4.2) of the grains 

in the studied area (including triple points), is depicted in Fig. 4.6c. Transgranular cracks 

initiated at the tension twin/matrix boundary propagated along the grain boundaries, as 

shown in Fig. 4.6d. No other fatigue crack nucleation sites were observed in this 

specimen. 
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Table 4.2 – Fatigue crack initiation locations as a function of cyclic strain semi-
amplitude in RD. IC stands for intergranular cracking, and TC for transgranular cracking. 

Orientation 45º RD-ND 

∆ɛ/2 (%) 2.0 0.4 

Number of Cracks 289 212 
Grain Boundary Crack (IC) 67.1% 26.9% 
Basal Slip Band Crack (TC) 4.5% - 
Tensile Twin Boundary Crack (TC) 14.5% 73.1% 
Basal Slip Band Crack within Tension Twin (TC) 13.9% - 

 

The statistical analysis of fatigue crack initiation sites along the 45º RD-ND in 1544 

and 4515 grains at ∆ɛ/2 = 2% and 0.4%, respectively, resulted in two different 

mechanisms: intergranular cracks nucleated at grain boundaries and triple points, and 

transgranular cracks appeared parallel to the twins or basal slip. The grain boundary 

cracks were the main mechanism at high cyclic strain semi-amplitudes (∆ɛ/2 = 2%), and 

the cracks at twin/matrix boundary dominate at low cyclic strain semi-amplitudes (∆ɛ/2 

= 0.4%). One possible reason for this large difference in the fraction of intergranular 

cracks in this sample at different strain semi-amplitudes is that the basal slip was much 

more active at ∆ɛ/2 = 2% (Fig. 3.13a and Table 3.2) in comparison with ∆ɛ/2 = 0.4%. As 

a result, the stress concentrations were facilitated at grain boundaries and triple 

junctions, and crack initiation followed. These types of cracks were consistent with the 

previous studies on the fatigue crack initiation of weakly textured Mg alloys [92,94].  
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Figure 4.5 – Fatigue crack initiation sites in the rolled AZ31B-O sample after 50 
fatigue cycles at ∆ɛ/2 = 2.0% along 45º RD-ND. (a) Intergranular crack at a grain 
boundary triple junction. (b) Transgranular crack parallel to the basal slip plane 
orientation (c) Crack parallel to a twin. (d) Higher magnification of the region within the 
blue rectangle in (c). (e) Short cracks parallel to the traces of basal planes within the twins. 
(f) Higher magnification of the region within the red rectangle in (e) shows the short 
cracks parallel to the traces of basal planes within the twins. 
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Figure 4.6 – (a) Fatigue crack initiation sites in the rolled AZ31B-O sample after 1200 
fatigue cycles at ∆ɛ/2 = 0.4% along 45º RD-ND. (a) Crack parallel to twin. (b) Higher 
magnification of the region within the blue rectangle in (a). (c) Higher magnification of a 
grain boundary crack at a triple point within the yellow rectangle in (a). (d) Propagation 
along the grain boundary of a crack nucleated parallel to a twin.  

Figs. 4.7a and 4.7b show the probability of the cracking as a function of grain size for 

intergranular and transgranular cracks in the specimen deformed along 45º RD-ND at 

∆ɛ/2 = 2.0%, 0.4%, respectively. These findings clearly illustrate that the grain 

boundaries are the preferential crack nucleation sites in the small grains of both strain 

semi-amplitudes. However, the cracks preferred to be nucleated at the tension 

twins/matrix boundary in large grains. Notably, the probability of initiating a fatigue 

crack is very high in large grains (above 40%), and these cracks are very long because they 

cover the entire width of the large grain. Consequently, large grains, which were well 

oriented for twinning, seem to be the preferential site for initiating fatigue cracks leading 

to failure in specimens in which basal slip and tensile twinning are the dominant 

deformation mechanisms. Finally, the effect of grain boundary misorientation angle on 

the probability of initiating a crack at the grain boundaries was studied. The results are 

depicted in Fig. 4.7c. This factor did not play any role in the fatigue crack initiation at 
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grain boundaries in the specimens deformed along 45º RD-ND at both ∆ɛ/2 = 0.4% and 

2%. However, the crack initiation probability increases with ∆ɛ/2.   

 

Figure 4.7 – (a) Fraction of crack initiation sites as a function of grain size for each crack 
initiation mechanism in the specimen deformed along 45º RD-ND at ∆ɛ/2 = 2%. (b) Idem 
at ∆ɛ/2 = 0.4%. (c) Fraction of intergranular cracks as a function of the grain boundary 
misorientation angle in the specimens deformed along 45º RD-ND. 
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5. COMPUTATIONAL HOMOGENIZATION 

The cyclic deformation of the AZ31B Mg alloy along different orientations was 

simulated by means of the finite element simulation of a Representative Volume Element 

(RVE) of the material that takes into account the microstructural features of the material 

in different orientations. A hierarchical sequence of three distinct RVEs (one RVE with 

voxel tessellation and two RVEs with voronoi tessellation) was used to determine the 

optimum parameters of the crystal plasticity model that are able to reproduce the cyclic 

stress-strain curve of the rolled AZ31B Mg alloy in different orientations. Each RVE was 

created with NEPER [123], an open-source software, and included 200 grains whose the 

grain size distribution followed the experimental one in Fig. 3.2a. The RVE of the 

polycrystal was a cubic domain with a regular mesh of 27 × 27 × 27 cubic C3D8R elements 

of Abaqus in the voxel model (Fig. 5.1a). The Voronoi-type RVEs were meshed with 

second-order modified tetrahedral element (C3D10M elements with 10 nodes of Abaqus) 

using Gmsh [201], following the Voronoi tessellation algorithm (Figs. 5.1b and c). The 

coarser and finer Voronoi type RVEs have 27427 C3D10M elements and 83318 C3D10M 

elements in Figs. 5.1b and c, respectively. 

Periodic boundary conditions were applied along the X, Y, and Z directions of RVEs 

to simulate the mechanical response. The connections between the displacements of each 

pair of nodes A and B (which located on opposite surfaces of the domain) were established 

based on 

𝐮B − 𝐮A = (𝐅̅ − 𝐈)∆BA                       (1) 

where ∆BA is the distance vector between node B and node A, 𝐈 the second order identity 

tensor. The far-field deformation gradient 𝐅̅ applied to the RVE was calculated as 

following: 

𝐮(𝑀𝑖) =  (𝐅̅ − 𝐈)𝐞𝑖          (2) 

where the orthogonal basis vectors along X, Y, and Z are 𝐞𝑖 with i = 1, 2, 3.  
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Figure 5.1 – RVEs of the microstructure including 200 grains with (a) voxel type RVE 
with 19683 C3D8R elements, (b) Voronoi type RVE with 27427 C3D10M elements, and 
(c) Voronoi type RVE with 83318 C3D10M elements. 

The vector 𝐮(𝑀𝑖) is the displacement of master node 𝑀𝑖 normalized by RVE 

dimension along direction i. Three springs of negligible stiffness, connected to a fixed 

node inside the RVE, are used to link the master nodes with the microstructure. The 

displacement of the master nodes is determined by applying a nodal force 𝐏𝑗 to the degree 

of freedom j of master node 𝑀𝑖 according to 

𝐏𝑗  (𝑀𝑖) =  (𝛔̅𝑖𝑗𝐞𝑖)𝐴           (3) 
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where 𝐴 is the projection of the current area to the of the face perpendicular to the 𝐞𝑖 in 

this direction, and 𝛔̅ is the far-field stress tensor. 

The initial orientations of the grains in each RVE were obtained from the 

experimental orientation distribution function provided by X-ray diffraction. The RVE 

with voxel tessellation was used to identify the parameters of the crystal plasticity model 

in section 5.1 to save the simulation time and cost. Afterwards, these parameters were 

used to simulate the cyclic stress-strain curves and fatigue deformation mechanisms 

using the Voronoi-type RVE with coarser mesh in section 5.2. The cyclic stress-strain 

curves of the RVE under uniaxial cyclic loading were simulated by Abaqus/Standard and 

the crystal plasticity constitutive model was coded in an User Material subroutine UMAT. 

The uniaxial cyclic deformation was achieved by applying an alternating cyclic 

displacement in one direction of the master node while keeping the total stresses in both 

perpendicular directions at zero. The applied strain rate was 10-3 s-1. 

5.1. Parameter Identification and Discretization Effects 

The elastic constants of Mg single crystals used in the simulations, obtained from 

Zhang and Joshi [145], can be found in Table 5.1. The main parameters of the crystal 

plasticity model were adjusted by comparing experimental and simulated cyclic stress-

strain curves. These parameters include the initial and saturated critical resolved shear 

stress of each slip system, as well as twinning, the corresponding isotropic hardening 

components, and the parameters for kinematic hardening for each slip system and 

twinning. They are depicted in Table 5.2. Other parameters were adopted from the 

literature for Mg alloys [202,203] and are listed in Table 5.3. 

Table 5.1 – Elastic constants in GPa [145]. 

C11 C12 C33 C13 C44 

59.4 25.6 61.6 21.4 16.4 
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Table 5.2 – Model parameters determined by comparison of the simulation results 

with the experimental cyclic stress-strain curves at different strain semi-amplitudes and 

orientations. 

Slip/Twin Mode Basal Prismatic Pyramidal Twinning 

gini (MPa) 15.2 67.3 51.3 35.4 

gsat (MPa) 25 120 100 100 

H (MPa) 10 50 1000 200 

c (MPa) - - 5000 1300 

d - - 70 70 

k - - 7.5 7.5 

 

Table 5.3 – Model parameters of the flow and hardening laws for Mg alloys 

[202,203]. 

𝑓0̇ 0.01 

𝛾̇0 0.1 

𝑚 0.1 

ℎ𝛼𝛽
′  (coplanar slip systems) 1 

ℎ𝛼𝛽
′  (non-coplanar slip systems) 1 

ℎ𝛼𝛽
′′  2 

ℎ𝛼𝛽
′′′  1 

𝑎𝑠𝑠 0.6 

𝑎𝑡𝑡 1 

 

The cyclic stress-strain curves corresponding to the deformation along RD, ND, and 

45º RD-ND obtained from the simulation of the different RVEs at Δε/2 = 2% (the highest 

strain semi-amplitude in each direction) are plotted in Figs. 5.2-5.4. The simulations were 

carried until a saturated cyclic stress-strain curve was achieved. Saturation was attained 
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after approximately 6 cycles in all orientations. The simulations capture the anisotropic 

(along RD and ND) and isotropic (along 45º RD-ND) cyclic stress-strain curves of the 

textured AZ31B Mg alloy with one set of crystal plasticity parameters. The simulation 

results with the Voronoi-type RVE with coarse mesh were very close to those obtained 

with the fine mesh and the voxel-type RVE. The simulations with the fine Voronoi-type 

RVE were very time consuming. Therefore, the coarse Voronoi-type RVE was used to 

assess the fatigue behavior of AZ31B in sections 5.2 and 5.3. 

 

Figure 5.2 – Comparison of the simulated cyclic stress-strain curves of the AZ31 Mg 
alloy deformed along RD at Δε/2 = 2% using different RVEs for the (a) First cycle (b) 
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Third cycle, and (c) Sixth cycle. The Voronoi tessellation with coarser mesh colored in red, 
the Voronoi tessellation with finer mesh colored in blue, and the Voxel tessellation 
colored in green in all figures. The simulated results overlap each other in all figures. 

 

Figure 5.3 – Comparison of the simulated cyclic stress-strain curves of the AZ31 Mg 
alloy deformed along ND at Δε/2 = 2% using different RVEs for the (a) First cycle (b) 
Third cycle, and (c) Sixth cycle. The Voronoi tessellation with coarser mesh colored in red, 
the Voronoi tessellation with finer mesh colored in blue, and the Voxel tessellation 
colored in green in all figures. The simulated results overlap each other in all figures. 
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Figure 5.4 – Comparison of the simulated cyclic stress-strain curves of the AZ31 Mg 
alloy deformed along 45º RD-ND at Δε/2 = 2% using different RVEs for the (a) First cycle 
(b) Third cycle, and (c) Sixth cycle. The Voronoi tessellation with coarser mesh colored in 
red, the Voronoi tessellation with finer mesh colored in blue, and the Voxel tessellation 
colored in green in all figures. The simulated results overlap each other in all figures. 
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5.2. Comparison of Experiments and Simulations 

The rolled AZ31 Mg alloy presented a strong texture (Fig. 3.1b) in RD-TD plane. This 

texture was included in the orientation of the grains in the RVE and it is anticipated that 

the deformation mechanisms will be different in RD, ND, and 45º RD-ND. The cyclic 

stress-strain curves and the deformation mechanisms which attained from the simulation 

and experiments in the samples deformed along RD, ND, and 45º RD-ND at Δε/2 = 0.4%, 

0.8%, and 2% will be compared in sections 5.2.1-5.2.3. It should be noted that the 

simulation was carried out until a satrurated cyclic stress-strain curve was obtained, 

which occurred after about 6 cycles for all conditions. 

5.2.1. Cyclic deformation mechanisms along the RD 

The cyclic stress-strain curves for the samples deformed along RD obtained from 

simulations of a Voronoi-type RVE with a coarse mesh at Δε/2 = 0.4%, 0.8%, and 2% are 

compared to experimental results in Fig. 5.5. The simulated curves agree well with the 

experimental results. The simulations reproduced the plastic anisotropy in the curves 

associated with the development of twinning/detwinning and pyramidal slip during cyclic 

loading along RD (Fig. 5.5). It should be noted that the experimental and simulated 

saturated maximum (tension) and minimum (compression) stresses were comparable for 

the samples deformed along RD with different cyclic strain amplitudes. In the RD 

samples, the simulated cyclic stress-strain curves stabilized rapidly (within a few cycles) 

in the tension part of the fatigue cycle, while the measured peak stress of hysteresis loop 

varied slightly during the fatigue deformation (as shown in Fig. 3.9). The compression 

part of the cyclic stress-strain curves did not saturate after a few cycles (particularly in the 

specimens deformed at Δε/2 = 2% along RD) and this cyclic hardening in the compression 

part was also found in the experimental results (as shown in Fig. 3.9). As mentioned in 

section 3.2, cyclic hardening in compression is associated with the presence of twins that 

hinder the movement of pyramidal dislocations, that build up during the tensile part of 

the fatigue cycle. 

Although the back stresses of different slip systems were considered in the current 

CPFEM model, the simulated stress-strain curves have different slopes from 

experimental ones during unloading. This reflects that the Bauschinger effect was not 
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properly captured by the simulations. The strong Bauschinger effect in Mg alloys [204–

206] occurs due to the stress relaxation caused by detwinning. During this process, local 

stresses are redistributed among grains with different orientations, which retards the 

ongoing detwinning process. Furthermore, it has been reported that the accumulation of 

dislocations at higher strain amplitudes reduces the Bauschinger effect quickly [204]. 

However, these mechanisms are not considered in the constitutive model.  

 

Figure 5.5 – Experimental (black) and simulated (red) cyclic stress-strain curves of 
the AZ31 Mg alloy deformed along RD at different strain semi-amplitudes (Δε/2 = 0.4%, 
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0.8%, and 2%). The simulated curves are plotted using the RVE  with Voronoi tessellation 
and a coarse mesh. 

The average accumulated shear slip (average of all elements) for the different 

deformation mechanisms (basal slip, prismatic slip, pyramidal slip, and twinning) is 

plotted in Fig. 5.6 as a function of the number of cycles during the fatigue of AZ31 Mg 

alloy at different strain semi-amplitudes along RD. The average accumulated slip was 

calculated by averaging the results of all elements (27427 elements) in the RVE. According 

to Fig. 5.6, deformation was mainly accommodated by twinning/detwinning and 

pyramidal slip in the samples deformed along RD at Δε/2 = 0.4%, 0.8%, and 2%. Some 

prismatic and basal slip was also observed, and their contribution to plastic deformation 

is reduced as strain semi-amplitude decreases (by comparing Figs. 5.6a-5.6c). These 

results are in a good agreement with experimental observations based on slip trace 

analysis, which are shown in Table 3.1. 

5.2.2. Cyclic deformation mechanisms along the ND 

The simulated cyclic stress-strain curves alongside with experimental ones for the 

samples deformed along ND at Δε/2 = 0.4%, 0.8%, and 2% are plotted in Figure 5.7. The 

simulated stress-strain curves exhibit good agreement with the experimental ones, 

capturing the anisotropy of the curves resulting from twinning/detwinning and 

pyramidal slip during cyclic loading along ND (Fig. 5.7). Moreover, the saturated 

maximum (tension) and minimum (compression) stresses obtained from both 

experimental and simulated data were similar for samples deformed along ND at Δε/2 = 

0.8% and 2% (Fig. 5.7b and 5.7c). However, there is a gap of about 40 MPa between the 

simulated and measured saturated maximum stress (tension) for the sample deformed 

along ND at Δε/2 = 0.4% although the saturated minimum stresses (compression) from 

simulations and experiments are comparable. It should be noted that the simulated 

stress-strain curves have different slopes from experimental ones during unloading due 

to the Bauschinger effect (which is explained in section 5.2.1). 

The results of deformation mechanisms in the samples deformed along ND (Fig. 5.8) 

show similar trends to the RD samples. However, the contribution of prismatic slip in the 

fatigue of AZ31 Mg alloy along ND was almost zero due to the orientation of the grains 

(the prismatic planes are parallel to the loading direction in most grains). 
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Figure 5.6 – Predictions of the accumulated plastic shear strains of different deformation 
mechanisms in the AZ31B Mg alloy subjected to the fatigue deformation along RD at (a) 
Δε/2 = 0.4%, (b) Δε/2 = 0.8%, and (c) Δε/2 = 2%. The accumulated shear slip by basal 
slip, pyramidal slip, prismatic slip, and twinning are shown with red, green, black, and 
blue lines, respectively. 
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Figure 5.7 – Experimental (black) and simulated (red) cyclic stress-strain curves of 
the AZ31 Mg alloy deformed along ND at different strain semi-amplitudes (Δε/2 = 0.4%, 
0.8%, and 2%). The simulated curves are plotted using the RVE  with Voronoi tessellation 
and a coarse mesh. 
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Figure 5.8 – Predictions of the accumulated plastic shear strains of different deformation 
mechanisms in the AZ31B Mg alloy subjected to the fatigue deformation along ND at (a) 
Δε/2 = 0.4%, (b) Δε/2 = 0.8%, and (c) Δε/2 = 2%. The accumulated shear slip by basal 
slip, pyramidal slip, prismatic slip, and twinning are shown with red, green, black, and 
blue lines, respectively, in all figures. 
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5.2.3. Cyclic deformation mechanisms along 45º RD-ND 

The simulated cyclic stress-strain curves for the samples deformed along 45º RD-

ND at Δε/2 = 0.4%, 0.8%, and 2% are plotted together with experimental ones in Fig. 5.9. 

The simulated stress-strain curves that were in good agreement with the experimental 

data, effectively capturing the isotropic cyclic stress-strain curves caused by basal slip 

when the samples deformed along 45º RD-ND (as shown in Figure 5.9). Furthermore, the 

saturated maximum (tension) and minimum (compression) stresses from both 

simulations and experiments were comparable for samples that were deformed along 45º 

RD-ND at Δε/2 = 0.8% and 2% (as depicted in Figs. 5.9b and 5.9c). Nevertheless, there is 

a difference of approximately 40 MPa between the simulated and measured maximum 

saturated stress (tension) for the sample deformed along 45º RD-ND at Δε/2 = 0.4% 

although the saturated minimum stress (compression) obtained from both simulation 

and experiments are comparable. 

It is worth mentioning that the simulated stress-strain curves exhibit different 

slopes from the experimental curves during unloading, which is attributable to the 

Bauschinger effect (as detailed in section 5.2.1). However, this difference in the samples 

deformed along 45º RD-ND is lower than the ones for the samples deformed along RD 

and ND because the contribution of twinning/detwinning is much lower in 45º RD-ND. 

In contrast with RD and ND samples, most of the grains are suitably oriented for 

basal slip in 45º RD-ND due to the texture (Fig. 3.1a): Therefore, the deformation in 45º 

RD-ND was mainly accommodated by basal slip. Figure 5.10 illustrates the accumulation 

of slip with respect to the number of cycles for different deformation mechanisms 

(prismatic slip, basal slip, pyramidal slip, and twinning) during the fatigue of AZ31 Mg 

alloy at different strain semi-amplitudes along 45º RD-ND. As depicted in Figure 5.10, the 

main deformation mechanism in the samples that were deformed along 45º RD-ND at 

Δε/2 = 0.4%, 0.8%, and 2% was basal slip, and the cumulative shear strain accumulated 

in other slip systems is negligible (Fig. 5.10). It should be noted that the twinning was also 

observed in our experimental results (which were shown in section 3.4), however, the 

amount of accumulated shear strain in twins were small at different strain semi-

amplitudes (which were calculated from simulations). This can be traced to the activation 
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of basal slip in a large number of grains in this orientation due to the texture (the twinning 

was activated in a limited number of grains), which produce a large amount of 

accumulated shear strain in basal slip. 

 

Figure 5.9 – Experimental (black) and simulated (red) cyclic stress-strain curves of 
the AZ31 Mg alloy deformed along 45º RD-ND at different strain semi-amplitudes (Δε/2 
= 0.4%, 0.8%, and 2%). The simulated curves are plotted using the RVE  with Voronoi 
tessellation and a coarse mesh. 
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Figure 5.10 – Predictions of the accumulated plastic shear strains of different deformation 
mechanisms in the AZ31B Mg alloy subjected to the fatigue deformation along 45º RD-
ND at (a) Δε/2 = 0.4%, (b) Δε/2 = 0.8%, and (c) Δε/2 = 2%. The accumulated shear slip 
by basal slip, pyramidal slip, prismatic slip, and twinning are shown with red, green, 
black, and blue lines, respectively, in all figures. 

5.3. Prediction of Fatigue Life 

The current approaches to predicting the fatigue life of polycrystalline materials 

involves the use of Fatigue Indicator Parameters (FIPs), according to Shenoy et al. [184]. 

These FIPs relate to the primary driving force that governs the formation of cracks, and 
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they can be determined from the local evolution of mechanical fields and internal 

variables within the RVE during each fatigue cycle [91]. The most common FIPs are based 

only on local plastic strain fields, such as the plastic shear strain that accumulates in a 

single fatigue cycle [169,170]. It should be noted that most of the fatigue life during low-

cycle fatigue is dominated by the growth of small in cracks. However, most models that 

employ computational homogenization to predict fatigue life assume that FIPs obtained 

from RVEs without cracks can be used to make predictions [91,184]. This assumption is 

supported by the observation that many FIPs, including the accumulated plastic strain 

and the energy dissipated in each fatigue cycle, serve as reliable indicators of the driving 

force behind both fatigue crack initiation and fatigue crack propagation in small cracks. 

As the plastic shear strain varies throughout the microstructure of the RVE, we 

assumed the deformation mechanism producing maximum amount of shear initiates a 

fatigue crack in Mg alloys which will propagate until failure occurs. Consequently, the 

definition of FIPs according to the average values for the plastic shear strain of a 

deformation mechanism cannot be used to prediction of fatigue life of Mg alloys using 

equation 1.13. At the same time, the maximum value of accumulated shear strain of one 

slip system was affected by the finite element discretization details. Castelluccio and 

McDowell [207] proposed various approaches to avoid fake stress concentrations and 

reduced mesh size effects. One option is to calculate the FIP by volume averaging within 

a region indicative of the crack incubation zone [184,207,208]. The dependence of FIP on 

mesh size can be avoided to some extent by considering the statistical distribution of 

accumulated shear amount inside the RVE. 

As there are 27427 elements in the coarse Voronoi-type RVE, it is possible to 

calculate the cumulative probability of ∆𝛾𝑠
𝛼 for any deformation mechanism during one 

saturated stress-strain hysteresis loop. The cumulative probabilities ∆𝛾𝑠
𝛼 for Δε/2 = 0.4%, 

0.8%, and 2% along RD, ND, and 45º RD-ND are plotted in Figs. 5.11-5.13 for basal and 

pyramidal slip. The concept can be understood as follows: for instance, when the 

accumulated plastic shear strain corresponds to a cumulative probability of 1/27427, this 

represents the highest shear amount because only one element within the RVE has 

reached this value. As the amount of accumulated shear increases, the likelihood of 

finding elements with this specific shear strain inside the RVE decreases. 
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After balancing the accumulated shear amount and its probability, the ∆𝛾𝑠
𝛼 

corresponds to a cumulative probability of 1000/27427 was chosen to define the FIP 

which will be used to predict the fatigue life in AZ31 Mg alloy for different loading cases. 

The values of accumulated plastic shear strain of basal and pyramidal slip systems for the 

samples deformed along RD, ND, and 45º RD-ND at Δε/2 = 0.4%, 0.8%, and 2% are 

shown in Table 5.4 which are extracted from Figs. 5.11-5.13.  

Calculating the cumulative probability of accumulated plastic shear strain in twins 

is difficult due to the occurrence of detwinning and twinning in one fatigue cycle. 

Therefore, the difference between the maximum and minimum shear strain produced by 

twinning in Figs. 5.6, 5.8, and 5.10 is  considered as the accumulated plastic shear of 

twins, i.e., Δ𝛾𝑇𝑤. For the samples deformed along RD, ND, and 45º RD-ND at Δε/2 = 0.4%, 

0.8%, and 2%, calculated Δ𝛾𝑇𝑤 are listed in Table 5.5. 

The accumulated plastic shear strains of different deformation mechanisms during 

one fatigue cycle were used to predict the fatigue life of AZ31 Mg alloy according to 

Equation 1.13. 

 

Figure 5.11 – Cumulative probability of accumulated plastic shear strain of (a) basal 

slip (∆𝛾𝐵𝑎) and (b) pyramidal slip (∆𝛾𝑃𝑦), in the RVE of the AZ31 Mg alloy subjected to 

fatigue deformation along RD at different cyclic strain semi-amplitudes. Green, red, and 

blue lines represent Δε/2 = 0.4%, 0.8%, and 2%, respectively. 
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Figure 5.12 – Cumulative probability of accumulated plastic shear strain of (a) basal 

slip (∆𝛾𝐵𝑎) and (b) pyramidal slip (∆𝛾𝑃𝑦), in the RVE of the AZ31 Mg alloy subjected to 

fatigue deformation along ND at different cyclic strain semi-amplitudes. Green, red, and 

blue lines represent Δε/2 = 0.4%, 0.8%, and 2%, respectively. 

 

Figure 5.13 – Cumulative probability of accumulated plastic shear strain of (a) basal 

slip (∆𝛾𝐵𝑎) and (b) pyramidal slip (∆𝛾𝑃𝑦), in the RVE of the AZ31 Mg alloy subjected to 

fatigue deformation along 45º RD-ND at different strain semi-amplitudes. Green, red, and 

blue lines represent Δε/2 = 0.4%, 0.8%, and 2%, respectively. 
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Table 5.4 – Plastic shear strain accumulated in basal (∆𝛾𝐵𝑎) and pyramidal slip 

(∆𝛾𝑃𝑦) in one fatigue cycle corresponds to a cumulative probability of 1000/27427. 

 Δε/2 = 0.4% Δε/2 = 0.8% Δε/2 = 2.0 % 

RD 
∆𝛾𝐵𝑎 = 0.0002 

∆γPy = 0.0004 

∆𝛾𝐵𝑎 = 0.001 

∆𝛾𝑃𝑦 = 0.0016 

∆𝛾𝐵𝑎 = 0.0074 

∆𝛾𝑃𝑦 = 0.0063 

ND 
∆𝛾𝐵𝑎 = 0.0001 

∆𝛾𝑃𝑦 = 0.0002 

∆𝛾𝐵𝑎 = 0.0002 

∆𝛾𝑃𝑦 = 0.0005 

∆𝛾𝐵𝑎 = 0.0009 

∆𝛾𝑃𝑦 = 0.002 

45º RD-ND 
∆𝛾𝐵𝑎 = 0.0447 

∆𝛾𝑃𝑦 = 0.0004 

∆𝛾𝐵𝑎 = 0.0938 

∆𝛾𝑃𝑦 = 0.0023 

∆𝛾𝐵𝑎 = 0.241 

∆𝛾𝑃𝑦 = 0.0138 

 

Table 5.5 – Accumulated plastic shear strain of twins (Δ𝛾𝑇𝑤) in one fatigue cycle 

corresponding to the average of all elements. 

 Δε/2 = 0.4% Δε/2 = 0.8% Δε/2 = 2.0 % 

RD 𝛥𝛾𝑇𝑤 = 0.007 𝛥𝛾𝑇𝑤 = 0.0218 𝛥𝛾𝑇𝑤 = 0.069 

ND 𝛥𝛾𝑇𝑤 = 0.0077 𝛥𝛾𝑇𝑤 = 0.0225 𝛥𝛾𝑇𝑤 = 0.0628 

45º RD-ND 𝛥𝛾𝑇𝑤 = 0.0004 𝛥𝛾𝑇𝑤 = 0.0024 𝛥𝛾𝑇𝑤 = 0.01 

 

It was shown in the experiments that the fatigue deformation of AZ31B sample was 

mainly accommodated by the pyramidal slip for the loading case of (RD, Δε/2=2%). 

However, basal slip and twinning were the main deformation mechanisms for loading 

case of (45º-RD-ND, Δε/2=0.4%).  

In this work, the critical accumulated plastic shear strain 𝛥𝛾𝐶 was treated as a 

material parameter.  𝛥𝛾𝐶 of pyramidal slip was calculated from the loading case of (RD, 

Δε/2=2%), while  𝛥𝛾𝐶 of basal slip and twinning were calculated from the loading case of 

(45º-RD-ND, Δε/2=0.4%) according to 

∆𝛾𝑐 = 𝑁. ∆𝛾𝑠
𝛼           (5.1) 
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where N is the average fatigue life from experiments and ∆𝛾𝑠
𝛼 is the plastic shear 

strain accumulated in the slip system 𝛼 (which are shown for different conditions in Table 

5.4 and 5.5). As a result, the calculated values of 𝛥𝛾𝐶 for different deformation 

mechanisms are shown in Table 5.6. 

Table 5.6 – Critical accumulated plastic shear strain of different deformartion 

mechanisms. 

Deformation Mechanism 𝛥𝛾𝐶  

Pyramidal Slip 0.9419 

Basal Slip 278.1 

Twinning 2.613 

 

The experimental fatigue life shown in Fig. 3.10 can be fitted to Equation 1.13 using 

one set of 𝛥𝛾𝐶 which are shown in Table 5.6. The prediction capabilities of different FIPs 

(plastic shear strain accumulated for basal slip FIPBa, pyramidal slip FIPPy, and twinning 

FIPTw) for the samples deformed along RD, ND, and 45º-RD-ND  at Δε/2=0.4%, 0.8%, 

and 2% are compared in Fig. 5.14. 

As shown in Figs. 5.14a and 5.14b, the FIPPy and FIPTw give reasonable predictions 

of the fatigue life in RD and ND loading cases. None of them can be nominated as the best 

due to the limited number of experimental tests.  

Moreover, the predicted fatigue lives by FIPBa along RD and ND are far from the 

experimental results. We found that the fatigue life of AZ31B along RD and ND directions 

can be predicted by FIPPy and FIPTw. Furthermore, one should give FIPTw a higher 

weighting factor because the predcited fatigue lives according to FIPTw are lower than the 

other precited by other FIPs (Figs. 5.14a and 5.14b). 

In addition, the predicted fatigue lives by FIPTw in the samples deformed along 45º 

RD-ND direction are in good agreement with the experimental results. The predicted 

fatigue lives by FIPBa were also reasonable (Fig. 5.14c). It should be noted that the FIPPy 

was not considered for the samples deformed along 45º RD-ND because the contribution 
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of pyramidal slip was negligible in comparison with basal slip in this direction (Fig. 5.10). 

It can be concluded that the fatigue life of AZ31B along 45º RD-ND direction is controlled 

by twinning in each fatigue cycle. 

 

Figure 5.14 – Comparison between measured and predicted fatigue life in (a) RD, 

(b) ND, and (c) 45º RD-ND. The experimental results are marked with black color. The 

predicted fatigue life was from calculated from the FIPs associated with the accumulated 

plastic shear strain of basal slip, pyramidal slip, and twinning (colored with red, green, 

and blue lines, respectively). 
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6. CONCLUSIONS 

The fatigue crack initiation mechanisms of textured AZ31B-O alloy under fully 

reversed strain-controlled fatigue strongly depend on the loading direction and strain 

semi-amplitude due to the activation of different deformation mechanisms. 

• In the samples deformed along RD at ∆ɛ/2 = 2%, the dominant cracking 

mechanisms are grain boundary cracking at grain boundaries with large 

misorientation angles in small grains, and transgranular cracking (parallel 

to the pyramidal slip or twin) in large grains. 

• Large cracks were found to have nucleated along twins in the sample 

deformed along RD at a strain amplitude of 0.4% in large grains. 

Furthermore, clusters of small grains that were suitably oriented for basal 

slip showed deformation localization, leading to the nucleation of large 

fatigue cracks in this sample. Although grain boundary cracks were also 

present in this sample, particularly around small grains, they were shorter 

and less critical from the viewpoint of fatigue failure. 

• Specimens oriented at 45º RD-ND were suitably oriented for basal slip and 

twining/detwinning, which were the dominant deformation mechanisms. 

They are representative of Mg alloys with low texture. The most damaging 

fatigue cracks were initiated parallel to twins in large grains at ∆ɛ/2 = 0.4% 

and 2%. Grain boundary cracks, particularly around small grains, were also 

found, and the intergranular fracture probability increased with the cyclic 

strain semi-amplitude, but these cracks are shorter and less critical from the 

viewpoint of fatigue failure. 

The fatigue life of the textured AZ31 Mg alloy can be predicted along RD, ND, and 

45º RD-ND from a fatigue indicator parameter based on the accumulated shear strain by 

slip/twinning in each fatigue cycle. 

• The fatigue life of AZ31 Mg alloy along RD and ND can be predicted from  the 

fatigue indicator parameters corresponding to pyramidal slip and twinning, 

but the last one predicts shorted fatigue life.  
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• The fatigue life of AZ31 Mg alloy along 45º RD-ND can be predicted from the 

fatigue indicator parameters corresponding to basal slip and twinning. 

Nevertheless, the fatigue indicator parameters corresponding to twinning 

predict shorter fatigue lives and are in better agreement with the 

experimental data. 

• Thus, the results of simulations and experiments conclude that fatigue life of 

textured AZ31B Mg alloy is mainly controlled by the nucleation of fatigue 

cracks from extension twin boundaries. 
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7. FUTURE WORK 

The following areas of future work are envisioned: 

• This work showed that the fatigue crack initiation mechanisms in Mg alloys 

depend on the deformation mechanisms. The high-temperature fatigue 

behavior of Mg alloys should be investigated to see the effect of activating 

grain boundary sliding and more pyramidal slips on the fatigue crack 

initiation mechanisms. 

• The predicted cyclic stress-strain curves in this study were not perfect, which 

can be attributed to the Bauschinger effect which cannot be fully captured by 

the back stress model used. To demonstrate the difference from the results of 

this study, a new crystal plasticity model with better back stress model should 

be developed. 

• The predicted fatigue lives in this study were not perfect due to the limited 

number of experiments. More fatigue tests should be done along RD, ND, and 

45º RD-ND at different strain semi-amplitudes (other than the ones were 

done in this study), and predict fatigue lives in Mg alloys in different 

orientations using machine learning models (machine learning models can 

be applied due to the large data set). 
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