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Abstract 

The influence of stress state on the drivers of non-classical twin nucleation in three-point 

bending of Magnesium alloy AZ31 is presented in this study. Deformed microstructures and 

textures at the tensile and, for the first time, shear regions are investigated in detail. The 

experimental observations coupled with the strain-gradient crystal plasticity analyses show that 

the shear nucleates more twins compared to the tensile and compressive stress-states at near 

yield-point. Stored energy density provides mechanistic insight into the local drivers of non-

classical twin nucleation observed in the shear stress-state region. Further, the twin variant 

selection follows the locally stored shear energy density criterion, as opposed to the twin 

resolved shear stress, indicating that their nucleation is driven by local energy and defect 

sources.    
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1. Introduction 

The utilization of magnesium (Mg) alloys in automotive closure and cell phone body 1 

applications is gaining traction to achieve light-weighting without compromising on the 2 

required strength-to-weight ratio [1]. This desired formability is often achieved by performing 3 

the stamping processes at elevated temperatures [2, 3, 4]. However, the current need to 4 

optimize energy consumption is driving the research and development of the cold stamping 5 

processes [5, 6]. One of the several ways to understand the deformation caused by complex 6 

stress-states in a cold stamping process is by performing three/four-point bending of Mg alloys. 7 

The bending process produces tensile, compressive and shear stress-states simultaneously 8 

within the sample. These stress-states and, therefore, the micromechanics are influenced by 9 

several factors such as the tension-compression asymmetry [7], surface features [8], texture 10 

(e.g. [9]) etc. The texture is reported to influence the bending behaviour of Mg alloys in several 11 

ways. It is demonstrated to affect the direction of shift in neutral axis during bending, which is 12 

caused by the type of deformation modes activated within the material [10, 11]. Similarly, it is 13 

also shown in other studies that the texture drives the preferential formation of extension twins 14 

and subsequent texture evolution during bending [12, 13, 14, 15].  15 

Similarly, Liu et al. [16] and Tang et al. [15] studied the effect of strong and weak starting 16 

textures on deformation behaviour of Mg alloys during bending. While the former suggested 17 

that the observed twinning was driven by local slip, it appears in the latter that twins were 18 

driven by local stresses. Paramatmuni et al. [17] defined the twins that are driven by the local 19 

energy and defect sources as non-classical, where the local shear stored energy determines the 20 

variant selection. It was demonstrated that these twins, which are also referred as non-Schmid 21 

twins, occur within parent grains that possess unfavourable local twin-resolved shear stresses 22 

(TRSS). In contrast, the twins that are driven by local favourable stresses are termed as classical 23 

twins, which are often called Schmid twins that possess positive global Schmid factors and/or 24 
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appropriately high local TRSSs. The majority of experimental studies that investigated the 25 

micromechanics of Mg alloy twinning during three-point bending reported the formation of 26 

only classical twins [16]. Further, for a given texture, the deformation behaviour of Mg alloys 27 

depends on the evolution of local incompatibilities driven by the microstructure. For instance, 28 

Baird et al. [18] reported the formation of twins in only the compressive region of rolled Mg 29 

alloy AZ31 during bending, while McClelland et al. [19] showed twins also in the tensile 30 

region, where the c-axes of grains are almost perpendicular to the local tensile stress 31 

component. They argued that these twins with very low Schmid factors were driven by the 32 

local strain incompatibilities.  33 

 These studies provide unequivocal evidence for the complex deformation behaviour of Mg 34 

alloys in bending. However, the texture in the majority of these studies is such that the bending 35 

stress renders favourable conditions for the activation of twinning in tensile or compressive 36 

regions. To the authors’ knowledge, there are limited studies such as [16] and [15] that studied 37 

the effect of bending stress normal to the ND (e.g. Bending-ND case in [15]). While the former 38 

investigated the twinning formation and texture evolution within a friction stir welded Mg alloy 39 

AZ31, the latter studied the heterogeneous deformation behaviour of an extruded Mg alloy 40 

AZ31. However, as the Mg alloys in the sheet form are often subjected to stamping operations, 41 

it is necessary to understand the response of the rolled alloy during bending when loaded along 42 

the ND.  43 

Studies focused on the tensile and compressive regions of samples have not investigated the 44 

influence of shear stress-state on twin formation. However, Huang et al. [20] studied the effect 45 

of local shear strain on twin formation. The qualitative observation of their microstructures 46 

indicate that the high localized shear strain nucleates more twins when compared with that of 47 

low shear strain. Thus, in addition to compressive and tensile, it is necessary to study the shear 48 

regions of the bending sample to obtain more complete understanding of twin formation and 49 
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resulting texture evolution during three-point bending. While the formation of twins has been 50 

shown to improve the bending formability of Mg alloys [21, 22, 23, 24], other studies suggest 51 

that their formation inhibits the performance (e.g. [14]). Therefore, it is necessary to identify 52 

the type of stress-states for a given starting texture that favour their formation to tailor the Mg 53 

alloy components based on the application. 54 

Thus, in the current study rolled Mg alloy AZ31 is subjected to three-point bending generating 55 

both in-plane shear and bending stresses normal to the ND to investigate the effect of stress-56 

state on non-classical twin formation, variant selection  and texture evolution. In addition, the 57 

micromechanical drivers of non-classical twin nucleation, the preferred microstructural 58 

locations, and the variants selected are investigated experimentally.  The observations are then 59 

assessed with finite element strain-gradient crystal plasticity (CPFE) modelling to understand 60 

the mechanistic drivers of non-classical twin nucleation and variant selection and their 61 

dependence on macroscale stress state. The article is structured as follows: the following 62 

section details the experimental and computational methods employed in the current study. 63 

Section 3 presents the experimental results of undeformed and deformed samples and the 64 

crystal plasticity analyses. These results are then discussed in section 4,  and the findings of 65 

this work are summarized in section 5.  66 

2. Methods 67 

The material preparation, characterisation of samples before and after deformation, and the 68 

three-point bending methods are detailed in the first part of this section. Later, the CPFE 69 

framework including the stored energy density and the shear stored energy density criteria, 70 

which provide the drivers of twin nucleation and variant selection respectively, are briefly 71 

introduced.   72 

2.1 Mechanical testing and material characterization  73 



5 
 

The Mg alloy AZ31, as detailed in [25], was received in the warm-rolled condition with a 74 

thickness of 7 mm. The as-received material was annealed at 350 ºC for 2 hours to obtain a 75 

twin-free microstructure. Then, the three-point bending specimen with dimensions of 4x3x12 76 

mm3 was extracted using the electrical discharge machine (wire-EDM). The experimental set-77 

up in a Shimadzu universal testing machine [26] was used to perform three-point bending at 78 

the strain rate of 0.001 1/s until a macroscopic displacement of 2 mm. 79 

The microstructures before and after deformation were characterized by performing electron 80 

back-scatter diffraction (EBSD). The samples were initially prepared by following standard 81 

metallography procedures until the 4000 grit size. Then, they were fine polished using colloidal 82 

silica. The samples were then cleaned using methanol to remove the remnant colloidal silica 83 

on the surface. Finally, they were ion-polished in a GATAN-PECS-II machine by following 84 

the steps described in [25]. The EBSD was performed in a ZEISS Sigma 300 SEM equipped 85 

with a Bruker high resolution EBSD detector with the voltage of 20 kV and ~13 mm working 86 

distance. In order to understand the twin formation during three-point bending, areas of size 87 

~500 x 500 µm2 were scanned on the surface of the sample. The scanned data was then analysed 88 

using MTEX [27, 28], an open source MATLAB tool, to study the twin characteristics.    89 

2.2 Computational framework 90 

The CPFE framework developed in [29] and later implemented in Paramatmuni et al. [30] to 91 

understand twin nucleation is employed in this study. A brief description of the formulation is 92 

as follows: 93 

The total deformation (𝐅𝐅) decomposed into plastic (𝐅𝐅p) and elastic distortion and rigid body 94 

rotation (𝐅𝐅e) is given as,  95 

𝐅𝐅 =  𝐅𝐅e𝐅𝐅p             (1) 96 
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The plastic part in the above equation is a manifestation of local shear strain accommodated by 97 

crystallographic slip systems, 98 

𝐋𝐋p = ∑ γ̇α𝐬𝐬α ⊗ 𝐧𝐧αα             (2) 99 

where 𝐋𝐋p is the plastic velocity gradient, γ̇α the shear strain rate accommodated by a given slip 100 

system α, and 𝐬𝐬α and 𝐧𝐧α are the direction and plane normal of the slip system α. 101 

The shear strain rate accommodated by the slip systems follows thermal activation of 102 

dislocations given as,  103 

γ̇α = ρmbα2νDexp �− ∆F
kT
� sinh �(τα−τcα)∆Vα

kT
�                    (3) 104 

where ρm is the mobile dislocation density, bα is the Burger’s vector magnitude of the slip 105 

system α, νD the Debye frequency, ∆F the activation energy, k the Boltzmann constant, τα and 106 

τcα are the resolved and critical resolved shear stresses (CRSS) of the slip system α, and ∆Vα is 107 

the activation volume for the system α. The hardening of the slip systems is driven by the 108 

evolution of local dislocation densities [31] as, 109 

τcα = τ0α + ζαGbα�ρSSD + ∑ ρGNDαn
α=1                     (4) 110 

in which, for a given slip system α, τ0α indicates the initial slip resistance, ζα the hardening 111 

coefficient, G the shear modulus, and ρSSD  and ρGND are the statistically stored (SSD) and 112 

geometrically necessary dislocation (GND) densities respectively. The evolution of the SSD 113 

density at a material point follows the plastic strain rate as, 114 

ρSSD = Γ ∫ ṗ dtt
0             (5) 115 

where Γ determines the rate of density evolution and ṗ is the plastic strain rate. The GND varies 116 

with the local strain gradients that accommodate lattice curvatures. This is formulated as a 117 

relationship between the Nye tensor and the GND [32] as, 118 
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curl (𝐅𝐅p ) = ∑ 𝚲𝚲αρgndαn
α=1                       (6) 119 

in which 𝚲𝚲α is the second order tensor that contains the geometric information of a given slip 120 

system α (see [33] for more details). 121 

The nucleation of twins is preceded by the accumulation of local dislocations within the parent 122 

grains at the grain boundaries. The interaction between these dislocations or between the 123 

dislocations and grain boundaries increase the local stresses, which increase the local energy 124 

stored in the material in the form of dislocation structures. This local stored energy assists the 125 

disassociation of dislocation structures that lead to the formation of twin nuclei [34, 35]. 126 

Paramatmuni et al. [30] and Paramatmuni et al. [17] demonstrated that the stored energy 127 

density (GSE) criterion satisfactorily captures  microstructure-sensitive non-classical twin 128 

nucleation. Therefore, tracking the evolution of local stored energy allows precise 129 

identification of twin nucleation sites, and is employed in the current study to understand the 130 

effect of stress-states on twin formation during three-point bending. GSE is defined as,   131 

GSE = ∫ ξ|𝛔𝛔:d𝛆𝛆p|

�ρSSD+∑ ρGND
αn

α=1

            (7) 132 

where ξ represents the fraction (5%) of energy stored within local dislocation structures due 133 

to plastic deformation [36]. As GSE is stored preferentially by GNDs [36], a characteristic 134 

length scale is associated with this quantity. Further, Paramatmuni et al. [30] and Paramatmuni 135 

et al. [17] reported that the local GSE should exceed a critical value of ~0.015 J/m2 for non-136 

classical twin nucleation.  137 

One of six available variants of extension twins nucleate at a given material point [37]. In the 138 

case of classical twins, which are driven predominantly by local stresses, Paramatmuni et al. 139 

[17] reported that the twin resolved shear stress (TRSS) within the parent grain satisfactorily 140 

predicts the active twin variant. In contrast, the prediction of variant selection for non-classical 141 
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twins is complex and requires considering the effect of local incompatibilities which may be 142 

driven by local dislocations and energy sources (e.g. [38, 39, 40]). Once GSE attains the critical 143 

value at a given parent grain boundary, the local dislocation structures disassociate to form 144 

twin nucleus. That is, the type of active twin variant is decided at this incipient stage of twin 145 

formation. Paramatmuni et al. [30] determined the energy density associated with the formation 146 

of the nuclei of all six variants using their shear stored energy density (SSE) criterion. As the 147 

formation of a stable twin nuclei requires the total energy associated with the formation to be 148 

minimum [41], Paramatmuni et al. [30] argued that the twin variant with the least SSE is selected 149 

within the parent grain.  The SSE is given as,     150 

SSE =  τβ γP
β

�ρSSD+∑ ρGND
αn

α=1

                                (8) 151 

where τβ is the shear stress and γP
β the accumulated shear strain resolved on plane 𝐧𝐧𝛃𝛃 and along 152 

direction 𝐛𝐛𝛃𝛃 of twin variant β. The TRSS and the SSE are both employed to predict variant 153 

selection in the current study. Further, the elastic constants reported in [42] and the rate-154 

sensitive single crystal material parameters obtained in [25] are utilized in the current crystal 155 

plasticity framework. 156 

3. Results 157 

The deformed and undeformed microstructures and textures are investigated in the first part of 158 

this section. These experimental observations are employed with isotropic elasto-pastic three-159 

point bending analyses to identify the stress-states at different locations of the sample. In the 160 

later part of this section, the effect of these stress-states is studied using the CPFE framework 161 

to account for the microstructural heterogeneity. The CPFE results are investigated in detail to 162 

understand the drivers of non-classical twin nucleation and variant selection.    163 

3.1 Experimental analyses of undeformed and deformed microstructures 164 
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Fig. 1(a) shows the twin-free microstructure in the ND-TD plane before deformation. The 165 

microstructure shows the majority of c-axes of grains oriented along the ND (see section A), 166 

which is a characteristic of rolled Mg alloy AZ31. This implies that loading this microstructure 167 

generates bending stresses normal to the ND, which may render it unfavourable for the 168 

formation of extension twins. The schematic representation of the three-point bending  169 

(a) 

 
(b) 

 

(c) 

 
Fig. 1. The experimental set-up showing (a) IPF map of the undeformed microstructure of rolled Mg alloy 
AZ31with the insert indicating the texture with respect to bending stresses (normal to ND), (b) schematic 
representation of the three-point bending set-up and (c) the bent sample indicating the regions of interest A and 
B for further experimental and numerical analyses. The three-point bending resulted in symmetric deformation 
bands as shown in the figure. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

 170 

experimental set-up is shown in Fig. 1(b), indicating the loading direction, ND, TD and the 171 

sample dimensions. The figure shows that the macroscopic loading of the sample for three-172 

point bending is along the TD, i.e. normal to the c-axes of the majority of grains. This implies 173 

that the The deformed sample after bending is shown in Fig. 1(c). The detailed examination of 174 

the sample surface shows two symmetric regions with deformation bands, while the rest of the 175 

sample remains relatively smooth. In order to understand the microstructures in these areas, 176 

two regions of interest (ROIs) A and B are picked to perform EBSD. The IPF maps and 177 
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corresponding basal pole figures of ROIs A and B are shown in Fig. 2. The microstructure at 178 

A (Fig. 2(a)) is similar to that of Fig. 1(a) with some intragranular misorientation indicating 179 

localized deformation. The corresponding texture in Fig. 2(b) shows strong basal texture with 180 

c-axes oriented along the ND, which may indicate that the local deformation is predominantly  181 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Fig. 2. The deformed microstructure and corresponding texture of the regions of interest in (a) and (b) ROI A, 
and (c) and (d) ROI B respectively. Observe features in IPF map of ROI B that are similar to extension twins 
and the texture reorientation in (d), which are absent in ROI A. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

 182 

accommodated by crystallographic slip. The deformed microstructure at location B (Fig. 2(c)) 183 

shows prominent intragranular misorientation along with the features that resemble extension 184 

twins. This is reflected in the corresponding basal pole figure (Fig. 2(d)), which shows the 185 

presence of orientations away from the ND. However, these orientations do not reflect the 186 

typically observed ~86.3ºreorientation of parent grains (e.g. [43]), which is a characteristic of 187 

extension twins. Therefore, the grain boundary misorientation angles within these 188 

microstructures are further investigated to confirm the formation of twins. Among the boundary 189 
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misorientations within a deformed microstructure, the extension twins are typically 190 

characterized as those with a boundary misorientation angle of ~86ºabout the 〈12�10〉 axis. 191 

Fig. 3 shows the band contrast maps of ROIs A and B along with the twin boundaries. While 192 

the map for location A shows a small number, that of location B shows a larger fraction of twin 193 

boundaries. This confirms that the features in Fig. 2(c) and the orientations  194 

(a) 

 

(b) 

 
Fig. 3. The band contrast map along with twin boundaries within the deformed microstructure of (a) ROI A 
and (b) ROI B. This confirms that the observed features in Fig. 2(c) and the orientations in Fig. 2(d) are indeed 
extension twins. Further, the fraction of twin boundaries is more in ROI B compared to that of ROI A. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this 
article.) 

 195 

observed in Fig. 2(d) are indeed extension twins. It is to be noted that this, to the authors’ 196 

knowledge, is the first study to report the deformed texture observed in Fig. 2(d), which is 197 

generated as a result of twinning, in three-point bending of Mg alloys. This shows that the 198 

macroscopically applied load is accommodated by different deformation modes within a three-199 

point bending sample. While the deformation appears to be accommodated by crystallographic 200 

slip at location A, it is the combination of slip and twinning at B.  201 

It is shown in other studies (e.g. [44]) that the nucleation of twins is sometimes driven by local 202 

dislocation structures. In order to understand the distribution of dislocation densities at 203 

locations A and B, the Hough-based method [45] is employed to determine GNDs using 204 

MTEX. Fig. 4(a) shows the GND distribution for location A, while Fig. 4(b) for that of B.  205 
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(a) 

 

(b) 

 
Fig. 4. The distribution of geometrically necessary dislocation (GND) density calculated using Hough-based 
method within (a) ROI A and (b) ROI B. The GND in ROI B is more than that of A, which could be due to the 
formation of twins. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

 206 

These figures show profound differences, where the GNDs at A appear to be localized within 207 

the fine grains, while that at B are distributed throughout the microstructure. The high GND at 208 

location B may have formed before the nucleation of twins. In that case, as the GSE that drives 209 

twin nucleation is preferentially stored in the GNDs, the location B, which contains high GNDs, 210 

nucleates more twins compared to that of A. However, it is also perfectly feasible that the twin 211 

boundaries after nucleation and growth may have acted as barriers causing local strain gradients 212 

that led to the development of GNDs. Thus, a detailed analyses of the stress-states at locations 213 

A and B are necessary to establish the drivers for twin formation.   214 

3.2 Isotropic elasto-plastic three-point bending analyses  215 

Before attempting to understand the drivers of non-classical twin nucleation and variant 216 

selection, it is necessary to establish the nature of stress-states that develop during three-point 217 

bending and their relationship with ROIs A and B. Therefore, an isotropic elasto-pastic 218 

continuum scale simulation of three-point bending is performed first using ABQUS CAE. Fig. 219 

5(a) shows the simulation set-up, which also indicates the ROIs A and B. The simulation was 220 

performed by applying a displacement of 2 mm at the strain rate of 0.001 1/s. An elastic 221 

modulus of 44.8 GPa was used. The yield stress and hardening co-efficient were extracted from 222 

the experimental data reported in [25].  223 
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Fig. 5(b) and (c) show the σXX and σXY distributions after three-point bending, where the red 224 

dashed line indicates the neutral axis. These stress distributions indicate that the ROI A lies in 225 

(a) 

 
(b) 

 

(c) 

 
Fig. 5. The isotropic elasto-plastic analyses of three-point bending showing (a) the simulation set-up and (b) 
the distribution of stress along the X-axis (σXX) and (c) shear stress (σXY). The red dashed line indicates the 
neutral axis. The ROI B is located within the shear region of the sample, while A in tensile region indicating 
that shear stress state may drive more twin formation. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

 226 

the tensile region, while B in the shear region of the sample. That is, the symmetric deformation 227 

bands observed in Fig. 1(c) are formed in the shear region of the sample and the relatively 228 

smoother regions correspond to tensile and compressive regions. For the microstructure 229 

considered in this study (see Fig. 1(a)), the c-axes of the majority of grains in the tensile region 230 

are likely to be in compression (unfavourable for classical twinning), while those in the 231 

compressive region in tension (favourable for classical twinning). Further, the ROIs are located 232 

such that the corresponding local stress-states can be approximated as uniaxial tensile and 233 

simple shear respectively. Therefore, in summary, the preliminary continuum scale modelling 234 

shows that the ROI B lies in the shear region of the sample suggesting that shear drives 235 

nucleation of more twins compared to that of the tensile stress-state. However, as the nucleation 236 

Dunne, Fionn P E
Please could you relocate the XYZ coord axes system to the origin on the front surface of the sample.
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of twins is a complex phenomenon influenced by several factors, the numerical analyses are 237 

developed to investigate local heterogeneity in the microstructure and the drivers of non-238 

classical twin formation 239 

3.3 Crystal plasticity finite element analyses of twin formation and variant selection 240 

The detailed crystal plasticity analyses of the effect of stress-state on twin nucleation requires 241 

an explicit representation of the microstructure to account for local heterogeneities. For this, a 242 

region of microstructure at ROI B is utilized as shown in Fig. 6(a), where the ROI on the right  243 

(a) 

 
 

(b) 

 
(c) 

 

(d) 

 

(e) 

 
Fig. 6. The simulation set-up for the crystal plasticity analyses showing (a) the ROI and the grains of interest 
G1, G2 and G3 for the CPFE analyses, (b) the reconstruction of the undeformed microstructure for CPFE 
analyses, and boundary conditions for (c) uniaxial compression, (d) uniaxial tension and (e) simple shear. The 
twins are removed from the deformed microstructure in (a) and the average crystallographic orientations of 
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grains are assumed to be equivalent to the undeformed orientations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

 244 

shows that used for crystal plasticity analyses. The figure also indicates three grains of interest 245 

(GOIs) G1, G2 and G3, which are considered later for more detailed analyses. In order to 246 

replicate the microstructure before deformation, the ROI for CPFE analyses is reconstructed to 247 

comprise only the parent grains as shown in Fig. 6(b). The crystallographic orientations within 248 

the respective grains of the deformed microstructure are averaged and assumed to be equivalent 249 

to the undeformed crystallographic orientations of parent grains used for crystal plasticity 250 

analyses. In addition, the local deformation within three-point bending is inhomogeneous, 251 

especially in the shear region of the sample. However, based on the distributions in Fig. 5(a) 252 

and (b), the stress-states at A and B may be considered approximately to be uniaxial tensile and 253 

simple shear respectively thus enabling the investigation of the effect of stress-state on the 254 

drivers of non-classical twin formation. In addition to these, as the compressive stress states 255 

are likely to drive the formation of classical twins, the uniaxial compression along the X 256 

direction is also considered for the sake of completeness, in the context of non-classical twin 257 

formation. The boundary conditions to simulate these stress-states are depicted in Fig. 6(c), (d) 258 

and (e) respectively. In the case of compression (Fig. 6(c)), the left, bottom and back surfaces 259 

are constrained along X, Y and Z directions respectively and the compressive displacement is 260 

applied in the X direction on the right face. Similar constraints are applied for tension and the 261 

microstructure is loaded in tension along the X direction on the right face. For shear, the bottom 262 

face is constrained both along X and Y, the back face constrained along Z and the top face 263 

subject to X direction shearing. These cases are all deformed to a macroscopic equivalent 264 

plastic strain of 0.15 % (near yield point), in order to assess the effect of stress-state alone on 265 

non-classical twin nucleation.  266 



16 
 

The resulting spatial distributions of GSE developed within the microstructures loaded in 267 

compression, tension and shear are shown in Fig. 7(a), (b) and (c) respectively.  Note that the 268 

legend on the left is limited to a maximum GSE of 0.015 J/m2, which corresponds to the critical 269 

GSE required for non-classical twin nucleation in this alloy [30, 17]. The initial assessment 270 

shows that the distributions of predicted GSE for compression and tension loading are similar 271 

but rather different to that for shear. In addition, the high energy locations are confined only to 272 

a  273 

 

 

(a) 

 

(b) 

 
(c) 

 
Fig. 7. The distribution of the stored energy density (GSE) at 0.15 % equivalent strain in the deformed 
microstructure of (a) uniaxial compression along X, (b) uniaxial tension and (c) simple shear. The legend on 
the left is limited to a maximum GSE of 0.015 J/m2, which corresponds to the critical GSE required for twin 
nucleation in this alloy. Observe the similarity in GSE distributions within uniaxial tension and compression 
RVEs, and the distribution of relatively higher GSE within sheared RVEs. The white dashed circles show that 
the GSE in (a) and (b) are confined to only a couple of grains. In contrast, the GSE within sheared microstructure 
is distributed within several grains as indicated by the white arrows. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

 274 
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couple of grains as indicated by dashed circles in Fig. 7(a) and (b). In contrast, the GSE in shear 275 

loading shows a distinct spatial distribution with high energy locations within several grains 276 

(highlighted using white arrows in Fig. 7(c)) indicating that the shear stress-state will drive 277 

more non-classical twin nucleation compared to that of tension and compression. 278 

While the qualitative analyses seem to indicate that the shear loading nucleates more twins, it 279 

is necessary to quantify the nucleation sites in these loading conditions. Therefore, the potential 280 

nucleation sites in the deformed microstructures are determined by identifying the number of 281 

materials points at the vicinity of grain boundaries that possess GSE>0.015 J/m2. These 282 

materials points are indicative of locations possessing highest probability of twin formation at 283 

the vicinity of the grain boundaries (e.g. [46]). The numbers of potential nucleation sites for 284 

compression, tension and shear stress-states are shown in Fig. 8(a). Similar to the qualitative 285 

analyses, the number of twin nucleation sites in material with shear stress-state are evidently 286 

much higher compared to that of compression and tension, with a sequence of tension <  287 

(a) 

 

(b) 

 

Fig. 8. The comparison between (a) the number of potential nucleation sites at 0.15 % equivalent strain in the 
microstructure after uniaxial compression, uniaxial tension and simple shear determined using crystal plasticity 
analyses and (b) the twin area fraction within ROI A (tensile region) and ROI B (shear region) respectively 
measured from deformed microstructures in Fig. 2(a) and (c). The trends confirm that the shear drives more 
non-classical twin formation compared to tension and compression stress states. In addition, (a) shows that the 
compression along X (classical twinning) drives more twinning compared to that of other stress-states, which 
is consistent with other independent studies. 

  288 
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compression < shear. In order to confirm this further, the area fractions of twins at A (Fig. 2(a)) 289 

and B (Fig. 2(c)) are quantified using MTEX. Fig. 8(b) shows the twin area fractions, which 290 

follows the trends in Fig. 8(a), and confirms that the area fraction at A (tensile region) is far 291 

lower than that of B (shear region). These analyses unequivocally demonstrate the effect of 292 

stress-state and that the non-classical twins observed at location B are favoured by local shear 293 

stress-states. In addition, for Mg alloy AZ31, the shear activates many more twins than for 294 

tensile and compressive stresses, as demonstrated from both crystal plasticity stored energy 295 

and experimental observation.     296 

Further, in Fig. 8(a) the stored energy criterion predicts a similar number of potential non-297 

classical twin nucleation sites in compressive and tensile regions, though markedly lower than 298 

that for shear. In contrast, other experimental studies reported higher twin volume fractions in 299 

compressive compared to the tensile regions of samples (e.g. [7]). However, the investigations 300 

in those studies are confined to only classical twins, where the primary mechanistic driver of 301 

nucleation is argued to be the TRSS. The formation of twins is a complex phenomenon 302 

involving either the storage of sufficient energy to drive non-classical twin nucleation, and 303 

shear energy determining variant selection or, for classical twins, the development of sufficient 304 

favourable local stresses and hence TRSSs.  305 

In order to further explore the mechanistic preference for non-classical twin formation under 306 

states of shear stress, detailed local microstructural analyses, and the spatial distributions of 307 

GSE in shear loading within the GOIs (shown in Fig. 6(a)) are investigated to validate (or 308 

otherwise) against experimental observations. The Fig. 9(i)s show the spatial distribution of 309 

GSE within G1, G2 and G3 along with the path AB used to quantify the GSE. In these figures, 310 

the black solid line indicates the grain boundaries, while the grey lines show twin boundaries. 311 

The distributions of GSE along the paths are depicted in the Fig. 9(ii)s for all the GOIs. During 312 

deformation, the twins nucleate, propagate and grow to accommodate the local stress/strain 313 
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incompatibilities. While a nucleated twin propagates and grows, the stress-relaxation caused 314 

by this twin and the evolution of local deformation with applied load may  315 

 

G1 
(a) 

(i) 

 

(ii) 

 

G2 
(b) 

(i) 

 

(ii) 

 

G3 
(c) 

(i) 

 

(ii) 

 
Fig. 9. The stored energy density within the grains of interest in microstructure subjected to simple shear (a) 
G1, (b) G2 and (c) G3, where (i) show the spatial distribution within the grains and (ii) the distribution along 
respective paths. The black and grey solid lines in (i) indicate the parent grain and twin boundaries extracted 
from experimental microstructures. The black solid lines in (ii) indicate the location where the twin tips 
intersect with the parent grain boundaries. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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nucleate more twins within the parent grain. This implies that the parent grain contains twins 317 

with different volumes and the twin that nucleated first is likely to possess the highest volume. 318 

Thus, the GSE analyses within the GOIs are restricted only to twins with highest volume, which 319 

is reflected by their area fractions. Further, it is to be noted that the sample is loaded until a 320 

displacement of 2 mm in the current study. This means that the twins may have nucleated and 321 

grown to a considerable size rendering it impossible to locate the intersection of twin tips with 322 
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parent grain boundaries, which are the highly probable locations of nucleation. In such cases, 323 

the local GSE at the vicinity of the twins of interest can be used to identify their nucleation sites 324 

[30, 17].  325 

In G1, the twin indicated with black arrow in Fig. 9(i)(a) possesses highest area fraction and is 326 

likely to have nucleated at 0.15 % strain. The qualitative observation shows a hot spot at the 327 

location of the twin of interest (TOI). This hotspot location is represented as a black vertical 328 

line in Fig. 9(ii)(a) that shows GSE distribution along path AB. It is clearly evident from the 329 

figure that the GSE at that location exceeds the critical value, which drives the nucleation of the 330 

TOI. Similarly, the hotspots in GSE distribution within G2 are indicated as P and Q in Fig. 331 

9(i)(b). The twin at location Q possesses highest area fraction compared to that of P. The 332 

corresponding path-measurement in Fig. 9(ii)(b) shows that the GSE at both locations P and Q 333 

exceed the critical value suggesting equal probability of twin formation. In the case of G3, Fig. 334 

7(c) shows the local GSE is less than the critical value at 0.15 % strain. Thus, this grain may 335 

have nucleated twins at slightly higher strain. Therefore, the distribution of GSE within G3 is 336 

analysed at 0.4 % strain, which corresponds to that required by the grain to accumulate the 337 

critical GSE. In G3, the TOI lies at the vicinity of the GSE hotspot indicated with the black arrow 338 

in Fig. 9(i)(c). The corresponding distribution along the path corroborates the GSE exceeding 339 

the critical value that nucleated the twin at 0.4 % strain. Thus, while the GSE satisfactorily 340 

predicted the nucleation of twins in G1 and G3, there was ambiguity in the case of G2 (between 341 

P and Q), which is hence revisited later for detailed investigation. 342 

Now that the twin nucleation sites are established (except for G2) it is necessary to identify the 343 

twin variants to predict variant selection. Several approaches such as the trace and orientation 344 

methods are employed to identify the variant selected by the parent grain (e.g. [47, 48, 49]). 345 

The former is suitable mainly for twins at lower strains, which allow precise identification of 346 

twinning plane [17]. In contrast, the latter is employed irrespective of the deformation level as 347 
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the deviation in crystallographic orientation due to plasticity within a twin does not influence 348 

the variant selection analyses. Therefore, the orientation method is employed in the current 349 

study. Briefly, in the orientation method, the theoretical crystallographic orientations of the all 350 

the twin variants are calculated using the approach outlined in [50]. These orientations are 351 

compared against the experimental ones to identify the twin variant selected by the parent grain. 352 

Fig. 10 shows the basal pole figures containing discrete orientations of GOI measured  353 

(a) 

 

(b) 

 
                                               (c) 

 
Fig. 10. The basal pole figures showing the grains of interest and the respective twins, and the numerical (red 
diamonds) and experimental (cyan diamond) crystallographic orientations of twins in (a) G1, (b) G2 and (c) 
G3, where V# indicates the variant (V) of type #. This analysis shows that the variant 3 is selected in all the 
grains. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

 354 

experimentally and of twin variants that are calculated (red diamond) and measured in 355 

experiments (cyan diamond). In addition, these pole figures also show the GOIs along with 356 

their crystallographic orientations indicated using HCP unit cells. The order V1-V6 in the 357 

nomenclature of twin variants in Fig. 10 follows that listed in Paramatmuni et al [30]. The 358 

comparison between the calculated and measured orientations shows that the variant three is 359 
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selected by all the GOIs. In addition, it appears from Fig. 10 that the c-axes of the GOIs are 360 

oriented near-parallel to the ND suggesting that the respective twins are non-classical in nature, 361 

which are mainly driven by the local energy and defect sources. This can be confirmed by 362 

studying the spatial distribution of the TRSS for variant 3 within the GOIs as shown in Fig. 11. 363 

It is worth recalling  364 

 

 

 
Fig. 11. The spatial distribution of the TRSS for variant 3 within the grains of interest for simple shear loading 
condition at 0.15% equivalent strain. The black lines indicate twin boundaries adapted from the experimental 
microstructures. The TRSS is largely negative within the GOIs indicating that the twin formation is not driven 
by local stresses. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

 365 

here that the twins are unidirectional, which implies that the associated TRSS should always 366 

be positive for stress driven twin nucleation. However, the distribution in Fig. 11 clearly 367 

shows negative TRSS confirming that the twins within the GOIs are driven by local energy 368 

and defect sources.  369 

The SSE, which is demonstrated in [30] as a robust and reliable criterion for non-classical twins, 370 

is now employed to predict variant selection. According to this criterion, the twin variant with 371 

the least SSE at the critical GSE location is selected by the parent grain. The distribution of SSE 372 

along the paths AB in Fig. 9(i) for the GOIs is shown in Fig. 12, where the vertical lines indicate 373 

the locations of interest. In the case of G1 (Fig. 12(a)), the variants 1, 2, 4 and 5 contain higher 374 

but similar SSE. In contrast, the SSE for variants 3 and 6 are least and close to zero. While this 375 

seem to suggest that the variants 3 and 6 are equally probable, it is perfectly feasible that the 376 
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heterogeneity caused by microstructure in the subsurface of the sample facilitated the selection 377 

of variant 3. In addition, as the twinning is a three-dimensional defect, the least SSE in the 378 

subsurface at the vicinity of the critical GSE may have nucleated variant 3 in G1.  379 

The SSE distribution for G2 is shown in Fig. 12(b). The GSE predicted two equally probable 380 

nucleation sites, P and Q, at 0.15 % strain in Fig. 9(ii)(b). This causes ambiguity as the twin at 381 

location Q possesses higher area fraction than that of P. The distribution at P and Q clearly 382 

shows that the SSE at location P is higher for all the twin variants compared to that of Q. As  383 

(a) 

 

(b) 

 
                                      (c) 

 
Fig. 12. The distribution of the shear stored energy density (SSE) density along the paths shown in Fig. 9 for all 
the six twin variants within the grains of interest (a) G1, (b) G2 and (c) G3. The black solid line indicates the 
location of high GSE, where twins nucleate. Recall that variant 3 is the experimentally determined active twin 
variant in these grains. According to the SSE criterion, the twin variant with least SSE is selected by the parent 
grain. The SSE is the least for variant 3 in G3, while it is zero for variants 3 and 6 in G1 and G2. The shear 
stored energy density satisfactorily predicts the variant selection in these grains. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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reported in [30], in the case of non-classical twins, the location within the parent grain with 385 

maximum GSE and minimum SSE is preferentially chosen by the parent grain to nucleate twins. 386 
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Therefore, the twin is nucleated at location Q in G2, which satisfies these criteria. Once the 387 

twin is nucleated at Q, the local stress redistribution caused by the nucleation relaxes the GSE 388 

within G2. At location Q, similar to G1, the variants 1, 2, 4 and 5 possess highest SSE compared 389 

to variants 3 and 6, which are close to zero. However, as in case of G1, the local SSE 390 

heterogeneities caused by the microstructure in sample subsurface may have driven the 391 

selection of variant 3. Finally, Fig. 12(c) shows the SSE distribution for G3. Here, the SSE of 392 

variant 3 is the least at the location of interest, which is, therefore, selected by the parent grain 393 

as shown in Fig. 10(c).  394 

4. Discussion 395 

In this study, the effect of stress-state on twin nucleation is investigated by subjecting the rolled 396 

Mg alloy AZ31 to three-point bending (Fig. 1). The strong basal texture of the sample allows 397 

detailed investigation of the effect of stress-state as the variation in crystallographic 398 

orientations of grains within the sample is minimum. The sample is loaded such that the 399 

bending stress is normal to the c-axes of the grains (ND). As mentioned earlier in section 1, to 400 

the authors’ knowledge, [16] and [15] are the only studies in the literature that performed 401 

bending with similar loading conditions. This bending condition causes the development of 402 

three main stress-states - tensile, compressive and shear - across the sample surface (Fig. 5). 403 

The analyses of microstructures within the tension and shear regions (Fig. 2) show a distinct 404 

difference in the deformed textures developed (due to twinning), which, to the authors’ 405 

knowledge, has not been reported in the literature. It is confirmed using the grain boundary 406 

misorientation angle (Fig. 3) that the observed deformed texture within the shear region is 407 

caused by the formation of extension twins.  408 

The deformed microstructures and the formation of twins reported in this study are similar to 409 

that in [16], which reported the microstructures at the tensile and apparently near-shear regions. 410 

Similarly, the qualitative assessment of microstructures in [20] also suggest that the regions 411 
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with local shear deformation state drive more twin formation. The formation of twins in tensile 412 

and shear regions is quantified by measuring the twin area fraction shown in Fig. 8(b). These 413 

area fractions are comparable with that quantified in [15], which reported least twin volume 414 

fraction in the tensile regions of three-point bending sample loaded along ND. Further, the 415 

detailed numerical analyses show that the shear drives more twin nucleation compared to that 416 

of tensile and compressive stress-states, and that the GSE and SSE accurately predict the twin 417 

nucleation and variant selection. 418 

It is shown in Fig. 12 that the SSE satisfactorily predicts the variant selection for G3 but shows 419 

dependency on the subsurface of the sample for G1 and G2. While it is perfectly feasible that 420 

the SSE is minimum for variant 3 in the subsurface at the vicinity of the critical GSE, it is 421 

necessary to validate the fidelity of the SSE criterion. It is argued in other studies that the growth 422 

of a twin interface follows the path of least energy [51, 52, 53]. This means that if variant 3 423 

were to nucleate in the subsurface at the vicinity of critical GSE and grow to the free surface of 424 

the sample, the locations of interest within G1 and G2 should possess least energy irrespective 425 

of the deformation level to accommodate the twin interface. In order to confirm that the SSE is 426 

minimum at the locations of interest to facilitate twin growth, the distribution of SSE for all the 427 

twin variants of G1 and G2 is studied at higher strain levels, which may render non-zero SSE 428 

for variant 3. Fig. 13 shows the distribution of SSE along paths AB (Fig. 9(i)) for G1 and G2 at 429 

0.9 % strain. This figure clearly shows that the SSE for variant 3 is the least for both G1 and 430 

G2. This minimum SSE within G1 and G2 at higher strain levels confirms that the identified 431 

locations of interest indeed promote the formation of variant 3 and that the SSE accurately 432 

predicts the variant selection. 433 

 434 

 435 
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(a) 

 

(b) 

 
Fig. 13. The distribution of the shear stored energy (SSE) density along the paths shown in Fig. 9 for (a) G1 and 
(b) G2 at 0.9 % strain. The black solid line indicates high GSE, where twins nucleate. The SSE of variant 3 is the 
least for both the grains confirming that the locations of interest are the path of least energy that accommodate 
the twin interface. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

 437 

5. Conclusions 438 

The effect of stress state on twinning at near-yield point is investigated by performing three-439 

point bending of rolled Mg alloy AZ31. While three-point bending generates bending (normal 440 

to ND in this study) and shear stresses, the presence of strong texture reduces uncertainty 441 

caused by the crystallographic orientations of parent grains and allows detailed study of the 442 

effect of stress-states. The experimental observations, both texture and microstructure, show 443 

the presence of non-classical twins predominantly in the shear compared to the tensile or 444 

compressive regions of the deformed sample. These observations are reinforced with strain-445 

gradient crystal plasticity analyses which corroborate that the shear drives higher stored energy 446 

densities which nucleate more twins at yield point compared to the bulk tensile and 447 

compressive stress-states. The stored energy criterion, validated against experimental 448 

observations, captures the experimental twin nucleation sites, while the shear stored energy 449 

density allows precise prediction of variant selection.    450 
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