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Abstract: The development of a strong basal texture upon processing has proven to be a major impediment in commercial applications of 

wrought magnesium alloys. The basal texture hampers further processing of the material, leading to high internal stresses and strain localization 

in the material. Under the framework of the crystal plasticity finite element method, a microstructural constitutive model for twinning has been 

developed to study the deformation characteristics of magnesium alloy AZ31. The concept of representative volume elements is used to identify 

internal stresses and strain localization in the material. Texture evolution and grain shape change are additional areas of interest in this work. The 

simulation results are compared with those from experiments to ascertain the trend of texture evolution. 
 

1. Introduction 

Magnesium, with its high strength-to-weight ratio and high impact strength, is a suitable candidate for use in the aerospace and 
automobile industry [1]. Most magnesium components, to date, are mainly produced as cast alloy components – e.g. mobile 
phones, gear box housings, gears and clutches etc., despite the fact that wrought alloy components exhibit a higher strength [2]. 
Wrought alloys of magnesium like AZ31 have been restricted in commercial usage due to low formability, which is mainly 
attributed to the HCP crystal structure and lack of sufficient glide systems at low temperatures. Additionally, the material develops 
a strong texture upon processing; for instance, during extrusion, the basal planes orient themselves parallel to the extrusion 
direction, and in rolling, the basal planes orient themselves in the rolling plane. This texture combined with the lack of sufficient 
slip systems leads to an inhomogeneity in deformation, ultimately leading to failure. By contrast, at higher temperatures, the 
processing becomes considerably easier, albeit with increased costs. 
 
In this work, an attempt is made to study the deformation characteristics of magnesium using a Crystal Plasticity based Finite 
Element Model (CPFEM). Additionally, morphological and crystallographic textures are investigated. The CPFEM offers a few 
advantages in comparison to the well-known self-consistent (SC) texture models. The SC models [3-4] (e.g. VPSC [4]) fail to 
accurately predict grain shape change; the shape is always restricted to be an ellipsoid. This is obviously insufficient to describe 
complex morphologies such as grain curling in BCC wires [5]. Inter-granular and intra-granular stresses can be well predicted 
with CPFEM. In addition to the afore mentioned advantages, texture prediction with CPFEM is expected to be better than self-
consistent models (texture in self consistent models is normally over-predicted [6]) thus, providing comparable results with the 
experiments. 
 
2. Constitutive model 

2.1 Crystal plasticity model 

Grains in the polycrystalline aggregate are modeled within the framework of crystal plasticity [7,8]. The kinematics of 
deformation is based on Rice [9] and Hill & Rice [10]. In the original model, plastic deformation is assumed to be entirely due to 
dislocation movement (slip). In what follows, a few salient equations of the model are summarized. 
Under the framework of large deformations, this model assumes a multiplicative decomposition of the deformation gradient Fij. 
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where, are the slip direction and the slip plane normal, respectively.    
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Based on the Schmid law, the shear rate is determined by the resolved shear stress )( (α) on the slip system α in form of a power 

law, 
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where a denotes a reference shear rate, n denotes the material rate sensitivity and g (α) describes the current strength of the system. 
The strain hardening is defined through a modified Voce hardening law: 
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where the diagonal elements of the hardening matrix hαβ describe self-hardening, and off-diagonal elements describe latent 
hardening. The hardening function  is defined as: )(ˆ 
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where , , ,  are the hardening parameters and 0
1

0
1  is the cumulative shear on all slip systems. 

This entire constitutive structure has been implemented as a user material routine UMAT for cubic symmetry in the finite element 
code ABAQUS Standard® [11]. The UMAT has since been extended to describe deformation of HCP crystals [12] in addition to 
the Voce hardening law. Deformation in HCP materials depends strongly on the c/a ratio of the crystal. With a c/a ratio of 1.624, 
which is very close to the ideal ratio of 1.633, basal slip is the most preferred mechanism in magnesium. Two additional slip 
families are found, namely prismatic and pyramidal (<c+a>) slip. These slip systems are, however, less densely packed and hence 
require a higher critical resolved shear stress. In addition to dislocation glide, deformation may be accommodated by twinning, 
especially at low temperatures. Twinning in magnesium occurs usually on the {1 0 -1 2} <1 0 -1 1> tensile twin system. The 
geometry of the different deformation systems in Mg is schematically represented in fig 1. 

 

Fig 1: Deformation systems of Magnesium 

2.2 Twinning  

Twinning is essentially modeled as pseudo slip – shear along a twin system is allowed in only one direction – in order to account 
for the twin/anti-twin asymmetry [13]. The model for reorientation is based on the ideas of Van Houtte [14] and the predominant 
twin reorientation (PTR) scheme [15]. We define the evolution of the twin fraction by, 
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where is the shear on a particular twin system α and S is the characteristic shear of the twin family. With this twin fraction in 
hand, we define an “accumulated” twin fraction as, 

)( tw


Steps

n

Ntw

tw
acc

tw ff


 )(
, (8) 

where the inner summation denotes summation over all twin systems and the outer summation denotes the accumulation over 
time. At any particular time increment, this accumulated twin fraction is compared with a threshold fraction FT, which is a random 
number between 0 and 1. If the accumulated twin fraction is greater than the threshold fraction, reorientation is performed along 
the predominant twin system. 
In the present finite element model, where a particular grain encompasses a number of elements, this twinning model completely 
reorients the crystal lattice of an integration point. The twinned part is not allowed to twin again, but may deform further by slip. 
This model, although very rudimentary, describes the basic properties of twinning activity in magnesium. 

3. Finite element modeling 

3.1 Representative volume element (RVE) 

Although there has been a tremendous increase in computational power over the past few years, a complete macroscopic 
simulation using a crystal plasticity model is still extremely difficult. To circumvent this difficulty, one considers a unit cell built 
up of a sufficient number of grains, which is statistically representative of the material under consideration. Each grain is further 



discretized fine enough to obtain a reasonable approximation of the intra-granular stresses along with the evolving microstructure 
and texture. A balance must thus be found between – a) having enough grains to make the unit cell representative, and b) having 
sufficient number of Gauss points per grain. To this end, we model the unit cell with 100 grains in a FE mesh of 203 linear brick 
elements; on an average a grain contains 640 integration points. 
 

 
 

Fig 2: Input geometry used for FE simulations – a) 3D RVE with 100 grains, b) 2.5D model with 12 grains 

The 3D RVE used in this work is shown in Fig 2a. For the purpose of obtaining information along the cross-section, a simpler 
model containing only one layer of 3D elements is used (Fig 2b). With such a model, a larger resolution per grain can be used and 
hence more details on a particular grain can be obtained. In what follows, this model is referred to as 2.5D. In addition to the 
periodic boundary conditions, the details of which are provided in the next section, this model is constrained to remain flat in its 
thickness. With such an approach, the results obtained can be approximated to that of a two dimensional analysis, although the 
model used is actually 3D. The 2.5D model contains 12 grains with 502 elements, giving an average of 1300 integration points per 
grain, which is twice the resolution of the complete 3D model. The 2.5D model can hence, be used to obtain finer details of 
deformation, although the unit cell cannot be regarded as representative. 

3.2 Boundary conditions and material parameters 

All the grains in the unit cell are given a random initial orientation to reflect a grey input texture. Initially, all integration points in 
a particular grain carry the same orientation. Plane strain compression conditions are used to achieve a thickness reduction of 
40%. Periodic boundary conditions are used to minimize constraint effect. Essentially, two equivalent points a and b, located on 
opposite sides of the unit cell, are coupled with the macroscopic deformation gradient. 
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where xa
i0, xb

i0 indicate the position of a point pair in the non-deformed configuration. 
The critical resolved shear stresses (CRSS) of the basal, twinning and prismatic systems are assumed to be in the ratio 1:1.25:1.5. 
The CRSS on the pyramidal system, when present, is assumed to be approximately 3 times that of the basal system. The hardening 
matrix in the Voce hardening law (eq. 5) is set to 1.0 for self hardening and slip-slip interaction. The latent hardening parameters 
for slip-twin and twin-twin interactions are set to 1.8 to account for the obstruction caused by twins to the movement of 
dislocations.  

4. Simulation 

4.1 Deformation characteristics 

The 2.5D model was tested under plane strain compression with 40% thickness reduction. The model is constrained in the 
horizontal direction and compressed in the vertical direction. The rolling direction is perpendicular to the plane of paper. Results 
of two cases are presented, i) Absence of pyramidal slip, which represents the situation at low temperatures, and ii) Presence of 
pyramidal slip, which is characteristic for high temperature deformation. As can be inferred from fig 3a and fig 3b, the presence of 
pyramidal slip undoubtedly increases the uniformity of the deformation. The absence of pyramidal slip causes the deformation to 
proceed in an inhomogeneous fashion, with grain distortions – similar to the so called grain curling found in bcc wires [5,16] – 
occurring in the polycrystal. For the results shown in fig 3, a thickness reduction of just 27% could be achieved due to severe 
element distortions in the absence of pyramidal slip, whereas a complete 40% thickness reduction was achieved with pyramidal 
slip. 

 
 



  

Fig 3: a) deformed configuration of microstructure without pyramidal slip after 27% thickness reduction; b) deformed configuration in the 
presence of  pyramidal slip after 40% thickness reduction; c) stress in the polycrystal in the absence of pyramidal slip – regions of high 

stress coalesce to form a band (region marked by the red ellipse);  d) stress in the polycrystal in the presence of pyramidal slip 
The strong distortion of the grains in the absence of pyramidal slip is associated with high stress levels in the grain and stress 
concentrations at the grain boundaries (fig 3c). The regions of high stress levels in the grain coalesce to form a band which runs 
both inter-granular and trans-granular. Since the inhomogeneity in the absence of pyramidal slip is of particular interest, the 
subsequent sections present only results obtained in the absence of pyramidal slip. The reasons for this inhomogeneity are 
discussed in section 5. 

4.2 Sub-graining 

  

Fig 4: Sub-graining in the absence of pyramidal slip – a) Intensity of texture in the 0001 pole figure of grain 2; b) Contour plot of the 
direction-cosine of the angle between the compression direction and the c-axis 

An additional phenomenon observed in the absence of pyramidal slip is sub-graining. This can be confirmed by looking into the 
texture evolution of grain 2, defined in fig 2b. Fig 4a shows the intensity of texture in the 0001 pole figure for grain 2. The initial 
texture of the grain can be represented as a single peak on the 0001 pole figure. After deformation, however, two distinct peaks are 
observed, which correspond to the nearly homogeneous areas of grain 2 (fig 4b). 

4.3 Twinning  

In order to obtain reasonable twinning reorientation activity, a different initial texture that facilitates twinning was assumed. The 
ratio of the CRSS was, however assumed to be the same. Fig 5 shows the twinning activity in the polycrystal in the absence of 
pyramidal slip. Prediction of twin lamellae is beyond the scope of the current model. The twinning activity, thus, needs to be 
viewed as a homogenization of twins in a particular grain. Although the implementation of twinning reorientation is an extremely 
rudimentary one, it suffices to capture the basic details of the twinning activity. 

  

Fig 5: Twinning activity in the 2.5D model in the absence of pyramidal slip after approximately 25% thickness reduction: a) Deformed 
configuration after 25% thickness reduction b)Twinned elements marked with a light /red color  

4.4 3-D RVE simulations 

In order to ensure that the results obtained with the 2.5D model are qualitatively representative, 3D simulations with 100 grains 
are performed. The deformation characteristics in the absence of pyramidal slip are shown in fig 6. The deformation and stresses 
show the same characteristics as with the 2.5D simulations. Additionally, localized shear zones, at approximately 45°, can be 
observed in the RVE when viewed in the transverse direction. These shear zones might initiate recrystallization, which would be 
beneficial for the formability [17], but they can also cause fracture. 
 



  
 

 

Fig 6: Deformation characteristics of the 3D model in the absence of pyramidal slip: a) Deformed configuration after 30% thickness reduction; 
b) Stress in the RVE; c) Accumulated plastic strain in the RVE viewed in transverse direction – note zones with high strain at approximately 45° 

4.5 Crystallographic texture 

Fig 7 shows the crystallographic texture obtained from the 3D simulation with 100 grains in the absence of pyramidal slip. For the 
purpose of experimental comparison, the final texture of a cast rolled sheet was used as reference. It must be added that due to 
lack of information on the thickness reduction of the cast rolled sheet, only the trend of texture evolution from the simulations was 
evaluated. Although the two textures do not match completely, it can be inferred that the trend of texture evolution from the 
simulation matches that of experiments very well. 

 

Fig 7: Crystallographic textures obtained from 3D simulations and a cast-rolled sheet; Top row – Inverse pole figures of the Normal direction; 
Bottom row – Inverse pole figures of the Rolling direction 

 

5. Discussion 

The inhomogeneity of deformation and the pronounced grain distortions in the absence of pyramidal slip can be better understood 
with the geometry of slip systems. Referring to fig 1, it can be inferred that the basal and prismatic slip share the same slip 
direction along the basal plane, commonly referred to as <a> slip. Hence, they cannot accommodate any deformation out of the 
basal plane. The out of plane deformation is accommodated to a certain extent by mechanical twinning, which is activated along 
the {1 0 -1 2} <1 0 -1 1> twinning system. This system, commonly known as tensile twinning, is activated only in the presence of 
a tensile component along the c-axis. Consequently, under plane strain compression, twinning in Mg can only be activated if the 
c-axis is oriented almost parallel to the rolling plane. Additionally, twinning is associated with a large and almost instantaneous 



orientation change. This essentially reorients a crystal close to a basal orientation and further twinning activity will be restrained. 
Additional deformation is thus difficult to accommodate [18]. 

In the absence of pyramidal slip, one also observes grain distortions, similar to well-known grain curling phenomenon in bcc 
wires. Grains change their morphology and curl around each other to accommodate maximum deformation possible. Nevertheless, 
the desired thickness reduction of 40%, under plane strain compression, could not be achieved in the absence of pyramidal slip. 

Pyramidal (<c+a>) slip accommodates slip in the out of plane direction and enhances deformation. A thickness reduction of 
around 65% could be easily achieved in the presence of pyramidal slip. The activation of pyramidal slip, however, requires a 
higher Peierls stress and is normally activated at temperatures above 200°C. Metal working of Mg alloys is hence strongly 
dependent on the initial texture and the temperature of processing. 

6. Conclusions 

a) Absence of pyramidal slip, which is usually thermally activated at temperatures above 200°C, is a major factor for the 
inhomogeneity of deformation during cold forming processes. Without pyramidal slip, morphological changes like grain curling 
and sub-graining could be observed under plane strain compression. Localized shear zones could also be observed in the absence 
of pyramidal slip. 
b) At lower temperatures, twinning systems provide the deformation normal to the basal plane. However, since twinning is 
accompanied by a large orientation change, further deformation cannot be accommodated by twinning. 
c) The 2.5D model with 12 grains was sufficient to capture the basic intricacies of the deformation process such as inhomogeneity, 
grain curling and sub-graining.  
d) Presence of pyramidal slip eases the process of deformation substantially. This is due to the fact that it accommodates 
deformation in a direction normal to the basal plane.  
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