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Executive Summary 

The USAMP Low-Cost Mg Sheet Component Development and Demonstration Project centers on 
processing of automotive-grade Mg-alloy sheet and forming automotive door panels. The sub-contracts at 
the University of Pennsylvania and InalTech focus on developing Integrated Computational Materials 
Engineering (ICME) methods coupled with experimental studies and data tools to simulate thermo-
mechanical processing for improved and cost-effective formability. A continuum model has been developed 
for textured Mg polycrystalline sheet materials that deform by slip and twinning mechanisms for use in 
simulations of warm forming. Primary features of the anisotropic elastic-plastic model account for the 
continuous evolution of i) the anisotropic yield stresses (e.g., yield strengths in the principal directions of 
anisotropy), ii) overall hardening under arbitrary strain paths, iii) strength differentials (e.g., 
tension/compression asymmetries), and iv) the evolution of the material symmetry (i.e. the orientation 
orthotropic triad that characterizes the symmetry of the polycrystalline texture). For non-uniform 
deformations, such as those found in forming a car door panel, the evolution of those properties is complex 
and will continuously vary throughout deformation processing of components. In previous studies on cubic 
polycrystals, we and others have shown that anisotropy and microstructural evolution have a very strong 
influence on strain localization at micro- and macro-scopic scales that are associated with forming limits.  

The major outcome of our work is the development of accurate and robust continuum-level thermo-
elastic-plastic constitutive models that is coupled with finite element implementations for simulations of 
large and complex deformations of textured Mg sheet materials. The thermo-mechanical behavior of these 
materials is complex. They are highly textured, HCP materials, with highly-anisotropic single-crystal 
constituents that undergo temperature-dependent multi-slip and multi-twinning deformation mechanisms. 
Under large-strain deformations involved in sheet stamping, the evolution of hardening in individual grains 
and for the overall polycrystal is dependent on the local strain path, which varies throughout a stamped 
sheet (for example, an inner door panel), as well as the evolution in texture that imparts strongly anisotropic 
properties. Although there have been great advances over the last 60 or more years to develop models for 
FCC materials in particular, accurate models for HCP polycrystals with strongly anisotropic slip and 
twinning behaviors that, e.g., lead to strength differentials, e.g. tension-compression asymmetries, are 
lacking. 

To develop accurate ICME capabilities for large-scale, macroscopic simulations (e.g., for an entire door 
stamping operation), we have adopted a strategy that couples experiments (from other investigators in the 
“Low-Cost Magnesium Sheet Component Development and Demonstration Project”) and polycrystalline 
simulations. This multi-scale approach proved essential to augment data needed for the continuous local 
rotations of the anisotropic material symmetries resulting from texture evolution that was not readily 
available from experiment, due both to time and cost constraints. The latter approach, which we had 
successfully adopted in our earlier work on FCC aluminum alloys (Kohar et al., 2019) led to a key outcome 
from this project: the first-ever successful development of thermo-mechanical constitutive models for Mg 
alloys, in particular for E-Form Plus. Particular attention is given to material anisotropy and the asymmetry 
of flow that results from twinning. Prior to this work, existing capabilities that utilize commercial finite 
element software, including user-defined material models, were limited to fixed axes of anisotropy that 
cannot account for the evolution of texture in “off-axis” straining, i.e. when the principal axes of strain are 
not aligned with the orthotropic axes of material symmetry, which naturally occurs non-uniformally 
throughout a sheet that is stamped into a complex geometry. The newly developed model for Mg 
polycrystals which accounts for the evolution of texture is a major outcome of our work that significantly 
advances the state-of-the-art in magnesium sheet technology. For the latter, we adopted the model of 
Bassani and Pan (2012) which was developed for cubic polycrystals and successfully employed for a class 
of steel alloys and by Kohar et al. (2019) for aluminum alloys. 

Our approach has been to couple, as much as possible, with existing simulation tools that are well 
established in the automotive industry. The commercial finite element software LS-DNYA was chosen as 
the platform for our development. LS-DYNA, which is widely used including by our collaborators at 
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MAGNA (Cosma Tooling and Automation Group), has several built-in anisotropic material models but 
only for fixed axes of anistropy. One such anisotropic plasticity model that can incorporate strength 
differentials is built on the work of Cazacu et al. (2006), which LS-DYNA denotes MAT233, but like all 
the built-in models does cannot describe the rotation of material symmetry that is know to strongly affect 
forming limit behavior. We embarked on a 2-step strategy: i) to determine the material parameters required 
for MAT233 to populate the material input card that requiring specification of more than 30 material 
parameters and ii) to extend the Cazacu et al. (2006) to include the evolution of material symmetry, which 
had never been done – the new model is designated at MAT233+. For both of these tasks, since deriving 
all the parameters from experiments is prohibitive, we adopted the multiscale framework to determine many 
of the input paraments including those that characterize microstructural evolution in phenomenological 
plasticity. The latter is a key outcome of our work. 

Through the course of the project, several Mg alloys were investigated, including efforts to develop 
new alloys, but eventually the decision was made to primarily base the overall project on the POSCO E-
Form Plus material. Four batches of sheet material were obtained that displayed variations in mechanical 
properties, in particular in anisotropies that were measured from tension tests in the rolling (RD), transverse 
(TD) and 45o (DD) directions. A decision was made to focus attention on the Batch 1 material, which 
interestingly displayed a weaker anisotropy than the other 3 batches. In our work, the model is therefore 
calibrated for the Batch 1 material at 200oC and at a nominal strain rate of 0.01 s-1.  

A summary of the procedure for the development and calibration of MAT233 and MAT233+ material 
models, with the required inputs to LS-DYNA are as follows: 

1) Experimental Measurements: Uniaxial stress-strain data from PNNL and EBSD measurements from 
the University of Michigan as well as interrupted EBSD from Inaltech provided the experimental data 
for the E-FORM+ sheet material for model development. Uniaxial tensile experiments included loading 
in the RD, DD and TD directions at 200oC and a nominal strain rate of 0.02 s-1. 

2) Build a crystal plasticity (CP) model with the initial texture given by the EBSD data: Typically, a 
2D EBSD is sufficient to represent the microstructure of sheet material. A Taylor-type magnesium CP 
formulation (Lévesque et al., 2010) that captures twin volume fraction evolution is used to model the 
E-FORM+ sheet. 

3) Calibrate CP model to uniaxial stress-strain responses: The experimental data observed a distinctive 
difference in the hardening rates in the different directions. This difference is caused by the 
microstructural dependence of the extension twinning mechanism that results from the sheet texture. 
This means that at least two different experiments are required for calibration to capture this 
phenomenon. This framework uses the 0ᵒ (RD) and 90ᵒ (TD) stress-strain response for calibration. The 
stress-strain response in the 45ᵒ (DD) direction will be predicted and used as a verification. Steps 1-3 
are sufficient to determine the parameters required for MAT233. 

4) Multiscale data generation using CP simulations: Simulate response that includes texture evolution 
for different strain paths to calibrate the MAT233+ model. These simulations followed the frameworks 
presented by Bunge and Nielson (1997) and Kohar et al. (2019) to determine the orthotropic axis 
evolution. Simulations were carried out for tensile axis oriented in 15° increments relative to the as-
received RD direction of the initial texture simulating uniaxial tension.  

5) Finite element modeling framework: The microstructural evolution phenomenological plasticity 
framework proposed by Bassani and Pan (2012) and developed further by Kohar et al. (2019) was 
implemented in conjunction with the yield function and associated flow rule proposed by Cazacu-



 

 

Plunkett-Barlat (CPB) (Cazacu et al., 2006). This model operates on a single transformation model with 
tension-compression asymmetry. A total of nine coefficients (including asymmetry and yield surface 
exponent) are required for calibration. This involved writing a UMAT subroutine, since LS-DYNA 
does not include anisotropic models that allow rotations of the material symmetries. 

6) Calibration of the MAT233+ user material model: To generate the MAT233+ material card required 
for the UMAT subroutine, “virtual experiments” were generated from the CP model given the initial 
texture and predicted texture evolution. This included stress-strain curves for different texture axis 
orientation, microstructure evolution, and calculation of yield surfaces. A modified Swift Hardening 
model was adopted. 

An example of capabilities using the user material model (UMAT) MAT233+ model in conjunction 
with LS-DNYA is shown below. The graphic depicts the effective plastic strain distribution superimposed 
on the deformed geometry for cross-die stamping of an E-Form Plus sheet. 
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Description of Key Accomplishments 

As outlined in the Executive Summary, the sub-contracts at the University of Pennsylvania and 
InalTech focus on developing Integrated Computational Materials Engineering (ICME) methods coupled 
with experimental studies and data tools to simulate thermo-mechanical processing for improved and cost-
effective formability. The ultimate goal is to accurately simulate the limits to forming associated with the 
stamping of geometrically complex parts, e.g. an inner door panel, which requires accurate material models 
that account for the influence of anisotropy and microstructural evolution, which is known to directly affect 
strain localization. A new phenomenological anisotropic elastic-plastic model has been developed for 
textured Mg polycrystalline sheet materials deforming by crystallographic slip and twinning that accounts 
for the continuous evolution of i) the anisotropic yield stresses (e.g., yield strengths in the principal 
directions of anisotropy), ii) overall hardening under arbitrary strain paths, iii) strength differentials (e.g., 
tension/compression asymmetries), and iv) the evolution of the material symmetry (i.e. the orientation 
orthotropic triad that characterizes the symmetry of the polycrystalline texture). For non-uniform 
deformations, such as those found in forming a car door panel, the evolution of those properties is complex 
and will continuously vary throughout deformation processing of components.  

The thermo-mechanical behavior of Mg sheet materials is complex owing to the fact that they are highly 
textured, HCP polycrystals, with highly-anisotropic single-crystal constituents that undergo temperature-
dependent multi-slip and multi-twinning deformation mechanisms. To develop accurate phenomenological 
material models for macroscopic simulations, we have adopted a strategy that couples experiments (from 
other investigators in the “Low-Cost Magnesium Sheet Component Development and Demonstration 
Project”) and polycrystalline simulations. This multi-scale approach proved essential to augment data 
needed for the continuous local rotations of the anisotropic material symmetries resulting from texture 
evolution that was not readily available from experiment, due both to time and cost constraints. This 
approach, which we had successfully adopted in our earlier work on FCC aluminum alloys (Kohar et al., 
2019) led to a key outcome from this project: the first-ever successful development of thermo-mechanical 
constitutive models for Mg alloys, in particular for E-Form Plus. Prior to this work, existing capabilities 
that utilize commercial finite element software, including user-defined material models, were limited to 
fixed axes of anisotropy that cannot account for the evolution of texture in “off-axis” straining, i.e. when 
the principal axes of strain are not aligned with the orthotropic axes of material symmetry. Overcoming this 
limitation is a major outcome of our work that significantly advances the state-of-the-art in magnesium 
sheet technology.  

Our approach has been to couple, as much as possible, with existing simulation tools that are well 
established in the automotive industry. The commercial finite element software LS-DNYA was chosen as 
the platform for our development. LS-DYNA, which is widely used including by our collaborators at 
MAGNA (Cosma Tooling and Automation Group), has several built-in anisotropic material models but 
only for fixed axes of anistropy. One such anisotropic plasticity model that can incorporate strength 
differentials is built on the work of Cazacu et al. (2006), which LS-DYNA denotes MAT233, but like all 
the built-in models does cannot describe the rotation of material symmetry that is know to strongly affect 
forming limit behavior. We embarked on a 2-step strategy: i) to determine the material parameters required 
for MAT233 to populate the material input card that requiring specification of more than 30 material 
parameters and ii) to extend the Cazacu et al. (2006) to include the evolution of material symmetry, which 
had never been done – the new model is designated at MAT233+. For both of these tasks, since deriving 
all the parameters from experiments is prohibitive, we adopted the multiscale framework to determine many 
of the input paraments including those that characterize microstructural evolution in phenomenological 
plasticity. To characterize the evolution of material symmetries associated with the rotation of the principal 
axes of anisotropy, we adopted the model of Bassani and Pan (2012) which was developed for cubic 
polycrystals and successfully employed for a class of steel alloys and by Kohar et al. (2019) for aluminum 
alloys.  



 

 

Non-uniform rotations of local material symmetries – an overview 

The MAT233+ model captures effects of microstructural evolution and is a key outcome of our work. 
To introduce the basic formulation of the phenomenological model, we will begin with a brief description 
of to set the stage for a more detailed outline that includes an important new constitutive relation for the 
spin of the material symmetries that has proven essential for Mg alloys. The phenomenological model 
assumes that at every point in a plastically deforming component that the material locally possesses 
orthotropic symmetries that are A schematic of that depicts the evolution of the non-uniform distribution 
of material symmetries is shown shown in Fig. 1 for an arbitrary region of plastically deforming polycrystal, 

where the principal axes of material symmetry are characterized by orthotropic triads  ˆ 1,3i i e that rotate 

as deformations progress. It is important to emphasize that the orientations of those triads vary spatially 
throughout components undergoing non-uniform deformations that is typical in forming operations. As 
noted above, existing phenomenological models for anisotropic plasticity, such as the LS-DYNA MAT233 
model, cannot account for the evolution of material symmetries and, therefore, in the stamping of an as-
received sheet, the orientation of the principal axes of symmetry are the same at every point in the 
component and they do not vary with deformation. In that case, for example, 1ê  is everywhere aligned 
with the as-received rolling direction and, correspondingly, is in the transverse direction. Following Bassani 

and Pan (2012), the spin of the orthotropic material symmetry vectors is ˆ ˆi ie ωe , where the 

microstructural spin tensor is: 

  p pe e 1
I I

a

    W F D W F   (1) 

The tensor quantities are defined in the Bassani and Pan (2012) and follow standard notations; subscript “I” 
denotes the so-called intermediate configuration and “a” denotes the antisymmetric part), with the standard 

multiplicative decomposition that is commonly adopted for the deformation gradient e p=F F F , where 
superscript “e” denotes the elastic part and “p” denotes the plastic part, and  and D W , respectively, are 
the symmetric and antisymmetric parts of the velocity gradient . With the plastic part of the velocity 
gradient, i.e. the plastic strain rate, given by a classical flow rule associated with a particular yield function, 
the important constitutive quantity in that relation is the plastic spin, which we have shown using rigorous 
representation theory for tensor functions must follow the exact relations: 

 p p p p p p
3 2 1I12 I12 I13 I13 I 23 I 23, ,W D W D W D       (2) 

where the i  are the only constitutive functions that must be specified to determine the spin of the material 

symmetry axes (components are with respect to the material symmetry basis). Based upon our earlier work 
on steel alloys, we proposed the following relations: 

Fig. 1 Schematic showing the spin of the orthotropic material symmetry axes in a 
non-uniformly deforming solid at two instances in time. 
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which introduces only 6 additional parameters, o  and , 1,2,3i i i   , to completely specify the spin of the 

material symmetry axes.  

These relations (1)-(3) for the microstructural spin can be coupled with any orthotropic yield function 
and associated flow rule. In general, any anisotropic yield function coupled with an associated (normality) 

flow rule determines the plastic part of the velocity gradient (the plastic strain rate), p
ID . Throughout this 

report the equivalent or effective stress for that anisotropic yield function is denoted eq , which is assigned 

the value of the yield stress in the RD. We restrict attention to in-plane stressing of thin sheet materials, in 
which case only 3  enters. In that case (for an associated flow rule), it is straightforward to show that the 

only spin function that enters calculations is: 

 

2 2
eq eq

3 o3 3
22 11

ˆ ˆ
 

  
     
      
      

  (4) 

In our previous work on steel alloys, Bassani and 
Pan (2012) showed that the spin of the material 
symmetry axes can, and generally does, significantly 
affect strain localization. As a first demonstration of 
this fact, the effects of evolution of material symmetry 
on tensile instabilities are demonstrated, where the 
tensile axis is initially oriented at an angle o  relative  

to RD as shown in Fig. 2. With elastic-plastic 
deformation, the angle   continuously evolves for 

off-axis loading and at large plastic strains tends to a 
stable material symmetry direction. In that work, the 
experimental data of Yim and Kim (1997) coupled with 
the Hill quadratic yield function and power law 

hardening ( p ~ n  , with 10n  ) was adopted. The rotation of the tensile axis relative to the evolving 
principal material symmetry direction and load-deflection curves as a function of the equivalent plastic 

strain are plotted in Fig. 3 for three initial off-axis orientations, o o o
o 30 , 45 , 60  , where results that 

include the rotation of material symmetries are solid curves and without rotations are dashed curves. Both 
the maximum tensile load, which corresponds to the onset of necking, and the strain at the onset of necking, 
i.e. the strain at the maximum load, are strongly affected by the evolution of material symmetries. 

Fig. 2 Schematic depicting off-axis 
tensile loading at an angle with respect 

to the material symmetry direction , 

which initially is the rolling direction.  



 

 

 

  

 

 

 

 

 

 

 

Building the material models 

Through the course of the project, several Mg alloys were investigated, including efforts to develop 
new alloys, but eventually the decision was made to primarily base the overall project on the POSCO E-
Form Plus material. Four batches of sheet material were obtained that displayed variations in mechanical 
properties, in particular in anisotropies that were measured from tension tests in the rolling (RD), transverse 
(TD) and 45o (DD) directions. A decision was made to focus attention on the Batch 1 material, which 
interestingly displayed a weaker anisotropy than the other 3 batches. In our work, the model is therefore 
calibrated for the Batch 1 material at 200oC and at a nominal strain rate of 0.01 s-1. The details involved in 
building the material model is summarized below. 

To develop accurate ICME capabilities for large-scale, macroscopic simulations (i.e., for an entire door 
stamping operation), we have adopted a strategy that couples experiments (from other investigators in the 
“Low-Cost Magnesium Sheet Component Development and Demonstration Project”) and polycrystalline 
simulations. This multi-scale approach proved essential to augment data needed for the continuous local 
rotations of the anisotropic material symmetries resulting from texture evolution that was not readily 
available from experiment, due both to time and cost constraints. As noted above, this latter approach, 
which we had successfully adopted in our earlier work on FCC aluminum alloys (Kohar et al., 2019) led to 
a key outcome from this project: the first-ever successful development of thermo-mechanical constitutive 
models for Mg alloys, in particular for E-Form Plus. Particular attention is given to material anisotropy and 
the asymmetry of flow that results from twinning. The newly developed model for Mg polycrystals which 
accounts for the evolution of texture is a major outcome of our work that significantly advances the state-
of-the-art in magnesium sheet technology. For the latter, we adopted the model of Bassani and Pan (2012) 
which was developed for cubic polycrystals and successfully employed for a class of steel alloys and by 
Kohar et al. (2019) for aluminum alloys. 

 

1) Experimental Measurements: The key experimental data that is required as input for the multi-
scale approach to develop thermo-elastic-plastic constitutive models are i) the initial ESBD 
measurement and ii) uniaxial stress-strain curves for several orientations of the tensile axis relative 
to the initial RD. The number of different uniaxial tensile experiments (i.e., directions) is dependent 
on the complexity of the underlying physics in the material. This data was supplied by Material 
data provided by PNNL. Stress-strain curves were generated for three directions of the tensile axis: 

Fig. 3 (a) Rotation of tensile axis relative the evolving material symmetry and (b) Normalized load versus 
effective plastic strain for uniaxial tension and plane strain tension showing that the evolution of material 
symmetry (solid curves) significantly affects tensile instabilities – dashed curves are results that neglect that 
evolution (fixed anisotropy). b0 = 30o (green), 45o (red), 60o (black). 
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𝛽 0° RD ,  45° DD ,  90° TD  at a temperature of 200°C and a nominal strain-rate of 0.01/s. 
Digital image correlation (DIC) was utilized to measure strain. Results are shown in Fig. 4. 

 

 
 

2) Build a crystal plasticity (CP) model with the EBSD: Typically, a 2D EBSD is sufficient to 
represent the microstructure of sheet material. A Taylor-type magnesium CP formulation (Lévesque 
et al., 2010) that captures twin volume fraction evolution is used to model the EFORM+ sheet. Figure 
5 depicts the HCP slip systems, which are associated with anisotropic yield stress. An overview of the 
crystal plasticity model (CP) is outlined below. The structure is rate-dependent, with the slip law given 
as 

      𝛾 𝛾  sgn 𝜏  (5) 

where   denotes the slip system number, 𝜏  is the resolved shear stress on the slip plane in the 
direction of slip (the Schmid stress), 𝑔  is the current yield strength, 𝛾   is a reference strain rate, 
and m is the strain rate exponent. A similar rate-dependent model for twinning is also adopted: 

 𝑓
 

sgn 𝜏  (6) 

where   denotes the twin system number, 𝑓   its volume 

fraction of the twin family, 𝜏  is the resolved shear stress on the 
twin system with strength 𝑔 , and 𝛾  is the shear strain 
associated with the twin system.  

The determination of the average stress in each crystal involves 
a Taylor-type average, which is the volume average of the stress in the portion of the crystal that is 
twinning and the stress in the remainder of the crystal that is slipping. That average is readily calculated 
given the volume fraction of twinned material and the remaining volume fraction of matrix material 
that is undergoing slip. Given those average stresses in each crystal, a classical Taylor average is 
computed for the overall textured polycrystal, which gives the macroscopic stress that enters the 
phenomenological continuum models. That macroscopic stress involves a weighted average of average 
crystal stresses over all crystal orientations, computed at each load step for the evolving texture using 

Fig. 4  Experiemental data for Batch 1 sheet material: (a) stress-strain curves at 200°C and strain-rate of 
0.01/s for the tensile axis in RD, DD and TD direction, (b) EBSD measurement, and (c) pole figures. 

Fig. 5 The HCP slip system 
(from Fan and El-Awady, 2015). 



 

 

calculated orientation distribution functions. Further details of the crystal plasticity model and details 
of the calculation can be found in Lévesque et al. (2010). 

 
3) Calibrate CP model to uniaxial stress-strain responses: The experimental data displayed a distinct 

difference in the hardening rates in the different directions. This difference is caused by the 
microstructural dependence of the extension twinning mechanism that results from the sheet texture. 
This means that at least two different experiments are required for calibration to capture this 
phenomenon. The strategy uses the 0ᵒ (RD) and 90ᵒ (TD) stress-strain response for calibration. The 
stress-strain response in the 45ᵒ (DD) direction is then predicted and used as a verification. The 
material parameters entering the CP model are chosen from minimization of an Integrated Root Mean 
Square (IMSE) function between a target (experimental) curve and a simulated (crystal plasticity) 
curve from a total of “n” experimental data points:  

  

min IMSE
𝜎 𝜎 𝜎 𝜎

2
𝜀 𝜀  

  

After only 10 iterations, the initial yield is well captured 
with minor deviations in the TD after 10% strain that 
requires more iterations, generally about 50. The 
resulting predictions for the textured polycrystal, 
including the evolution of texture, are quite good. Figure 
6 shows the comparison of the CP model with 
experiments. Note that the predicted stress-strain curves 
in the DD direction, shown as the green circles in Fig. 6, 
which involves significant texture evolution, validates 
the CP model.. In particular, the effects of twinning and 
differential hardening are accurately captured in the CP 
model. Therefore, the fully validated CP model can be 
used to generate virtual data that is required for 
MAT233+, which accounts for the evolution of texture 
via the rotation of the material symmetries. Note that 
these CP results, and those that follow, are generated 
from Batch 1 E-Form Plus data. 

  

4) Multiscale data generation using CP: Different strain paths are simulated to produce data on 
material symmetry rotations that are required to calibrate MAT233+. These simulations followed the 
frameworks presented by Bunge and Nielson (1997) and Kohar et al. (2019) to determine the 
orthotropic axis evolution. Accordingly, the initial texture along RD was rotated in 15° increments 
before simulating uniaxial tension (see Fig. 7).  

 

Fig. 6 The experimental data (solid curves – 
see Fig. 4) and the fit from the CP model 
(circles) for the RD (red), DD (green) and TD 
(blue) directions of the initial tensile axis. 

Crystal Plasticity
Experiment

(7) 
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For each initial orientation of the tensile axis relative to the rolling direction, uniaxial tension 
simulations were performed, and the rotation of the orthotropic axes were calculated. The angle of the 
orthotropic axis from the sample reference direction, 𝛽, is determined by rotating the pole figure and 
measuring the degree of symmetry through an error function. The local pole figure symmetry error is 
computed as the difference in intensities about an axis of symmetry, 𝛽 , so that 

 𝜑 𝑊 𝑅 ,𝜃 𝛽 𝑊 𝑅 , 2𝜋 𝜃 𝛽       (8) 

and the total error in symmetry, Ψ  is calculated as 

 Ψ
𝑊 𝑅 ,𝜃 𝛽 𝑊 𝑅 , 2𝜋 𝜃 𝛽

𝑅 𝑅 𝜃 𝜃
       (9) 

where 𝑁  and 𝑀  are the number of bins used to discretize the polar domain of the pole figure. 
Minimizing the total error function determines the rotation of the orthotropic axes. An example of the 
analysis for a texture that was initially rotated 30 from the rolling axis and deformed to a strain of 0.3 
in uniaxial tension, is depicted in Fig. 8. 

Fig. 7  Off-axis uniaxial tension simulations from CP model. The initial angle of the tensile axis o is 
incremented in 15o intervals to generate virtual data for the MAT233+ phenomenological model. 

Fig. 8 Calculation of the rotation of the orthotropic axes during uniaxial tension for tension initially 
oriented at 30 from RD and deformed to a strain of 0.3. 



 

 

This procedure was applied for 7 initial orienations of the tensile axis in 0.02 increments of overall 
strain. The results from the CP simulations that fully specify the rotation of the orthotropic axes for in-
plane tensile stressing of the E-Form Plus material are plotted in Fig. 9. This data is used to determine 
the spin function 3  in (2) required for MAT233+. Recall that only 3  is enters the model under 

plane stress conditions. 

Note that is an important distinction in the material symmetry rotations for the Mg alloy as compared 
to the results depicted in Fig. 2 for a steel alloy (from the work of Bassani and Pan, 2012). In the latter 
case, there are just 2 stable orientations that result from uniaxial stressing at any angle in the plane of 
the sheet. In contrast, for the E-Form Plus Batch 1 material, Fig. 9 shows that there are 4 stable 
orientations, a behavior that, to our knowledge, has not been seen before. Therefore, the simple 
representation for 3  in (4) is not sufficient. Below we propose an enhanced functional form for that 

spin function, which is likely a characteristic of Mg alloy sheets and is another key outcome from this 
project. This is discussed further below. 

 

5) Numerical modeling framework: The phenomenological plasticity framework proposed by Bassani 
and Pan (2012) and developed by Kohar et al. (2019) was implemented into the yield function 
proposed by Cazacu-Plunkett-Barlat (CPB) (Cazacu et al., 2006). This framework accounts for 
microstructural evolution through continuous rotations of the orthotropic symmetry axes. This 
involves a single transformation model with tension-compression asymmetry. A total of nine 
coefficients (including asymmetry and yield surface exponent) are required for calibration. With 

 3ij ij kk ijs      denoting the deviatoric stress, the transformed deviatoric tensor is 

  

𝚺 𝐂: 𝐬          𝐂

𝐶 𝐶 𝐶 0
𝐶 𝐶 𝐶 0
𝐶 𝐶 𝐶 0
0 0 0 𝐶

 

Fig. 9  Simulations for the rotation of the material symmetry axes 
from the CP model for E-Form Plus, Batch 1 material. The initial 
orientation of the tensile axes is incremented in 15o intervals. 
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The elements of the C matrix are fit to CP generated anisotropy through a Genetic Evolution fitting 
scheme. In terms of the principal values of the transformed stress 𝚺, the CPB yield function is expressed 
in the following form:  

 𝐹 |Σ | 𝑘Σ |Σ | 𝑘Σ |Σ | 𝑘Σ 𝜎 0 (10) 

where  and k a  are material parameters to also be 
determined from the CP simulations. Note that the CPB 
yield function accounts for tension-compression 
asymmetries. Figure 10 is a plot of the yield surface 
predicted from (10), which is determined from the 
multi-scale CP formulation, that is shown to be in 
excellent agreement with the virtual CP data for E-Form 
Plus Batch 1 sheet material. Note that the highly 
anisotropic shape and tension compression 
asymmetries are accurately captured. This is another 
key outcome from this project.  

The next key outcome from this project is the 
implementation of the phenomenological constitutive 
model into LS-DYNA, which involved writing a 
UMAT (user material subroutine) for shells elements. 
The implementation is based upon a standard elastic-
plastic decompostion, as described above, with an associative flow rule in conjunction with the CPB 
yield function (10). A modified Swift hardening model is adopted, which can be expressed as:  

 𝜎 σ σ σ exp Dε H 𝜀
/

 (11) 

Although LS-DYNA does have a built-in material model based upon the CPB yield function (10), 
which is termed MAT233, it only accounts for fixed orientation of the orthotropic axes. MAT233+ is 
a UMAT subroutine that includes the rotation of the material axes as defined in (1) and (2). As noted 
above, the simple representation for 3  in (3) or (4) is not sufficient for the Mg-alloys, and in fact as 

shown by Kohar et al. (2019), it is not sufficient for an Al alloy. They proposed an enhanced functional 
form for that spin function, that also cannot describe the material rotations that are predicted by the CP 
model and is likely a characteristic of most if not all Mg alloy sheets, owing to the inherent tension-
compression asymmetries. This led to another key outcome from this project. For in-plane loading of a 
sheet material, we propose an extension to the form (4): 

𝜂𝟑 𝜂 𝜉
𝜕σ

𝜕𝛴

𝜕σ

𝜕𝛴
 

where 𝛴  is the stress tensor projected on the intermediate axes (Bassani and Pan, 2012). For the E-
Form Plus Batch 1 material, we found that 4n   terms in the phenomenological model can accurately 
capture the rotations predicted by the CP model, as show below. 

 

6) Calibration of *MAT233+ material card: The virtual experiments generated by the crystal plasticity 
model have been used to develop the phenomenological model that includes rotations of the local 
material symmetry axes and, by extension, to calibrate the material card. This involved fitting stress-

Fig. 10 Normalized CPB yield surface 
calculated from the data generated from the 
CP model which aggress well with the CP 
predictions. 

(12) 



 

 

strain curves, symmetry axes rotations, and the yield surface obtained by MAT233+ to predictions 
obtained from the CP model. The calibrated stress-strain curve is shown in Fig. 11, and the parameters 
entering the modified Swift hardening model are listed in Table 1.  

Virtual CP experiments were also employed to calibrate the function 3  given by (12), which 

determines the plastic spin and the spin of the material symmetry axes, i.e. the microstructural spin    

given in (1); see Fig. 1 and recall that ˆ ˆi ie ωe , where  ˆ 1,3i i e  are the orthotropic triad that that 

characterize the material symmetries and rotate as deformations progress. The fit of the MAT233+ 
model to the CP data (plotted in Fig. 9) is shown below in Fig. 12, and the corresponding values of the 
parameters used in the plastic spin model (2) with (12) are listed in Table 2. Excellent agreement 
between the MAT233+ and CP predictions is seen. 
 

 
As a final step, the material card for the E-Form Plus Batch 1 material that is needed to couple the 
phenomenological UMAT is shown below. 
 

Fig. 11 Calibrated stress-strain curve. 

Table 1 Parameters entering the Swift 
hardening model (11). 

Fig. 12 Predicted rotations from the MAT233+ 
model and comparisons with the CP simulations. 

Table 2 Parameters entering the material 
rotation constitutive function given by (12). 
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Conclusions 

In this project, integrated Computational Materials Engineering (ICME) methods have been developed 
that are coupled with experimental studies and data tools. Phenomenological elastic-plastic constitutive 
models for textured polycrystalline sheet materials undergoing deformation-induced microstructural 
evolution have been successfully constructed and implemented in the commercial finite element program 
LS-DYNA, which is widely used in the automotive industry. The goal is to be able to accurately simulate 
thermo-mechanical processing of magnesium alloys to achieve improved formability. Both slip and 
twinning mechanisms have been accounted for, where the latter gives rise to strength differentials (tension-
compression asymmetries) that were beyond existing modelling capabilities for macroscopic simulations 
that include the effects of texture evolution. This, we believe, is a significant advancement.  

Given manifestations of the underlying complexities of the straining mechanisms in Mg alloys, we 
learned from initial efforts that experimentally generating all the material parameters required for 
phenomenological models for HCP materials was a daunting and very expensive task. Learning this was a 
useful outcome. The underlying reasons include the complexity of models that describe i) the highly 
anisotropic yield stresses and associated plastic flow, ii) the hardening under arbitrary strain paths, iii) the 
strength differentials arising from complex twinning mechanism, and iv) the evolution of texture leading 
to continuous rotation of local material symmetries. Therefore, to develop accurate ICME capabilities for 



 

 

large-scale, macroscopic simulations (e.g., for an entire door stamping operation), we have successfully 
adopted a strategy that couples experiments (from other investigators in project) and polycrystalline 
simulations. This multi-scale approach proved essential to augment data needed to model, in particular, the 
continuous local rotations of the anisotropic material symmetries resulting from texture evolution, which 
was an overall objective of this sub-project. A key outcome from this project is the first-ever development 
of macroscopic thermo-mechanical constitutive models for Mg alloys, in particular for E-Form Plus, for 
use in large-scale simulations of deformation processes. Prior to this work, existing capabilities that utilize 
commercial finite element software, including user-defined material models, were limited to fixed axes of 
anisotropy that cannot account for the evolution of texture in “off-axis” straining, i.e. when the principal 
axes of strain are not aligned with the orthotropic axes of material symmetry, which naturally occurs non-
uniformly throughout a sheet that is stamped into a complex geometry. The newly developed model for Mg 
polycrystals, we believe, significantly advances the state-of-the-art in magnesium sheet technology.  

The full implementation of the Mg alloy sheet material model in LS-DNYA required writing a UMAT, 
a user provided subroutine, that has been made available to our colleagues at MAGNA, who have 
undertaken studies of the stamping of the inner door panel, and will be made available to the broader 
community. This is another key outcome of our work. A demonstration of the capability is shown for cross 
form stamping in the graphic in the Executive Summary. 

One final note: through the course of the project, four batches of the POSCO E-Form Plus material 
were obtained and underwent various testing protocols. Given the totality of the available data, the decision 
was made to focus attention on the Batch 1 material for the ICME work. Interestingly, that material 
displayed a weaker anisotropy than the other 3 batches.  

There are a number of directions for future work, particularly given overall time constraints in this 
project. Only a few simulations using the MAT233+ model were carried out towards the end of this project 
and there were some numerical challenges, which are typical for such nonlinear, history dependent 
problems, so further simulations and comparisons with experiments are needed. Furthermore, direct 
experimental measurements of tension-compression asymmetry were not available for the E-Form Plus 
Batch 1 material at the time of model development. As a result, the CP model was used to generate that 
model input, with details of the twinning behavior for the CP model assumed from limited data on other 
Mg alloys. Indeed, twinning in Mg alloys causing is complex, and more experimental data for tension-
compression asymmetry as a function of orientation of the loading axis would be very useful. Another 
direction for future work is to simulate the behavior for a range of initial textures to identify those leading 
to enhanced formability. On a practical note, some of the challenges facing the MAGNA team arose from 
mesh-size dependence, and resolving that through mesh regularization proved to be very time consuming. 
Perhaps a better approach to regularization would be to include strain-gradient effects in the harden model, 
which does have a physical basis. One final note concerns material parameter input for anisotropic elastic-
plastic material models such as MAT233 or MAT233+: integrating the multi-scale approach adopted in this 
work is somewhat complicated. A graphical user interface that an experienced mechanical or materials 
automotive engineer could use is a somewhat longer-term goal, after the ICME solution approach has been 
fully validated for Mg alloys. 
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