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CONTINUUM MODEL AND MESH REGULARIZATION FOR EFORM+ AT 3 
DIFFERENT STRAIN RATES (0.01s-1, 0.1s-1, 0.5s-1) AND TEMPERATURES (150Co, 200Co, 

250Co) 
 

Kaan Inal, PhD. 
InalTech Incorporated, Waterloo, ON, Canada 

1. Numerical Instability Issues with LS-DYNA DEV142332: In the previous reporting period, 
InalTech Inc. successfully completed the strain rate and temperature dependent calibration for the 
6mm mesh size (Fig. 1) for the *MAT233 material card. However, when the same approach was 
employed for calibrating the 3mm mesh (the *MAT233 material card), serious numerical 
instabilities were encountered (Fig. 2.). The numerical instability can be clearly seen in this figure, 
where the major stress (x-direction) is plotted against time for a simulation with a strain rate of 0.5 
s-1 at 200oC. It should be mentioned that, the only difference between the simulations between the 
6mm and the 3mm mesh sizes (besides the obvious size difference), are the total number of 
elements used to mesh the gauge section; just along the width of the gauge, 2 6mm elements were 
used while 4 3mm elements were required to mesh the same length. The additional elements could 
well be the reason that why we have not encountered this instability with the 6mm mesh (more 
elements would amplify the accumulation of any numerical error). Accordingly, we have contacted 
LS-DYNA, and provided them; (i) the numerical model we are running, (ii) complete problem 
setup and (iii) slides to explain the problem.  

 LS-DYNA engineers made the necessary changes to fix this problem (Fig. 3) and thus 
provided us a new developer version, DEV148991. After receiving the new developer version, we 
moved our modeling to this platform and thus, the results presented in this report are obtained by 
using LS-DYNA DEV148991. 
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Figure 1: Comparison between simulation and experimental stress-strain responses of EFORM+ 

for various conditions.  
 
 

 
Figure 2: Stress vs time from a simulation (3mm mesh size) with DEV142332 (for 0.5s-1 and 

200oC). 
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Figure 3: Stress vs time from a simulation (3mm mesh size) with DEV148991 (for 0.5s-1 and 

200oC). 
 

2. Numerical Instability Issues with LS-DYNA DEV148991 at slower strain rates: After 
receiving LS-DYNA DEV148991, we have proceeded with the further calibration of the 3mm 
mesh size for strain rates of (i) 0.01 s-1, (ii) 0.1 s-1, (iii) 0.5 s-1 and temperatures of (i) 150oC, (ii) 
200oC, (iii) 250oC. Once we have started the calibration process, we noticed that there were sudden 
“jumps” in the stress-strain curve with using large mass-scaling (Fig.4). As a result, we have fixed 
the time scaling to match exactly what MAGNA uses (including the units) in the forming 
calculations (using DT2MS). It should be mentioned that this problem (the sudden jump in stress) 
only appeared at the lower strain-rates (SR). Based on the models that were constructed, *MAT233 
material card was not correctly identifying/selecting the correct curves for interpolation for the 
lowest strain rate curves.  
 We further investigated this problem; we provided the SR = 0.009 s-1 as the lowest curve 
to be employed in the material card. The SR = 0.018 s-1 was the second lowest curve that was 
provided. Then we started calibrating our model for a SR = 0.01 s-1 (which is the lowest strain-rate 
that we are calibrating the model); however, we did expect some variation in strain-rate due to 
variations in deformation (Fig. 5a). Note that by the way varying strain rates are handled in LS-
DYNA, *MAT233 material card should have used the lowest stress-strain curves available, 
especially if the plastic strain-rate is below the lowest provided curve. Although the computed 
plastic strain rate is below (in general) these two strain rates, the effective stress - plastic strain 
curve is well above these curves (Fig. 5b). This seemed to be the case for ALL temperatures that 
were performed at SR=0.01s-1.  
 This problem was communicated with LS-DYNA as well as the USAMP team; we 
provided our model setup to LS-DYNA so that they can reproduce the exact same problem. After 
discussions with LS-DYNA and the USAMP team, we were directed to continue our calibration 
process by excluding the stress-strain curves with a strain rate of 0.01 s-1 (at 150oC, 200oC, 250oC) 
from the overall regularization process.    
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Figure 4: Stress vs time from simulations with 3mm mesh size with DEV148991. 

 

 
(a)      (b) 

Figure 5: Initial simulations with the 3mm mesh; (a) input vs predicted strain-rates wrt plastic 
strain (b) Input stress-strain curves vs predicted stress-strain curves. 
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3. Calibration of Stress-Strain Response for FE Model: The method of inverse FEM is used to 
identify the stress-strain response for EFORM+ for use in warm forming simulations. Figure  
presents a schematic of the finite element (FE) model of the ASTM-E8 specimen. All simulations 
were analyzed using a developer version of the non-linear explicit dynamic formulation of the 
commercial FE software LS-DYNA – DEV148991. Each thermal condition (150°C, 200°C, 
250°C) was simulated individually with an isothermal assumption (no temperature change). 
Therefore, no thermodynamic modeling was used in these simulations. 1000x mass scaling was 
used to accelerate the models. This produced a ratio of kinetic to internal energy of less than 0.1%. 
*MAT233 with the MAGNESIUM option is used to define the material properties of the specimen. 
The orthotropic axes that defines the yield function are aligned in the RD of the specimen 
(*AOPT=2). The current status of the work uses fully integrated shell elements (ELFORM=16 for 
*ELEMENT_SHELL) with an element size of 3.0 × 3.0 mm and 7 through thickness integration 
points. A nominal shell thickness of 1.179 mm was used in these simulations. 
 
 

        
 

Figure 6: FE Model of ASTM-E8 Specimen 
 

Figure  presents the boundary conditions of the FE model. A quarter symmetry boundary 
conditions were applied to reduce the computational requirements of the FE model. A prescribed 
velocity profile that matched the experimental ramp-up to a constant velocity of the apparatus was 
prescribed to the pulling nodes. Table 1presents the prescribed constant velocity to reach the target 
strain-rates. These final velocities were taken from the experimental measurements provided by 
PNNL. 

 
Figure 7: Boundary Conditions of the FE Model 
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Table 1: Prescribed constant velocity for target strain-rate 
 

Target Strain-Rate [1/s] Constant Velocity [mm/s] 
0.1 8.48 
0.5 42.4 

 
Figure 8 presents a representative FE result of the deformed EFORM+ specimen. It is important 
to note that the specimen exhibits non-uniform deformation due to a diffuse neck that forms in 
the specimen. This contributes to the apparent negative hardening response observed in the 
engineering stress-strain response. 

 
  

Figure 8: Presentative deformation response of 6mm EFORM+ 
 
Figure  presents a schematic for obtaining the stress-strain response from the FE model for 
comparisons with the experiment. A cross section plane was defined perpendicular to the 
specimen and the pulling force (*SECFOR) was measured. The engineering stress response 
was obtained using 𝜎"#$(𝑡) = 𝐹(𝑡)/𝐴,, where 𝐴, was the initial cross section area. The strain 
in elements over an area of interest that was ~24mm x 12.7mm was used to approximate the 
measurement of the virtual extensometer. This approach reduces the numerical noise in 
computing strain due to the oscillation of nodes from the explicit dynamic FE solution. It is 
important to note that LS-DYNA computes true strain for the elements. Therefore, the 
engineering strain for this area of interest was obtained using 
 

𝜖"#$ = exp(𝜀234") − 1 

This allows for a direct comparison between the simulation and experimental measurement of 
the engineering stress – engineering strain responses. 
 

 
 

Figure 9: Schematic for obtaining the stress-strain response from the FE model 
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The flow stress was modified using an inverse FEM to capture correct hardening response of 
the EFORM+ for all temperatures and strain-rates. The true-stress true-strain response taken 
from the 0.5mm × 12.7mm was used as an initial guess for the hardening curve. The slope of 
the hardening curve was progressively modified until the integrated root mean squared error 
(IMSE) between the experimental and predicted response was minimized. The IMSE is defined 
as 
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Figure 10 presents the comparison between simulation and experimental stress-strain responses 
of EFORM+ for various conditions. Good correlation is achieved through the inverse FEM. It 
should be mentioned that, for the case of 0.01s-1 strain rate and 250oC simulation, the 
calibration is not as good as the others. This is because the numerical instability (overshooting) 
problem described in Section 2 still exists for this simulation; evidence of this problem can 
clearly be seen in Fig. 4. 
 
 

 
Figure 10: Comparison between simulation and experimental stress-strain responses of 

EFORM+ for various conditions.  


