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Abstract

This paper introduces a newly implemented metal forming material model, material type 263, in LS-DYNA material library. The yield
function of this model is based on a recent theoretical development of extending the original Drucker function into an anisotropic form.
The flexibility of the yield function is further improved by adopting the non-associated flow rule. The paper also outlines how to use
LS-OPT® to calibrate the material parameters used in the model, followed by a cup-drawing analysis which demonstrates the model’s
capability of capturing the cup earing profile, especially when paired with LS-OPT for material parameter identification.

Introduction

Over the years LS-DYNA has been making efforts to keep an up-to-date material library to satisfy the ever-
growing customers’ needs for precise characterization of material behaviors under various loading conditions.
This paper focuses on a newly implemented metal forming material model, material type 263 (*MAT LOU-
YOON_ ANISOTROPIC PLASTICITY), based on the anisotropic yield function recently proposed by Lou and
Yoon !, This yield function extends the original Drucker function into an anisotropic form using a fourth order
linear transformation tensor. As a stress-invariant-based yield criterion, the anisotropic Drucker yield function is
less computationally expensive compared to the principle-stress-based yield functions, especially in the spatial
loading cases. In the meantime, the non-associated flow rule (non-AFR) is applied to accurately characterize both
the directional yield stresses and R-values while keeping the model simple and efficient. The anisotropic
flexibility of this model can be further improved by summing up more components of the anisotropic Drucker
function. Last but not least, the c-value in the Drucker function is calibrated for body-centered cubic (BCC) and
face-centered cubic (FCC) metals for the first time thereby endowing the function with the identical capability to
non-quadratic yield functions to differentiate distinct plastic behaviors between BCC and FCC metals.

This paper gives a brief review on the anisotropic Drucker yield function and its implementation in LS-DYNA,
then a demonstration on how to calibrate the input material parameters using LS-OPT, followed by a numerical
simulation based on the new material model to predict earing during a cup-drawing process. The simulation
demonstrates excellent agreement with measured data, especially when paired with LS-OPT for material
parameter calibration.
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Anisotropic yield criterion based on Drucker function

Drucker proposed a yield function by including the third stress invariant into the classical Von Mises yield
function 1. The Drucker function is extended to an anisotropic form as shown below!!:

ay(0ij) = ('3 —cJ'HVe (1)
where J; and J; are the second and third invariants of the linear transformed deviatoric stress tensor s':
s'=Lo ()
The fourth order linear transformation tensor L' in equation (2) is given by:
[(c3 +¢3)/3 —c3/3 —c3/3 0 0 O
—c3/3 (c1 +¢3)/3 —c1/3 0 0 O
L — —c3/3 —c1/3 (c;+¢1)/3 0 0 0 3)
0 0 0 c, 0 0
0 0 0 0 ¢t O
0 0 0 0 0 c¢i |

The coefficient ¢ in equation (1) is calibrated to be 1.226 for metals with BCC and 2 for FCC . ¢{, ¢}, ¢} and ¢
in equation (3) can be calibrated from uniaxial tensile yield stress along different directions and the balanced
biaxial yield stress. On the other hand, ¢, and cZ , which are related to the through-thickness material properties,
are very difficult to obtain experimentally and therefore assumed to be identical with cg.

The fact that only six anisotropic parameters are to be identified makes the flexibility of equation (1) comparable
to Hill48 and Y1d91 functions ['l. A way to improve this is to adopt the non-associated flow rule (non-AFR), in
which the plastic flow is not required to be aligned with the yield surface normal and the r-values are modeled by
a different plastic potential as shown in equation (4):

a,(0ij) = (J3 — cfH/° 4)
where [, and J; are the second and third invariants of the linear transformed deviatoric stress tensor $:
s=1Lo (5)
with L defined as:
(6, + 63)/3 —C3/3 —-¢,/3 0 0 O
—¢3/3 (61 +¢3)/3 —¢,/3 0 0 O
i— —¢,/3 —¢,/3 (&,+¢)/3 0 0 0 ©)
0 0 0 ¢, 0 0
0 0 0 0 é& O
0 0 0 0 0 ¢ |

The anisotropic parameters ¢, €, €3 and Cgin equation (6) can be calibrated with experimentally measured 7-
values along different directions.

Another approach to improve the flexibility of equation (1) is to sum up » components of the anisotropic Drucker
functions as follows [:

— 1 I l

6y (01) = 7 Sm=al[U5™)? = c(5™)4]/6} (7)
with the integer n > 1. The same idea can be applied to the plastic potential in the non-AFR approach, as shown
by equation (8):

Gy(037) = = Zma{[U5™)% — c(F5™)2]/¢) ®)

The accuracy of equations (7) and (8) improves as n increases.
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LS-DYNA model implementation and material parameter identification

The material model is implemented as material type 263 in LS-DYNA material library and can be accessed with
the keyword *MAT 263 or *MAT LOU-YOON_ ANISOTROPIC PLASTICITY. Both AFR and non-AFR
options are available. Currently, the allowed number of Drucker functions is limited to one. Various hardening
laws are implemented including Swift, Voce, Gosh, and Hocken-Sherby. Alternatively, a customized hardening
curve can also be imported to characterize the material’s hardening behavior as a function of the effective plastic
strain. Details on the card structure of this keyword can be found in the keyword manual of LS-DYNA.

One essential step to apply this material model to a real analysis is determination of the anisotropic parameters.
In the case of one Drucker function, this keyword requires input of a total of 4 anisotropic parameters (¢, C3, C3,
ce) in the AFR case. With the non-AFR option, four more anisotropic parameters (¢;, ¢, €3, €g) are to be defined.
As briefly mentioned in the last section, these anisotropic parameters should be calibrated from yield stresses and
r-values measured from uniaxial tensile tests loaded at different angles and the balanced bi-axial tensile test.
However, the procedures of identifying these parameters from measured data are not standardized across the
industry. As the key idea is to find the best parameter set that reproduces the material’s yield behavior as close as
possible, here we use LS-OPT, a LS-DYNA-solver-based general optimization program, to determine the
anisotropic parameter set required by material type 263.
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Figure 1 A schematic view of LS-OPT® setup to calibrate anisotropic parameters of material type 263

Figure 1 illustrates the structure of a material parameter identification project built in LS-OPT. The key steps of
setting up this project include: (1) set up the parameters to be identified, and in this case, the anisotropic parameter
set (c1, €3, C3, Cg); (2) set up a series of simulation stages which predicts the material’s yield behavior under
experimental conditions, and in this case, a total of eight stages, including 7 uniaxial tensile tests, in the direction
of 0°, 15°, 30°, 45°, 60°, 75° and 90° respectively, and one balanced bi-axial tensile test, are set up in the project;
(3) set up the optimization objective, which is to minimize an error function (termed as composite in LS-OPT)
which measures the differences in yield stresses predicted by the model and observed from experiments. The
definition of the error function is given by equation (9):

F=Y5lo(prea = D> + (e — ©)

[ b

where gy and gy, are yield stresses obtained from uniaxial and biaxial tensile tests, and ag ed and alf red are
LS-DYNA predicted values using material model 263. Note that the finite element model used in these simulation
stages contains only one single element to accelerate the optimization process. This particular optimization project
is set up to identify the anisotropic parameters of an aluminum alloy 2008-T4, which is known as an FCC material
with moderate anisotropy. Accordingly, ¢ is set to 2 in the anisotropic Drucker function. The experimental yield
stresses for this material can be found from the literature and are listed in Table 1.
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Table 1 Experimental yield stresses and r-values of AA2008-T4 [3!

00/ 09 015/ 09 030/ 09 045/ 09 060/ 0 075/ 09 090/ 00 0,/ 09
1.0000 0.9963 0.9835 0.9459 0.9303 0.9171 0.9044 0.9010
To T1s T30 T45 T60 775 T90 Ty
0.8674 0.8077 0.6188 0.4915 0.4955 0.5114 0.5313 1.0000

The parameter set (cy, ¢35, €3, C¢) optimized by LS-OPT is listed in Table 2 and the predicted yield stresses
based on this parameter set are compared with experimental values in Figure 2(a).

Table 2 LS-OPT optimized anisotropic parameter values and parameter values found from the literature [°!
c1 cy c3 Ce ¢1 o s Ce
By LS-OPT 2.2511 1.8141 1.7885 1.8005 2.0505 1.7656 1.7095 1.6955
(case )
From literature B~ 2.2190 1.8448 1.8282 1.9082 2.1913 1.8729 1.7995 1.7829
(cases II and III)

nnnnnnnnnnnnnnnnnnn ) Loading angle (degree)

(a) yield stresses at different loading angles (b) r-values at different loading angles

Figure 2 Yield stresses and r-values predicted by LS-DYNA as compared to experimental data

In a similar manner, we can setup another optimization project to identify the values of (¢, €, 3, Cg) by
turning on the non-AFR option of material type 263. In this case, the optimization goal is to minimize an error
function that evaluates the differences between predicted and measured r-values at different loading conditions,
as shown in equation (10):

F= Z pred 1)2 + ( pred - 1)2 (10)

The values of (¢4, ¢,, €3, Cg) after LS-OPT optlmlzatlon are listed in Table 2 and Figure 2(b) plots the predicted
r-values based on the optimized parameter set as compared to the experimental values. As a reference, we also
listed the anisotropic parameters for AA2008-T4 found from the literature ! in Table 2. As expected, the values
are close but not identical, due to the fact that (1) results by LS-OPT are based on LS-DYNA'’s implementation
of the theoretical model, i.e., material type 263; (2) different numerical procedures are employed during the
optimization process; (3) optimization usually finds a local minimum which is dependent on the search range and
initial guess.
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Application to predict earing during a cup-drawing process

Based on the anisotropic parameter set identified by LS-OPT in the 1% row of Table 2, a cup-drawing simulation
using material type 263 is conducted to predict the final earing profile. The model contains only one quarter
section of the cup. Dimensions of the tools and blank are given in detail in Yoon et al. (2006) [*l. The initial blank
has a radius of 81 mm and is meshed with 3-dimensional solid elements. Element formulation 2 (with selective
reduced integration, see LS-DYNA user’s manual for details) is applied in the analysis. Assuming isotropic
hardening, the Voce hardening law is used to characterize the material’s hardening behavior after yielding, as
shown by equation (11):

o, = 408 — 175e 614 (11)
where €, stands for the effective plastic strain. Figure 3 shows the deformed cup shape after fully drawn with the
contour of €, being plotted.

Effective plastic strain
5.434e-01
4.537e-01 ]
3.640e-01 _
2.743e-01 _
1.846e-01
9.494e-02
5.249e-03 |

Figure 3 Simulated cup deformation after fully drawn with the contour of effective plastic strain

Cup height (mm)

Angle from the rolling direction (degree) Angle from the roling direction (degree)

(a) Cup height after fully drawn (b) Normalized earing profile

Figure 4 Simulation-predicted earing profile as compared to experimental results
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To show how the model prediction correlates to experiments, Figure 4(a) compares three cases of simulated cup
height as a function of the angle from the rolling direction along with the experimental data. Case I is obtained
by using LS-DYNA with the anisotropic parameters identified by LS-OPT as listed in Table 2 (1% row). Case II
is also calculated by LS-DYNA but with the anisotropic parameters taken from the literature, which are also listed
in Table 2 (2™ row). As a reference, another simulated profile, which is based on the same model with the same
set of anisotropic parameters as case II but uses a different numerical implementation !, is included as case III.
To better observe the variation of cup height, Figure 4(b) compares the % earing height of all three cases with the
experimental data, where % earing height is calculated by equation (12):

Cup height—minimum cup height

% earing height = x 100 (12)

minimum cup height

As illustrated by Figures 4(a) and (b), all three simulated cases are able to capture the general features of the
overall earing profile. The differences between case Il and case III are considered to be due to differences in the
details of numerical implementation of the same theoretical model, as well as different element formulations,
contact assumptions, etc. On the other hand, the differences between case I and II are solely caused by different
sets of anisotropic parameters being used in the simulations. Case I, which uses the LS-OPT identified parameters
matches the experimental data better in terms of both the cup height values and the overall earing profile. The
reason is considered to be the fact that the numerical algorithm used in the material parameter identification
process and the cup-drawing analysis are consistent with each other. In case I, the LS-OPT identification
procedure serves as a “training” process that makes the material model 263 “learns” the best set of anisotropic
parameters that matches the real material behavior. The numerical consistency between the identification process
and simulation process leads to the overall improvement of earing prediction.

Conclusion

A new metal forming material model is implemented in LS-DYNA material library as material type 263, accessed
by the keyword *MAT LOU-YOON_ ANISOTROPIC PLASTICITY, based on the theoretical model proposed
by Lou and Yoon in 2018. The yield criterion of this model uses the stress-invariant-based Drucker function and
the flexibility can be easily extended with the non-AFR option and/or further addition of Drucker components.
The general procedures of using LS-OPT to identify the anisotropic parameter set used as the model input are
outlined. The model is then subject to a deep cup-drawing analysis on an aluminum alloy 2008-T4 blank and the
prediction on the final earing profile is in good agreement with experimental results, especially when the analysis
is paired with LS-OPT identified anisotropic parameters
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