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SPRINGBACK PREDICTION OF SHEET METAL IN THE
DEEP DRAWING PROCESS USING ELASTOPLASTIC
PHENOMENOLOGICAL MODELS

B. Haddag, T. Balan, F. Abed-Meraim
Laboratoire de Physique et Mécanique des Matériaux, ENSAM de Metz, France

Summary

The deep drawing is one of the widely used processes in industry to give suited forms to
metal sheets. During deformation the sheet and tools undergo high stresses. The sheet
must carry on the deformation until the end of the process. To prevent defects on the
final part, like springback or necking, better behaviour models must be used in the
numerical simulation. Our work concerns the prediction of springback phenomena using
two hardening models written in the frame of phenomenological elastoplasticity. These
models were implemented in the ABAQUS finite element software using an accurate,
implicit time integration scheme. First, sequential rheological tests have been simulated
in order to show the ability of each model to reproduce the effect of strain path changes.
Then, an example of deep drawing has been considered to study the effect of the two
hardening models on the prediction of springback.

Keywords: elastoplasticity, strain-path, implicit integration, F.E. prediction, deep
drawing, springback

1 Introduction

In order to predict the real behaviour of sheet metal under large strain, it is necessary to
use an efficient elastoplastic model taking into account the nonlinear strain path history
of the material. The sheets are obtained by rolling and thus present anisotropic
elastoplastic behaviour. A large class of metals, like the steels considered in our study,
exhibits strain path dependent hardening phenomena. We can observe different yield
stresses for different loading directions, known as the initial anisotropy, as well as
anisotropy induced by work hardening. In the phenomenological elastoplastic models
initial anisotropy is modelled by the yield surface and the hardening is decomposed in
two parts: isotopic and kinematic. The first part is represented by an expansion of the
yield surface and the second part is represented by its translation in the stress space.

For this purpose, two hardening models are considered to model the plastic behaviour: a
combined Voce isotropic and Armstrong-Fredericks kinematic hardening model and a
microstructural model proposed by Teodosiu and Hu [1] which improves the transient
hardening simulation in reverse and orthogonal loading. These two models are coupled
with an anisotropic yield criterion to take into account the initial anisotropy. The
elasticity is considered linear and isotropic.



Besides modelling, the numerical implementation is an important task to predict
correctly the behaviour of industrial parts. Indeed, the quality of numerical results may
strongly depend on this task. Consequently, attention is given to study the different
integration methods. Implicit time integration of the constitutive equations is
recommended by many authors [2] to insure the accuracy and stability of the integration
scheme; this is the method we also adopted.

Simulations of rheological tests are first used to show the ability of the two models to
reproduce the elementary phenomena observed experimentally. The first model is
sufficient to reproduce the Bauschinger effect. On the other hand, the second one is
more adequate to reproduce stagnation of work hardening at the beginning of reverse
loading and work softening during the orthogonal strain path. Finally, a study of
springback during a strip drawing test for a dual phase steel is proposed to show the
influence of each model on the final shape obtained after tools removal.

2 Constitutive equations

The two hardening models fit the global frame of classical phenomenological
elastoplasticity, governed by the following equations: a constitutive equation relating
the elastic strain rate to the stress rate, a yield criterion delimiting the elastic domain, a
flow rule defining the inelastic part of the strain rate and then a set of evolution laws for
the internal variables defining the work hardening. We first introduce the
microstructural model and then obtain the other one as a particular case.

As already stated, the elasticity is considered linear and isotropic. The Cauchy stress
rate ¢ is related to the elastic strain rate D® by the hypoelastic law:

6=C:D*=C:(D-D") (1)
where the plastic strain rate D’ is given by the associated flow rule:
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and the yield criterion is given by:

F=6-Y=4(c'"-X):M:(¢'-X)-Y <0 3)

where & and Y are the equivalent stress and the size of the yield surface respectively.
The quadratic Hill’48 yield surface is used to model the initial anisotropy. ¢’ is the
deviatoric stress, X is the backstress defining the translation of the centre of the yield
surface in the stress space and M is a fourth order tensor containing Hill’s anisotropic



coefficients. According to Teodosiu and Hu [1], Y is given by:
Y=Y, +R+ [ (4)

where R (scalar) and S (fourth order tensor) are two new internal variables. R
describes the contribution of the randomly distributed dislocations to the isotropic
hardening and S describes the directional strength of the persistent planar dislocations
structures (PPDS) which is decomposed in an active part S, (scalar) and a latent part

S, (fourth order tensor). Another internal variable of this model is the polarity of PPDS
described by P (second order tensor). The evolution equations of the internal variables

are summarized below:
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is a function of S, while g and %4 are two scalar
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functions depending on several internal variables.

To find the first model it is sufficient to consider only the two evolution equations (5)
and (6) with X, as a constant parameter and Y =Y, + R . Moreover, in equation (6)

the direction of saturation for X is N ratherthan (6'—X)/& .

In large strain analysis, the tensorial variable rates must be defined by objective
derivatives. We adopt the approach classically recommended for F.E. implementation,
where the tensor variables are considered in a rotating frame. In this case, the simple
time derivatives acquire the property of objectivity. The rotating frame used in
ABAQUS corresponds to the Jaumann rate.

3 Implementation of the models

The weak (integral) form of the equilibrium equation is considered and it is further
discretized in finite elements. Then, the contribution to the integral equation is
computed for every integration point of all the elements. In displacement-based F.E.
codes, the primary unknowns are the displacement increments at each node. Accurate,



incremental kinematical equations are available to compute the corresponding strain
increments at the integration points [3]. These two steps are performed by the F.E. code.
The strain increment is then considered as driving variable when solving the
constitutive equations at each integration point. We focus on the resolution of this local
problem, namely the time integration of the constitutive equations. For this purpose we
use the implicit time integration scheme for its good accuracy and stability.

The integration is carried out over one increment. First we construct the incremental
form of the continuum constitutive equations. The equation of elasticity can be written:

6,,=0, +C:(A8—As”) (11)

where subscripts n+1 and n designate the end and the beginning of the current
increment while A( ) designates the increment of the corresponding variable. One has

to find Ag” and then o, , satisfying the yield criterion, F,, =0, when plastic

loading occurs. As the plastic strain is of deviatoric nature, it is judicious to decompose
6,., indeviatoric (12) and spherical (13) parts:

6,,,=6,+2GAe —2GAe” (12)

Ora =50r(0,.4)=50r(o, )+ Kir(A2) (13)

and then solve the plasticity problem in deviatoric space. G and K are the shear and bulk
modulus respectively. The spherical part o’ , is completely defined with Ag but the

n+l
deviatoric part o
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is function of Ae”, which is an unknown variable given by:
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The yield criterion must be satisfied at the end of a plastic increment, i.e.:

= AV, (14)

n+l

F,.=0, _Y+l:E(G, Xn+1)_Y(R

n+l n+l n nl T

S,.)=0 (15)

n+l?

where S X,., R, and the others internal variables are obtained by
semi-analytical integration of their evolution laws:
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For simplicity, the functions g and /4 are considered constant and equal to their
values at the beginning of the increment. Defining another variable T=6¢'—X and
noting that S R ., arefunctions only of AAZ, equation (15) can be rewritten as:
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Subtracting equation (16) from (12) and replacing o', —X,,, by T,,;, we obtain:

nel
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Since X,, and V, _, are functions of T,, and AA, the last two equations form a
set of non-linear algebraic equations with T,, and AA as the only unknowns. The

system can be solved by the Newton-Raphson method. After convergence, all variables
at the end of increment are updated using equations (12), (13) and (16) to (21).

4 Applications

In this work, we aim to investigate the impact of the hardening models on the
simulation of springback. For this purpose, we compare the ability of the selected
models to predict the strain-path dependency exhibited experimentally by a mild steel
and a dual phase steel. The materials have been provided by the Arcelor and Voestalpine
steelmaking companies in the frame of a European project. The material parameters for
all the models and materials have been determined and provided by the LPMTM
laboratory. For the F.E. simulations, we focus on the dual phase steel since for this
material the springback is larger.

4.1 Simulation of rheological tests

A set of typical rheological tests [4] was simulated in order to illustrate the behaviour
reproduced by the two hardening models. It consists of a monotonic test (tension or
shear), a reverse test (shear Bauschinger) and an orthogonal test (tension followed by
shear). We note that all tests are realized on sheet along the rolling direction.
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Figure 1: Simulations with the Teodosiu-Hu hardening model for a mild and a dual
phase steels.

Figure 1 shows the simulation results obtained on dual phase and mild steels
represented in terms of equivalent strain and stress. The microstructural model is more
accurate in that sense it represents well the transient hardening after strain path change
i.e. the stagnation of work hardening at the beginning of reverse shear and hardening
followed by softening in the orthogonal test.
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Figure 2: Simulations with Teodosiu-Hu (TH) and Armstrong-Fredericks-Voce (AFV)
hardening models for a dual phase steel

Figure 2 represents the results obtained for dual phase steel with the two hardening
models. The comparison shows that the flow stress is overestimated when strain path



change occurs with the combined Voce isotropic and Armstrong-Fredericks kinematic
hardening model. The simulations with the microstructural model are shown very close
to the experimental behaviour [4].

4.2 Springback simulation for a strip drawing test

In order to investigate the effects of the hardening models on the springback of a dual
phase sheet steel, the strip drawing benchmark test, initially proposed at
NUMISHEET’ 93, was selected with modified dimensions. The sheet has 1.2 mm
thickness, 450 mm length and 45 mm width. The die radius (3.25 mm) and the punch
radius (3 mm) are much smaller than in the initial benchmark. The blank holder force
has the magnitude of 84 KN. The friction coefficient between the tools and the sheet
was assumed constant with 0.075.

The problem is treated in 2D. The blank is meshed in ABAQUS/standard with four rows
of 2D solid finite elements CPE4IH. The tools are rigid.

The convergence difficulties due to contact evolution may be avoided by simulating the
forming step with a dynamic explicit code [5]; the results are then transferred to an
implicit code to simulate the springback step (tools removal). Here, we simulate all
steps with the implicit code (ABAQUS/standard) via the UMAT routine. This allows us
to verify more accurately the equilibrium state during the forming stage.
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Figure 3: Deformed shapes obtained with the two models and the corresponding punch
reaction forces.

Figure 3 shows the two deformed shapes obtained with our selected models. The
amount of springback can be measured by the angle between the initial and the final
positions of the flange or the curvature radius of the sidewall. From Figure 3, it appears
that the amount of springback is overestimated with the first (classical) model. The
interpretation of this result can be found in the Figure 2. It indicates that in the



subsequent strain path (orthogonal or reverse) the microstructural model gives a lower
flow stress than the one given by the classical model. Thus, if an elastic unloading
occurs at the same configuration the elastic strain part will be lower for the
microstructural model than for the first model. These observations are confirmed
experimentally: the high strength sheet metals exhibit generally a high springback. As
another consequence of the different strain-path sensitivity, the punch reaction force is
overestimated with the first model (Figure 3).

5 Conclusions

Several parameters influence springback. In this study, the influence of the hardening
models is studied and outlined. The strain-path dependency of the hardening models is
shown as one of the important factors to consider in the elastoplasticity models in order
to predict accurately the final shapes of industrial parts.
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