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Abstract

A new electromagnetism module is being developed in LD-DYNA for coupled mechanical/thermal/el ectromagnetic
simulations. One of the main applications of this module is Electromagnetic Metal Forming. The physics, numerical
methods and capabilities of this new module are briefly presented. This module is then illustrated on different
simulations. A first set of simulations corresponds to a ring expansion experiment, which was performed at The
Ohio Sate University, for which the code is compared with experimental results. A second example correspondsto a
typical Electromagnetic Metal Forming of a thin metallic sheet.

I ntroduction

Metal working is traditionally done by the relatively slow motion of fixed tool sets. While
much has been accomplished using this forming paradigm, there are persistent problems and
process limitations. For example local forming strains are essentially limited to those allowed by
the forming limit diagram and it is difficult to avoid wrinkling instabilities. Further, the stress
and strain that can be applied to the sheet is rather limited, so only modest strength increases due
to strain hardening are available through the forming process. There is rapidly growing interest
in Electromagnetic Metal Forming (EMF) as a high velocity forming process, where the force
deforming the workpiece is a magnetic one, generated by an electrical current induced in the
workpiece by a coil. Here impulse and velocity are the primary variables that are controlled, as
displacement is controlled in traditional stamping. Much work has shown that in high velocity
forming, local strains can significantly exceed strains available in the FLD [1], wrinkling can be
mitigated [2], tool-workpiece impact can induce micro- or nano-scale features as well as shock
harden the material [3]. Schemes are being developed that permit the use of EMF as a routine
manufacturing operation.

An electromagnetism module is being developed in LS-DY NA in order to perform coupled
mechanical/thermal/electromagnetism simulations. EMF is the main application of this
development, but many other processes could be simulated, where magnetic pressure induces
mechanical stress and deformations and/or joule effect induces a heating process:. magnetic metal
cutting, magnetic metal welding, very high magnetic pressure generation, rail-gun type
apparatuses, computation of the stresses and deformations in various coils, magnetic flux
compression, induced heating and so forth.
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This module alows to the introduction of a source electrical current into solid conductors, and
to compute the associated magnetic field, electric field, as well as induced currents. These fields
are computed by solving the Maxwell equations in the Eddy current approximation, which is a
very good approximation for the magnetic metal forming like problems. The Maxwell equations
are solved using a Finite Element Method (FEM) for the solid conductors coupled with a
Boundary Element Method (BEM) for the surrounding air (or vacuum), which thus does not
need to be meshed [4]. Both the FEM and the BEM are based on discrete differential forms,
using the FEMSTER library developed at the Lawrence Livermore National Laboratory [5],
which allows a high accuracy for the solution [6],[7]. These methods are now implemented on
solid hexahedral elements and quadrilateral shells, and will soon be extended to tetrahedra,
wedges and triangular shells.

The electromagnetic fields give the magnetic “Lorentz” force, which is added to the LS
DY NA mechanical solver thus generating deformation of the conductors. This motion is in turn
taken into account in the lagrangian computation of the electromagnetic fields.

The electromagnetic fields also give a Joule heating term, which is added to the LS-DYNA
thermal solver. The temperature can in turn be taken into account through an equation of state to
get the electromagnetic properties of the materials.

Since the electromagnetism module is fully integrated into LS-DY NA, al the already existing
numerous mechanical and thermal capabilities of the code can be used. The electromagnetic
fields (current density, magnetic field, electromagnetic force, and so forth) can be plotted using
LSPREPOST.

First validation of the module: ring expansion experiment

The electromagnetism solver has aready been extensively tested on non-moving conductors
with simple geometries where analytical solutions are available (strip line, cylindrical line and
double wire). It has also been tested against a ring expansion experiment performed at The Ohio
State University [8].

The setup for ring expansion experiments was designed primarily to study the effect of
sample cross-section and size on its formability. Figure 1 is a schematic of the setup. It
essentially consists of a ring specimen placed around a simple helical solenoid coil connected to
the capacitor bank. The current in the coil induces an eddy current in the ring in a direction
opposite to the primary current in the coil. This causes mutual repulsion between them resulting
in the radial expansion of the ring. The current flowing in the coil rises to 120 kA with a rise
time of about 24 pus.

The coil used was a closely wound five-turn solenoid made from ASTM B16 brass wire with
a4.7 mm x 4.7 mm sguare cross-section. The coil had a pitch of 6 mm and its outer diameter was
5.93 cm. It has been designed to result in an axisymmetric radially outward launch of the ring
specimen. This solenoid was potted in urethane. In the experiment used for comparison with the
code, the ring was made of AA5754. It had a 6.21cm inner diameter with a nearly square cross
section with dimensions 3.98 x 3.91 mm.

A Pearson probe [11] was used for measuring the primary current in the coil. The induced
current in the ring specimen was measured with a Rogowski probe [12]. A high speed digital
array camera (Cooks Flashcam [13]) was used for estimating the position of the sample vs. time
asthering expanded. A detailed description of these experimentsis available elsewhere [14].

A hexahedral 3D mesh for the solenoid and the ring was build with the TrueGrid® mesh
generation program. It is presented in figure 2, which shows the system at the beginning and at
the end of the simulation. The mesh is composed of 1664 solid hexahedral elements, with 16
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elements in the cross section of the ring. It has 2304 BEM faces that are used to compute the
surface integrals arising in the BEM method. At the time this paper is written, the BEM matrices
are assembled and stored as fully dense matrices, which limits the size of the meshes which can
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Figure 1: schematic of the setup of thering expansion experiment

be handled, especially on smaller individual machines. Other methods will be introduced to
reduce memory requirements, which should allow using larger meshes.

The measured primary current was injected in the coil and virtual or numerical Rogowski
coils permitted computation of the total current flowing through cross sections of both the coil
and the ring at each electromagnetic time step of the simulation. These currents are presented on
figure 3 along with the corresponding experimental currents.

Since the ring expansion is done at high strain rate (with a peak around 3500 s*), a material
model with strain as well as strain rate dependant stress needs to be used. For this first test, a
MAT _24 piecewise linear plasticity was used with the 2 strain rate curves showed on figure 4.
The quasi-static one was measured by the OSU team on the exact same material as the one used
in the experiment, the one at 2500 m™* was found in [9]. The experimental and numerical ring
radius vs time are compared on figure 3, showing very good agreement.

Since the ring expansion experiment nearly has an axi-symmetric invariance, and since it is
possible to introduce symmetry planes as well as rotational invariance in the electromagnetic
module, another simulation was done with a slice corresponding to 1/16th of the previous
simulation zone in the 6 direction. The mesh could then be increased in the r and z directions, to
324 elements in the cross section of the ring. This allows study of the diffusion of the current
density, magnetic field and of the corresponding electromagnetic force field through the ring. A
Burgess equation of state [10] giving the electrical conductivity vs temperature and density was
also introduced for the completeness of the model. Figure 5 shows the magnetic field and the
force field at three different times during the process. The first time (t=12us) is during the initial
rise of the current, when the magnetic field has not yet diffused much in the volume of the ring.
The force is thus mainly applied close the internal face of the ring. The second one (t=33 pus) is
after the first peak of the current, during the first half period. The magnetic field has then
diffused and the force field is now much more spread through the volume of the ring. One can
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notice by the way the pinching effect of the forces. The last time (t=57 ps) is during the second
half period when the current has changed sign. This new direction of the current did not have
time to diffuse to the center of the ring yet, and the current density does not have the same sign
on the internal face as in the center of the ring, as the different rotation directions of the magnetic
field show. The corresponding force field is a fairly complicated one, with expanding forces in
parts of the volume along with contracting onesin other parts.

0SU Ring experiment 0SU Ring experiment

Figure 2: Mesh for the OSU ring expansion experiment at initial stage (left) and final stage (right)
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Figure 3: Experimental and numerical primary and secondary currentsaswell as experimental
and numerical inner and outer radius of thering vstime
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AAS5754 Stress Strain curves
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Figure4: stressvsstrain at strain rate = 0 and 2500s™ for AA5754 in MAT_24 model
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Figure5: Magnetic field (top) and electromagnetic for ces (bottom) in the cross section of thering at three
different times: t=12ps (left), t=33us (middle) t=57ps ( right). The symmetry axisis on theleft of
each picture.

Presentation of a typical magnetic metal forming case
The main application of magnetic metal forming is probably in sheet metal forming due to the
relatively low forces needed. The electromagnetism module is thus now being extended to shell
elements with some assumption for the diffusion of the magnetic field through the thickness of
the shell [15]. The current density is assumed to be uniform in a given numerical “skin depth” of
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the shell. Usually, this “skin depth” is taken as equal to the thickness of the shell. The
assumption then means that the thickness of the shell is small compared to the actual skin depth
of the problem. Detailed studies will have to be done to study the validity of this assumption, and
maybe other assumptions will need to be introduced.

Meanwhile, it still is possible to use solid elements for thin plates, which allows solving the
full diffusion problem. This is what we did for the second example case where the goal is to
magnetically form a 0.8mm thick aluminum plate against a twisted groove shaped die. A solid
mesh with 5 elements through the thickness of the aluminum shell was used. A coil with a square
cross section was placed just above the shell. The diameter of the groove of the die is around
1cm, and its length around 2cm. A typical oscillating current with a 150 kA amplitude and a 20
us quarter period is sent through the coil. This current was roughly optimized so that the
workpiece hit the die without too much kinetic energy, in order not to damage the die. Thisis by
the way the kind of optimization for which a numerical code can prove very useful. The mesh for
this case, generated with TrueGrid® is presented on figure 6. It is composed of 18000 solid
elements, and 2840 BEM faces.

One has to note that this mesh does not represent a full physical geometry but only a little
dice of it. In an actual case, the induced current would need to loop somehow in the workpiece,
and the coil would need to be connected to the line coming from the generator. For this case, the
boundary conditions have been chosen such that the current can freely flow in and out the coil
and the workpiece, asif they were connected to other conductors.

Figure 7 shows the iso-contours of the current density, as well as the current density and
electromagnetic force density in a dlice of the workpiece, at 3 different times. At the first time
(t=4us), the workpiece still is very close to the coil, and the current mainly flows in the
workpiece in the area which is directly under the coil. The corresponding magnetic forces (on the
right on the figure) are more or less evenly distributed in this same area. At the second time
(t=20us), the workpiece has started to move towards the die, so that the current now starts to
flow where the workpiece is closest to the coil, i.e. aong the edges of the groove. The
corresponding magnetic forces thus start to be larger at this location. Thisis even more visible at
the third time (t=42us) where the forces are now concentrated on the edge of the groove. This
effect helps pushing the workpiece against the edges the die later in time. The shape of the coil
(which would in practice probably be composed of several parts) could be optimized to reinforce
such an effect.

Figure 6: mesh for the magnetic metal for ming example case : full mesh (Ieft) and die only (right)
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Figure 7: I so-contour s of the current density on the whole shell (left), current density on a cross section of the
shell viewed from thetop (middle) and electromagnetic for ces on the same cross section viewed
from the side (right) at 3 different times: t=4ps (top), t=20ps (middle) and t=42pus (bottom)

Conclusion

The new electromagnetism module, which is being introduced into LS-DYNA, has been
briefly presented and illustrated on 2 cases. The main application of the introduction of this
module and its coupling with the mechanical and thermal solversis EMF, although many related
processes can be simulated. The first validation of this module against experimental results was
done on aring expansion experiment performed at the Ohio State University. More comparisons
should be done in the future. Such comparisons will not only validate the existing module, but
also help understand the validity of different approximations, which may be introduced (such as
the diffusion of the magnetic field through a thin shell), as well as their influence on the overall
process, for each particular case.

The code can then be used for a better understanding of the physics, and in particular the
evolution of the electromagnetic fields as well as the current density, the diffusion of the current
and magnetic field, the induced repartition of the pressure forces, the influence of the Joule
heating on the mechanica and electrical properties of the material, the part of Joule heating and
plastic work in the internal energy, the time evolution of the different parts of the energy
(electric, magnetic, kinetic, thermal, plastic,...), and the global yield of a given process.

The code can aso be used to optimize a given process, using for example the LS-OPT
optimization program. For EMF for example, the design of the coil isavery important step since
its shape greatly influences the distribution of the electromagnetic fields and thus the resulting
electromagnetic force. One aso has to make sure that the design of the coil is such that it is
mechanically strong enough to resist the large electromagnetic forces without failure or
deformation.

Another very interesting application of the coupled use of LS-DYNA, LS-OPT and EMF
experimental results would be in the system identification field, using a procedure which
minimizes the errors with respect to given experimental results. The parameters to optimize
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could for example be the ones appearing in strain rate and temperature dependent constitutive
models like the Johnson-Cook [16], Zerilli-Armstrong [17] or Steinberg [18] ones, for which
very little data are published. They could also be the ones appearing in the different equations of
state used.
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