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The Electromagnetic Cylindrical Compression: A Tool to Test Behavior
Modeling under Large Strain at High Strain Rate

J. Petit, Y.A. Alexeev*, S.P. Ananiev* and M.N. Kazeev*

DGA, Centre d'Etudes de Gramat, 46500 Gramat, France
* NFI Kurchatov Institute, Kurchatov Sq., Moscow 123182, Russia

Abstract : The material behavior at high strain rate (> 104 s'l) and large strain (> 50 %) is unattainable with usual
tests. So it is deduced extrapolating results from ftensile, compression, torsion, plate impact or pressure shear
experiments. Exploitation of an eleciromagnetic cylindrical compression test allows to validate this extrapolation. It
allows to analyze the coupling of the effects of plastic strain, plastic strain rate and temperature or also, for example,
the effect of a viscous drag dislocation term. The principle and the limits of this exploitation by experimentation-1D
calculation comparisons are illustrated with the first tests obtained on copper tubes.

Résumé : Le comportement des matériaux 2 haute vitesse de déformation (> 104 s‘l) et grande déformation (> 50 %)
est inaccessible aux essais courants. Il est donc déduit en extrapolant les résultats des essais de traction, compression,
torsion et impacts plans ou inclinés. L'exploitation d'un essai de compression cylindrique électromagnétique permet
de tester la validit€ de cette extrapolation. Elle permet d'analyser le couplage des effets de la déformation plastique,
de la vitesse de déformation plastique et de la température ou encore, par exemple, de tester I'influence d'un terme de
frottement visqueux des dislocations. Le principe et les limites de l'exploitation par comparaisons expérience-calcul
1D sont illustrés avec les premiers résultats obtenus sur des tubes de cuivre.

1. INTRODUCTION

Numerical simulation is widely used to help experimental studies and also to study involved physical
processes because it is the only way giving access to many non measurable quantities in numerous
configurations (stresses, thermomechanical state of materials ...). In such a case, it allows a best
understanding of phenomena and, subsequently, an optimized use of the constitutive materials. Analysis
of numerical simulation results is only reliable if the modeling selected for materials has been validated in
the corresponding field of use. This paper presents a validation method of behavior models at high strain
rate through the analysis of electromagnetic cylindrical compression experiments.

After presentation of the principle of analysis, the following section will describe the experimental
apparatus and its performances. Analysis of electromagnetic cylindrical compression experiments in order
to validate behavior models will be illustrated in the following sections where the limits of this approach
will be addressed.

2. PRINCIPLE OF ANALYSIS

The experiment of electromagnetic cylindrical compression does not directly give access to a stress-strain
curve. The records obtained during experiments correspond to measurements of the magnetic field outside
the tube and of the inner radius of the tube versus time. A record example of these two parameters is
presented in figure 1. The field is applied during the whole tube motion. Then, there is no ‘free flight’
phase during which an energy balance could allow determination of an average value of the yield strength
as it is performed in (he case of ring expansion tests [1,2].

On the other hand, the electromagnetic cylindrical compression experiment can be used as an
appropriate tool to validate behavior models by experimentation-calculation comparisons in domains that
are inaccessible to conventional experiments. For a given and measured magnetic ficld, the evolution of
the inner radius in such a simulation mainly depends on the selected behavior model. Comparison of the
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‘inner radius versus time’ curves obtained through experimentation and calculation allows the validation
of the behavior model in the domain of stress reached.
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Figure 1 : Inner radius and outer magnetic field during an electromagnetic cylindrical compression.
(Records of the experiment with the tube of 1-mm thick wall presented in a next section)

3. EXPERIMENTAL APPARATUS

The experimentation was carried out at the Kurchatov Institute on the TROB-100 apparatus [3] which is a
pulsed current generator based on a capacitive low-inductance energy storage. The total capacity of the
TROB-100 is 320 pF, its intrinsic inductance is about 5 nH and its charging voltage is up to 25 kV. The
stored energy is up to 100 kJ. With the inductor, the total inductance is about 26-28 nH, frequency of
oscillations in the current is about 3.5 10° /s and damping is 5 10* /s. The capacitor bank is discharged
through a massive single-turn solenoid (inductor) in the middle of which a pulsed magnetic field is
produced with an amplitade up to 40 MA/m (500 kOe in cgs/emu units) for fast tubes deformation. The
inductor, the sample and the diagnostic instrumentation are shown in figure 2.
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Figure 2 : Drawing of the experiment. I - massive bandage, 2 - inductor, 3 - insulation, 4 - clamp,
5 - copper spacer, 6 - collector of current, 7 - window, 8 - vacuum chamber, 9 - sample, 10 - magnetic probe.

The magnetic field in the single-turn inductor is asymmetric in the azimuthal direction. Close to the
inductor cut, the magnetic field is smaller than on the opposite side. The azimuthal magnetic field
inhomogeneity results in the asymmetric tube compression. To reduce again the magnetic field
inhomogeneity in the gap between the tube and the inductor, the used inductors had a special
configuration of their lateral surfaces. The field homogeneity can be evaluated at 2 % for the inductor
used for the slowest tube compression presented here and about 4-5 % for the other ones.
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The magnetic probes, 10, were located in the gap between the inner inductor surface and the
chamber. In the proposed experiments, only one probe set on the opposite side of the inductor cut was
used. The magnetic field magnitude was calculated by integrating the magnetic probe signal. The accuracy
of the magnetic field magnitude that depends on the product nS of the magnetic probes one (n, number of
turns and S, their section). It was no worse than 2.5-3 % for the experiments presented here,

The dynamics and compression symmetry of the tubes were observed with respectively streak and
frame cameras. The accuracy of synchronization is about 300 ns, the time resolution of r; (t) measurement
is about 20 ns and the measurement accuracy of the inner radius is no worse than 0.25 mm for the streak
camera scanning. The measurements performed with the frame camera show that the asymmetry during
this experiment is no worse than 6 % when the inner radius is greater than 2.5 mm. This asymmetry
remains confined close the inductor cut and its influence is reduced in the measurement plane of the
streak camera which is perpendicular to the inductor cut.

4, METHODS OF NUMERICAL SIMULATION

The numerical simulation of the electromagnetic cylindrical compression experiment was performed with
UNIDIM [4], a unidimensional fast dynamics code inspired from WONDY [5] and used here in its
cylindrical configuration. This code was adapted to take into account electromagnetic stress : Laplace
volume forces were added in the momentum conservation equation and heating through Joule effect was
introduced in the energy conservation equation [6].
From Maxwell equations :
__)
- - - 9B - o
roo H=j , rot E:——aTand B=pH (1,2,3)
where H is the magnetic field, j the current density, E the electric field, B the magnetic induction and p is

the magnetic permeability ; and from Ohm’s law :
- 2 = 1
E+vxH=— ] (4)
c

where v is the particle velocity and G the electric conductivity ; the Lagrangian time derivative of the
magnetic field can be expressed in the cylindrical case with a magnetic field unidirectional along the axis

of revolution z :
2
DHZ :.L.a HZ +_1_[l_l a_o) aHZ _(&.+av")Hz (5)
Dt op 92 op\r o or) or r or
Two boundary conditions are necessary to resolve this equation. The first one is provided by the

measurement of the field outside the tube. The second one is given by the equations of continuity of the
electric field inside the tube that lead to :

DH,
Dt
A Crank-Nicholson writing in the initial Lagrangian space that remains steady, gives for equation (5)
a tridiagonal matrix whose resolution can be provided by a Cholesky method. When the magnetic field is
known, the Laplace forces per unit of volume, f; , and the increase of internal energy during the time
interval dt due to Joule effect, dw; , can be calculated :
2
dH dt (oH
f =— ZH,,dw; =— z (7,8)
re TR "“op ( or )
where p is the material density. Two models of behavior are tested in this study. They allow to determine
the threshold stress of plastic flow :

2v

L

2 @H,
—ouri or

o Hzri (6)

Ty

Y=1(e, &, T) (9)

where Y is the value of the equivalent threshold stress of plastic flow (for a model of perfect plastic
behavior, this value is constant), ¢, he cquivalent plastic strain, €, the equivalent plastic strain rate and
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T the temperature. These equivalent values are defined by applying the Von Mises’s criterion an
assuming the tensile test as reference :
3

2
> SiSy Y, dey =) = def def (10,11)

where S;; correspond to terms of the deviatoric part of the stress tensor and dsi‘} correspond to terms of
the tensor of plastic-strain increments.

5. COMPARISON EXPERIMENT-CALCULATION

Experiments were performed on tubes manufactured from an OFE-OK grade copper rod. The averag
initial grain size was 50 pm from micrograph observations. The inner diameter of the tubes remained
equal to 18.6 mm for every experiment. Tubes of different wall thicknesses (1.5, 1.0 and 0.5 mm) were
used to investigate three different domains of strain rate (figure 3).

inner radius ~  ------ outer radius
10 6 T T T T T T T T ¥

105

Equivalent plastic strain rate (s-!)

104
5 1.5 mm- thick wall 1 mm- thick wall 0.5 mm- thick wall
10 L 1 1 1 1 ] 1 i ¢ &
0 0.5 1 1.5 20 0.5 1 1.5 20 0.5 1 1.5 2
Equivalent plastic strain Equivalent plastic strain Equivalent plastic strain

Figure 3 : Equivalent plastic strain and strain rate.

In numerical simulations, the initial meshing was regular with a size of 0.01 mm fitted to an accurate
numerical processing whatever the wall thickness of the tube may be. Two behavior models of copper
were tested to evaluate the interest of the analysis presented here : the model proposed by Zerilli and
Armstrong in its first version [7] and the next one including a term of dislocation drag that gives a sharp
increase of the stress at high strain rate [8]. The copper used in this study was not characterized and the
primary coefficients published with these models were used as default values. Only the true grain size was
taken into account. The experiment-1D numerical result comparisons are presented in the figure 4.

= experimental data, —— Y Z-A without drag dislocation, ----Y A-Z with drag dislocation.
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Figure 4 : Test of the models for the different wall thicknesses.
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When the wall is too thin (0.5 mm), the both models give the same result. Conversely, with the
thickest tubes, the tested models clearly exhibit a more or less large overestimation of the threshold stress
modeling of the plastic flow. Simulations performed with different values of the yield strength in a model
of perfectly plastic behavior allow Lo assess this overestimation and consequently the accuracy of the
model testing (figure 5).

* experimental data

T T

1-mm thick wall

T

0.5-mm thick wall

Inner radius (mm)

0 10 20 30 40 0 10 20 30 400 10 20 30 40
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Figure 5 : Test of perfectly plastic models.

Results presented in the both figures 4 and 5 show that :

- in the fastest tube compression, the plastic work is certainly low compared to the kinetic energy
and consequently the tube closure is not very sensitive to the behavior model. It is a limit of this
kind of analysis.

- with the slowest tube compressions presented here, it is possible to evaluate behavior models and
to clearly observe the effect of an error of 50 MPa on the mean threshold stress.

The magnetic field measurement is employed as initial data in the numerical simulation. Its relative
error of measurement can be evaluated to 3 % for this series of experiments achieved with only one probe.
Numerical simulations with a given perfect plastic behavior were implemented to evaluate its influence
on every experiment (figure 6). These last results compared to the preceding ones (figure 5) show that the
effect of a 3 % error on the field is, for the slowest experiments, equivalent to an error of about 20 % on
the yield strength. Enhancing the accuracy of the field measurement is then indispensable for a more
reliable validation of the behavior models. To reach an accuracy of 1 % is feasible and seems enough
(figure 6).

=== Measured magnetic field H with = 1 % =22z Measured magnetic field H with 3 %
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Figure 6 : Effect of an error on the measurement of the magnetic field.
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The results of numerical simulation were used in this study to evaluate the validity of the behavio
models. Several calculations were performed to make sure that an inaccuracy of the other physical
parameters of the material modeling cannot distort the study on behavior models. Pressure remains oy
then an inaccuracy on the state equation coefficients has low effect on final results. The influence of
inaccuracies in the modeling of specific heat, shear modulus, electric or thermal conductivity was alsy
tested : it remains minimal as long as the material is not subject to a phase change.

6. CONCLUSION

The results obtained in this first study with copper as training material demonstrate the intercst of
experimentation-simulation comparisons of the electromagnetic cylindrical compression test in order (o
validate behavior models in the field of strain greater than 50 % and strain rate higher than 10% Js.

The heating due to JOULE effect is indissociable from the electromagnetic stress. This characteristic
can be an other interest presented by this experiment because high temperatures can be reached withoul
any heating and, subsequently, without any microstructural modifications (grain size increase, tempering
after quenching ...) before testing.

The pursuit of the evaluation work of this method requires the testing of a perfectly known material
whose behavior model coefficients have been determined from conventional experimental results. A
comparative evaluation of the proposed method with the TAYLLOR’s test that is often used to validale
behavior models could be advantageously performed on a same material to compare of their respective
advantages.

This experiment of electromagnetic cylindrical compression is above all fitted to electric conduclor
materials. However, non conductive materials could be tested if they are coated with a conductive
material whose behavior model would have been first validated.
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