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Abstract

The multipurpose FE Code ANSYS is employed to simulate an electro-magnetic forming
process. A complicated compression coil with a ferromagnetic outer screen and a stepped
field shaper is considered. Details on FE model building are thoroughly discussed. The
calculated parameters are the magnetic flux density around the conductors as well as the
Lorentz forces developed in both the field shaper and the workpiece. A simplified analysis
of the workpiece deformation characteristics is also provided. An equivalent circuit method
is employed in order to validate the results from the electro-magnetic FE model. Results
from both analyses are in good agreement, denoting that the FE results are valid from an
engineering point of view.
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1 Introduction

In industrial practice, the tools of electro-magnetic forming and dynamic compaction proc-
esses are more complicated than a single-layer solenoid winding [1,2]. For this reason,
the analytical calculation of the magnetic pressure acting on the workpiece is very difficult.
However, electro-magnetic forming has been widely applied in aerospace and automotive
industry since its economic restriction to relatively small parts has allowed trial - and - er-
ror development to overcome the handicap of the existing lack of knowledge. In literature,
there are only a few papers on the analytical calculation of the magnetic field when a field
shaper is employed in an electro-magnetic forming process [3-6]. The most effective ap-
proach, from an engineering point of view, is the equivalent circuit method proposed by
Gobl [7]. Furthermore, useful engineering calculations regarding the thermal as well as the
mechanical aspects of field shapers design are found in references [8,9]. In the present
paper, a finite element analysis of an industrial compression coil contributes to the more
systematic analysis of the process, offering valuable information for tooling design.
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2 Model Description
2.1 The Electro-Magnetic Model

The Multiphysics High Option, Release 6 version of ANSYS is employed for the modelling
of the forming coil. The drawing of the forming coil is presented in Figure 1a/b. It is a sin-
gle-layer, four-turn solenoid coil with a ferromagnetic outer screen and a stepped field
shaper. Due to the slit existence, the problem cannot be treated as axisymmetric. So, a
3D modelling is applied and since the tool possesses both a transverse and a longitudinal
plane of symmetry, the simulation may be conducted considering the geometry shown in
Figure 1c.
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Figure 1: The electro-magnetic forming tool for tube compression and powder compaction
(a) the tool assembly, (b) the coil winding, and (c) the simulated region of the tool

The above-mentioned code has a limitation of 32000 elements or nodes. A mapped-
meshing type is selected, enabling the exact determination of the number of nodes and
elements. So, the model applied is practically a plain lattice swept around its axis in order
to create the corresponding volume, see Figure 2. The first block (0°- 171°) is the main
block, the second block (171°- 175°) represents the region near the slit, and the third
block (175°- 180°) corresponds to the slit region. The slit direction is assumed radial rather
than transverse for modelling simplification. In electro-magnetic forming practice the width
of the slit just above the workpiece is crucial, because the magnetic pressure is reduced in
this area. In the drawing of the forming tool this gap is given 3 mm, while in the model this
gap is actually a small arc, which length is given by the product of the angle of the third
block times the radius of the hole of the field shaper, i.e. [(5/180)n]-16=1.4~3/2 =
1.5 mm, which is acceptable.
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Figure 2: The meshing of the electro-magnetic model

The necessary material properties of each entity of the model and the chosen element
type with their corresponding degrees of freedom are given in Table 1. The nodal and the
element coordinate system are rotated to the local cylindrical coordinate system WX, WY,
WZ, according to the orientation indicated in Table 2. The boundary conditions and loads
are also referred to the local cylindrical coordinate system. However, in all figures the de-
picted coordinate system of the model as well as of the results is the global Cartesian one.
The main load is the current flowing in the coil. In practice, it can be easily measured by
means of a Rogowski coil connected to an oscilloscope. In the electro-magnetic forming
process the current is approximately expressed by the following equation:

I{t)=1, -exp(~y -t)-sin(w, -t) (1)

where, Iy = 124600A, y = 4805.8 s, wq = 43564 rad/s in the present analysis. This current
is produced by a discharge of 6 kV stored in a capacitor bank of 480 uF. Due to the tran-
sient nature of the process, the current flows near the surface of the conductors. The
penetration depth of each conductor can be calculated via the well-known equation

5= _2:Ps 2)
Hy Ho "Dy

where, 1o =4 n 107 H/m. Finite element analysis requires at least one or two elements
through the penetration depth.
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SIN Entity - Material 10_8.1221“] u, | Element Degre:z;f free
1 | Coil - Cu 1.79 1 |SOLID97 [A, A,, A, Volt®
2 |Workpiece - Al 3.33 1 |SOLID97 |A, A, A, Volt
3 |Screen - Mild Steel 100 | SOLID96  |Mag®
4 |Field shaper - Al 3.33 1 |SOLID97 |A, A, A, Volt
5 | Surroundings - Air or In- 1 |SOLID97 |A Ay, A,

sulator
6 |Interface (3)/ (5) INTER115

@ A: The magnetic vector potential and X, Y, Z, the radial, tangential and axial compo-
nent, respectively

®)Volt: The time-integrated potential

©) Mag: The magnetic scalar potential

Table 1: The data of the electro-magnetic model

According to the above mentioned details and taking into account that the radius of the
inner hole of the field shaper is 16 mm and that the angle of the block, which represents
the region near the slit, is 4°, then it should be checked that the inner arc of the field
shaper part, which belongs to this block, is bigger than its skin depth. Indeed,
(4°/180°) 16 = 1.12 mm > o5 = 1.11 mm, which is valid. Furthermore, the necessary
number of elements in the tangential direction can be found if the outer arc of the same
block of the field shaper is divided by the skin depth, i.e. (4°/180°)-%-100/1.11 = 6.28, so
seven elements are enough. The mesh density in the rest of the model is selected accord-
ing to the general rule that the mesh density should be proportional to the energy density,
e.g. the energy density is high in the gaps between two adjacent current carrying conduc-
tors, see Figure 2. Load and boundary conditions are both applied to nodes. In the trans-
verse and longitudinal plane of symmetry, flux normal and flux parallel boundary condi-
tions are established respectively. An additional entity with air elements has been placed
adjacent to the free bound of the modelled part of the tool in order to enhance the devel-
opment of the magnetic field, since it is very difficult to establish the required far field
boundary conditions there, see Figure 2. A more detailed presentation of the boundary
conditions is given in Table 3.

Components of a common cy-
lindrical coordinate system

Local cylindrical
coordinate system

Global Cartesian co-
ordinate system

Radial

WX

+Y

Tangential

WY

-Z

Axial

Wz

-X

Table 2: Determination of the coordinate system used in the model

The coil is considered to be a single-turn for modelling simplification, so the input current
(leq) should be corrected with a factor in order to ensure that the induced magnetic field is

approximately the same in both cases, according to the approximate relation:

N-I(E) 116 ()
¢, 054,
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where, N = 4, the number of the coil turns and 7 4: the coil length. Equation (3) is valid for
long coils. However, it is employed for the present coil, which is short (i.e. the diameter is
comparable to the length), because the flux is entrapped in small gaps and its pattern
consists of parallel straight lines.

S/N | WZ=0 WY=0 WY=1800 WX=150 | WX=125 | WZ=72.5
[mm] [mm] [mm]
1 A,=0 Volt=0 (in skin Couple volt in
depth), skin depth,
A=A=0 A=A=0
2 A,=0 Volt=0, Volt=0, A,=A,=0
A=A=0

4 A,=0 Volt=0 (in skin
depth), A,=A,=0

5 A,=0 A=A=0 A=A=0

6 A=0 A=0 A=0

Table 3: The entities and their areas onto which boundary conditions are applied

The current is applied in transient analysis in increments of 1 microsecond. Only the first
half of the current period is considered, because it corresponds to the first peak of mag-
netic pressure, which is assumed to be responsible for the plastic work produced on the
workpiece. Another assumption that has been considered is that the current is applied in
the inner skin depth of the coil. In fact, the current flows all around the surface of the coil
winding. But in the present model the inductive coupling between the outer surface of the
coil and the screen is ignored, because the selected type of analysis (Magnetic Vector
Potential - Nodal Based) cannot treat eddy currents in ferromagnetic materials. So, the
outer screen serves only as a “ferromagnetic trap” for the flux outside the coil. The work-
piece deformation and its influence on the magnetic field evolution and the resulting forces
are disregarded from the present analysis. Moreover, some further assumptions and re-
strictions possessed by the present model are the following:

e The workpiece thickness (2 mm) is bigger than its skin depth (1.11 mm) and the
length of both workpiece and field shaper is equal. These restrictions are pos-
sessed by the equivalent circuit method.

e The workpiece material is non-magnetic.

e The current frequency is lower than 30 kHz, thus no electro-magnetic wave effects
are considered.

e All the contributing materials are isotropic.

e The temperature dependence of material properties is ignored.
2.2 The Structural Model

The loosely coupling approach is considered; i.e. calculating first the Lorentz forces, ne-
glecting the influence of workpiece deformation on magnetic field evolution, and applying
them as input load to the mechanical problem. In the electro-magnetic compression proc-
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ess only moderate deformations are usually desirable due to the limitation imposed by the
wrinkling defect. So, the abovementioned simplification may be acceptable in many cases;
however, experimental validation is always required.

A.A.6101-T6
300

S 250-
= 2004
150-
100-
50-
0

M

E=69 [GPa]
v=0.33

p=2710 [kgim']

True stress

0 05 A4 .15
True strain

Figure 3: The mechanical properties of the workpiece

The structural model consists only of the workpiece. The applied load is the mean mag-
netic pressure acting on the part of the workpiece, which lies in the middle step of the field
shaper (i.e. the sum of the radial component of Lorentz forces divided by the correspond-
ing external area of the workpiece, see below). The tangential distribution of the magnetic
pressure cannot be taken into account, because during the simulation the forces are un-
balanced in radial direction and the solid-body motion is inevitable. The axial distribution
of the magnetic pressure can be neglected. Regarding the abovementioned considera-
tions the model can be 2D axisymmetric, which means more simplicity and less CPU time.
The properties of the workpiece material are presented in Figure 3. The model is meshed
in a mapped pattern via the four-node PLANE182 element, which is suitable for large de-
formations of elastoplastic materials. In the present model X, Y, Z axes represent the ra-
dial, axial, and tangential directions respectively. Finally, the axial displacement of the
nodes, which lie in the transverse plane of symmetry, should be constrained.
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3 Results and Discussion

By deriving Equation (1) it yields that the maximum of the input current occurs at 33.5 pus.

According to Figure 4(a), the time variation of magnetic flux density follows the one of the
input current, as it is expected.

B[T] B[T]
125 11.79 t=335ps
11.25 1067 Wx= 15.330 mm
wWy=91.2
10 Field shaper-workpiece 9.55
WZ=7.5mm
8.75 Wy=91.2° 8.44
WX =15.33mm Middle ste|
75 732
625 6.21
5 51
3.75 398
25 287
Coil - Field shaper WZ=7.5 mm
1.25 Wy=91.2° 175
WX=100.83mm
1] 0 64

g B 24 32 4 4 g 64 72 80 0 795 U5 9175 29 3625 435 5075 58 g525 725
t[ps] Distance [ mm]
(a) (b)
Figure 4: (a) The magnetic flux density in the gap between the coil and the field shaper as
well as between the field shaper and the workpiece vs. time. (b) The distribution of the

maximum magnetic flux density along the gap between the field shaper and the workpiece

The maximum magnetic flux density in the gap between the coil and the field shaper oc-
curs at 33.5 us, while in the gap between the field shaper and the workpiece the maximum
occurs at 31.5 us, but this difference is negligible. From Figure 4(b) it yields that only at
the centre of the middle step of the field shaper the magnetic flux density is uniformly dis-
tributed in the axial direction. Outside the middle step the magnetic flux density is sharply
reduced, as it is expected [4,5]. However, the distribution of magnetic flux density around
the periphery of the gap between the field shaper and the workpiece is not uniform, as it
can be seen from Figure 5a. With increasing distance to the slit, the magnetic flux density

increases with a decrescent rate. A similar graph can also be obtained for the gap be-
tween the coil and the field shaper, see Figure 5b.

B[T] BI[T]
12.84 438

1156 t=335 pus 43 t=335ps

WX =15.33 mm WX =100.8 mm
10.27 ] WZ =7.5 mm 338 WZ=7.5 mm
T— T | [siit
8.99 34
| Istit

7.70 29

6.42 2.41]/

%

482 964 1446 1928 p4q 2892 3374 86 4338 4817 O 347 634 g5 1268 555 1902 9719 2536 2553 36T

Distance [mm] Distance [ mm ]

(@ ()

Figure 5: The distribution of magnetic flux density around the periphery in the gap (a)
between the field shaper and the workpiece, and (b) between the coil and the field shape

149



1*! International Conference on High Speed Forming — 2004

The mean magnetic flux density can be calculated according to the following integrals:

316.6

1
Bors =575 j Bo_rs - 0S =Bg_ps = 4.54T 4)
and

1 48.
Brs_w 168 J. Fs-w 08 =Bgs y =11.25T (5)

1.34

for the gap between the coil and the field shaper and between the field shaper and the
workpiece respectively, excluding the slit region. The corresponding results according to
the equivalent circuit method (see Appendix) are Bcrs=4.6 T and Besw = 11.3 T, respec-
tively. The results from the two methods are in good agreement, so the FE model is valid
from an engineering point of view. It is notable that the latter method meets some limita-
tions (e.g. the case of a very short workpiece), in contrast to the FE analysis, whose ca-
pabilities are practically unlimited. Another way to validate the results is the experimental
measurement by means of search coils placed in the relevant gaps and connected to a
memory oscilloscope.

In fact, the real forces acting on the workpiece will be lower than those presented in
Figure 6, because the gap between the field shaper and the workpiece will increase due
to the latter's deformation. From Figure 6 it can also be seen that the Lorentz forces on
the part of the workpiece under the slit region decrease, as it has been already discussed.
The Lorentz force action on the field shaper tends to split it in the slit region (Figure 6). For
this reason, a rubber bandage is often placed around the field shaper above the middle
step region. This bandage fits tightly the field shaper to the inner insulation of the coil thus
preventing the failure of the former.

t=26.5us t=265ps

[N]
B5TE3745 149 2235 208 3725 447 522 596 67

Figure 6: A vectorial depiction of the Lorentz force distribution over the field shaper and
the workpiece

The final shape of the workpiece is shown in Figure 7a. The central part of the workpiece
gains the maximum deformation velocity, which reaches the value of 53.5 m/s at 43 ps,
resulting in an equivalent plastic strain rate of 3967 s™'. The deformation process is practi-
cally fulfilled at 60 us, see Figure 7b. The accuracy of the presented results should be
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confirmed experimentally. However, they give a first sense regarding the order of magni-
tude of the corresponding parameters.
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Figure 7: (a) The final shape of the workpiece and the distribution of the equivalent plastic
strain along the workpiece as well as the variation of the mean magnetic pressure vs.
time. (b) The equivalent plastic strain in the middle of the workpiece vs time

4 Conclusions

In the present paper, a methodology based on FE for calculating the operational parame-
ters of the electro-magnetic forming process is presented. An industrial compression coll
of complicated geometry is considered. The results of magnetic flux density are valid from
an engineering point of view, since they are in close accordance with those obtained from
the equivalent circuit method. A simplified analysis of the deformation characteristics of
the workpiece is also attained. All the obtained results are consistent to the theory. How-
ever, the tenability of the various assumptions considered during the simulation process
should be experimentally confirmed. The present analysis can be further developed if the
coupling nature of each aspect of the process is taken into account.
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Appendix

According to the equivalent circuit method [7], there is a transformer coupling between the
coil and the rest parts of the forming tool. Thus, an equivalent circuit (Figure 8) can simu-
late the operation of the forming tool. The equivalent circuit consists of resistances and
inductances connected in series and in parallel, which represent every detail of the form-
ing tool. The current is considered AC. This assumption is valid only for the first half pe-
riod of the current pulse, during which the effect of the damping factor on the amplitude is
small and, moreover, this is the most important period of time for the electro-magnetic
forming process. Undoubtedly, this is an approximate method, but the obtained results are
found to be close to experimental measurements [7].
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Figure 8: (a) The equivalent scheme of the modelled forming tool and the relevant dimen-
sions in mm and (b) The corresponding equivalent circuit with the relevant resistances
and inductances in m£ and uH respectively

Taking into account that the inductances L4 and L4y, correspond to the gap between the
coil and the field shaper and between the middle step of the field shaper and the work-
piece respectively, and applying the current and the voltage Kirchhoff's Laws in the
equivalent circuit, then the currents |, and /55, can be determined. So, the magnetic en-
ergy in the gaps between the coil and the field shaper and between the field shaper and
the workpiece can be expressed by the following equations respectively:

1 > [ B
E ZE'LM '|I//| z(ﬁj‘vm (6)
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and

E . -11 i |2—(B‘%22J.v (7)
m422 _2 422 422 - 2,U 422

o

where, vi4 and vy, the volume of the corresponding gaps, given by the equations:

o
Vi, = 1_i .
h [ ﬂ-DJ ®8)
10.5-7-[(Dy +2:5,)+ (Dyy =2-6,)]- (61 + 64 +814)-[£4+0.5-(5, + 84 + 64 )}
and

2

]{0-5‘”'[(D42 +2‘54)+(D2 _2'52)]‘(54 +0, +542)'€422} 9)

excluding the slit region and taking into account the effective dimensions of the contribut-
ing conductors. Finally, the magnetic flux densities yield from Equations (6) and (7) and
the corresponding calculated values are By =Bcgs=4.6T and Byxn=
Bes.w = 11.3 T respectively.
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