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Abstract: A link between the electromagnetic code, ANSYS/Emag and the structural code, Ls-dyna was devel-

oped, and the numerical modeling of electromagnetic forming for aluminum alloy tube expansion was performed by

means of them (discharge energy 0.75k]). A realistic distribution of magnetic pressure was calculated. The calcu-

lated values of displacement along the tube axis and versus time are in very good agreement with the measured ones.

The maximum strain rate is 1 122 s™ ', which is not large enough to change the constitutive equations of aluminum

alloy. With the augment of discharge energy (0.5 ~ 1. 0 k]), the relative errors of the maximum deformation in-

crease from 2. 93% to 11. 4% . Therefore, coupled numerical modeling of the electromagnetic field and the structural

field should be performed to investigate the electromagnetic forming with larger deformation.
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1 INTRODUCTION

Electromagnetic forming is one of the high
rate forming methods, which uses intense magnetic
field to form metal parts from plate and tube'" .
The electromagnetic forming study consists of
magnetic field and dynamic deformation analyses,
U} So, the dependence

of the system parameters on each other is the big-

which are coupled together

gest obstacle to analyze electromagnetic forming.

In fact, it is the first wave of the magnetic
pulse that provides energy for part forming. If the
part forms little during the first wave, the system
inductance and resistance will not change evident-
ly. Therefore, the magnetic field and structural
field have often been solved separately based on the
assumptions that the coil and part are long enough
to neglect the end effects'™".

Suzuki et al''” assumed that magnetic pressure
was the pulse load acting on the inner wall of tube,
and the finite element analysis of electromagnetic
forming for free tube expansion was performed by
means of the RLC circuit method. The deformation
equations were solved with Newmark integration
method. In Ref.[11], the magnetic pressure invol-
ving end effects was obtained, which reflected the
influence of vertical coordinate on the magnetic
pressure distribution. However, the magnetic
pressure stated above still neglected the axial com-
ponent, and it was invalid when the coil was longer
than the tube. Lee et al'” introduced magnetic vec

tor potential to Maxwell equations and obtained the
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magnetic pressure, which included the effects of
coil and tube and was used as loads in Adina to an-
alyze the dynamic deformation, whose accuracy
was higher than that in Ref.[ 10].

Presently, researchers began to link the soft-
ware that can calculate magnetic field and structur
al field separately to model the coupled field, such
as modeling the armature startup behavior using
EMAP3D/DYNA3D'"™, the ball deformation of
railgun using MEAG/DYNA3D'"” and electromag-
netic forming for uniform tube compression using
ANSYS'"™  In this paper, a link is established be-
tween ANSYS/Emag and Ls-dyna to analyze the
electromagnetic forming for free expansion of alu-
minum alloy tube by means of FEM. Realistic dis-
tributions of magnetic pressures in X, Y directions
acting on the inner wall of tube are calculated. The
high velocity deformation behavior and the strain
rate are investigated, and the effects of discharge
energy on calculating accuracy are compared.

2 FINITE ELEMENT ANALYSIS

This section consists of electromagnetic field
and dynamic deformation analyses, which are per
formed in turn.

2.1 Electromagnetic field analysis

The dimension and the shape of the tube ex-
pansion system are illustrated in Fig. 1. Only half
view of the model is considered in this analysis be-
cause of its symmetry. A finite element mesh for
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the electromagnetic field and structural field is
shown in Fig.2. 1335 axisymmetric quadrilateral
elements with four nodes are used in electromag-
netic analysis. Although the boundary of magnetic
field is open space, the modeling region is limited
by the computation capability and the efficiency. In
this calculation, the dimension of the entire analy-
sis region is four times half-length of the tube. In
order to obtain the reliable results, finer meshes
are used to describe the region of the coil and the
tube. And the skin effects are considered in the
meshes in the tube region.

The material properties of the tube expansion
system are given in Table 1. The primary current
is the same as that in Ref. [ 10] and is shown in
Fig. 3. The hypotheses used in the analysis are lis-
ted in Refs.[3, 14, 15].
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Fig. 1 Electromagnetic forming system for
tube expansion(Unit: mm)
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Fig.2 Finite element mesh for
tube expansion analysis

2.2 Structural field analysis
The calculating process of magnetic pressures
action on the inner wall of the tube is given as fol

Table 1 M aterial properties of system''”

M aterial Property Value
Free region (Air) Relative permeability 1
Coil (OFHC copper) Relative permeability 1
Relative permeability 1
Resistivity/( @ * m) 2.8x10°®
Tube (Al 1050) Poisson ratio 0.3

Elastic modulus/ GPa 71.5

Density/ (kg * m™ %)  2.75x 10°
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Fig. 3 Primary current in analysis' "

lows. For the isotropic and linear magnetic medi-
um, the density of magnetic field energy can be
written as

= Sop? (1

where @, is the density of magnetic field energy,
Bis the permeability, and B is the magnetic flux
density.

T he magnetic force solved by means of the vir-

tual work principle!'” is expressed as

oW,
Fm - = ag ( 2)
where W is the magnetic field energy, fu is the

total magnetic force, and g is the generalized coor-
dinate.

It can be known from Eqn. (2) that the de
crease of magnetic field energy converts into mag-
netic field work. To the tube expansion by electro-
magnetic forming, the magnetic filed energy can be
derived from Eqn. (1):

B, _ B >
Wm —_ 21-11/— 21-13-[ Ty = rm)l (3)
where V is the volume of gap between coil and

tube, ruis the inner radius of tube, r. is the outer
radius of coil, and [ is the length of the gap.

According to Eqn. (2), the total magnetic
force exerting on the inner wall of tube is

. W._ B _ B
Fm—_ ar[i = — 21—13-[(27'11)[—— 21_12]-[7“11[ (4)

where the minus indicates the tendency of the
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magnetic force to reduce the gap. So, the magnetic
pressure Pn can be expressed as

VAT "

TS T 2WralT 21

It can be known from the comparison of Eqns.
(1) and (5) that the expression of magnetic pres-
sure is the same as that of the density of magnetic
field energy.

The finite element software ANSYS/ Emag for
electromagnetic field analysis is used to calculate
the magnetic flux densities, B. and B,, along the
inner wall of tube, which are substituted into
Eqn. (5) to obtain the magnetic pressures in X, Y
directions; and then the pressures are written and
stored in the predefined array, which is a special
data format provided in ANSYS. The elasticplas-
tic element code Ls-dyna is used to investigate the
deformation process of the tube with the magnetic
pressures, which are read from the ANSYS array
aforementioned, as the loads are exerted on the in-
ner wall of the tube. Only the first wave of mag-
netic pressures is considered, because the second
wave is lower in amplitude than the first one and
the increase distance between the coil and the tube
further reduces the effects of the second wave'" .

The tube is the only component in the struc
tural field analysis, which is described with 90
fournode quadrilateral elements, formulated
through axisymmetric, areaweighted option. The
explicit integration method is used to solve the mo-
tion equations on the discrete time in Ls-dyna, and
the inertia effect is taken into account. The strain
rate effect is neglected in the analysis, since alumi
num alloy is insensitive to the strain rate at room
temperature. And flow stress of the tube materr

al'' is approximated by
o MPa= 162( & 0. 000 663)**" (6)

3 MODELING RESULTS AND DISCUSSION

As described in Fig. 3, the time for the cur-
rent up to the maximum is 80 Hs, and the cycle is
350 Hs. The distribution of axial magnetic flux
density along the tube length corresponding to the
maximum current is shown in Fig. 4, and the maxi
mum density is at the center of the tube wall,
which is up to 2. 56 T. The change of radial mag-
netic pressure at the longitudinal center of tube
versus time is shown in Fig.5, which is up to 2. 65
MPa at 80 Hs after the current starts to flow.

The comparison is illustrated in Fig. 6 and
Fig. 7 between the modeling results in this work
and the data in Ref. [ 10], which indicates that this
modeling method is feasible under the discharge
energy 0. 75 kJ. Fig. 8 shows the change of the
tube profile versus time, and deformation com-
pletes in about 250 Hs. And the peak radial velocr
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Fig 4 Flux density vs position along tube length
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Fig. 5 Magnetic pressure at longitudinal
center of tube vs time
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Fig. 6 Comparison of radial displacement at
longitudinal center of tube

ty, 47.5m/s, at the center of the tube is observed
at about 120 s, as shown in Fig. 9. The equiva-
lent plastic strain is shown in Fig. 10. Although
the oscillation in velocity still exists after the plas-
tic deformation for the elastic oscillation of the
tube, its value is so small that it cannot affect the
calculating accuracy.

The change of the strain rate at the center of



Vol 15 Ne5 Free expansion of aluminum alloy tube under magnetic pressure < 1043 -
0.16
Discharge energy: 0.75kJ Discharge energy: 0.75kJ
6 a— Experiment, Ref.[10]
S °o— Modeling, Ref.[10] 0.12F
E +— Modeling, in this work é
g %
§ 4 2
k- 2 0.08F
2] ey
2 3
2 i
0.04 -
0 20 40 60 80 , , e
Distance from center/mm ¢ 100 200 300 400
Time/us
Fig. 7 Comparison of final tube shape in . .
experiment and modeling Fig. 10 Equal plastic strain at
longitudinal center of tube
15—
Discharge energy: 0.75 kJ 1200 g
250 ps 350 us Discharge energy: 0.75kJ
E 6.0
= T 800
o [
g 45 s
2 8
E 5
| 7
)
=
& 15 0
0 0 100 200 300 400
Time/ns

Distance from center/mm
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Fig.9 Radial velocity at longitudinal center of tube

the tube versus time is shown in Fig. 11, which is
up to the maximum value 1 122 s™' at about 127
Hs. In Ref. [ 17], the strain rate of the high velocr
ty deformation in electromagnetic forming is not
large enough to change the constitutive relations of
tube material (10° = 10° vs 10" s™'). Therefore, it

Fig. 11 Strain rate at longitudinal center of tube

is reasonable to neglect the strain rate effects in
material model in this work.

As shown in Fig. 12, the modeling deforma-
tion results under three kinds of discharge energy
are compared with the experimental data in
Ref.[ 10]. The relative errors and the absolute er
rors of the maximum deformation with different
discharge energy are indicated in Fig. 13. It can be
known from the above two figures that the errors
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Fig. 12 Comparison of final shapes with
different discharge energies
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Fig. 13 Errors of modeling results with
different discharge energies

between the modeling results in this work and the
experimental data increase with the deformation,
and the relative errors augment from 2.93% to
11. 4%, which is caused by the neglect of effects of
tube deformation on the magnetic field. Hence,
the coupled field analysis of electromagnetic,
structural fields should be performed to model e

lectromagnetic forming with larger deformation.
4 CONCLUSIONS

1) A link between the electromagnetic code,
ANSYS/Emag and the structural code, Ls-dyna is
developed, and the numerical modeling of electro-
magnetic forming for aluminum alloy tube expan-
sion is performed by means of them, where the
former calculates magnetic field and the latter does
the high velocity deformation of tube. The model-
ing results of tube deformation agree well with the
measured ones ( discharge energy 0.75 kJ).

2) With the augment of discharge energy, the
tube deformation and the relative errors of the
maximum deformation calculated by means of the
separate method increase. Therefore, the coupled
numerical modeling of electromagnetic and struc
tural fields should be performed to investigate the
electromagnetic forming with larger deformation.

3) The maximum strain rate is 1 122 s ',
which is not large enough to change the constitu-
tive equations of aluminum alloy, so it is reasona-
ble to discard strain rate effects of the forming ma-
terials in the modeling.
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