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Aluminum tube workpieces are

182, Japan

bulged electromagnetically by the

two methods. The experiments carried out clarify the character-
istics of the direct electrode contact method, where the dis-

charge current of 810 kA maximum from a 800~-yF and 5-kJ capaci-
tor bank flows directly through a workplece.

1. Introduction

Two current-carrying conductors
placed ajacent to each other are
acted on by the electromagnetic

force which may be enough to deform
one or both of them. This force
can be wused for forming metal
tubes.In the conventional method of
electromagnetic tube bulging, one
of the two conductors is a sole-
noidal coil inserted in the other
as workpiece. The rapidly changing
magnetic field assoclated with the
discharge current from a capacitor
bank through the solencidal coil
induces eddy currents in the work-
piece, the magnitude of which de-
termines the electromagnetic form-
ing force. The conventional method
with such a solenoidal coil is
used in industry [1, 2] and de-
scribed in many papers [3-8], so
its features are almost well-known.
This method, however, has such weak-
points as unfitness for materials
with a .resistivity above 5 u{l-cm
[1] and a short 1life of the coil.

In the other electromagnetic method
of tube bulging, called the direct
electrode contact method [7], a
simple rod as current-carrying
conductor is placed inside a metal
tube workpiece so that discharge
current will flow directly through
the workpiece in close contact with
electrodes. This method has such

advantages as no use for a forming
coil with a short life and less
effects of the electric resistivity
of the workpiece than the conven-
tional method, which fact enables
to form workpleces of steel,includ-
ing stainless steel, for which the
conventional method is unfit. How-
ever, this method involving such
technological problems as avoiding

possible erosions on contacting
surfaces with the elctrodes, which
are caused by an extremely large

current, and decreasing the imped-
ance of the discharge circuit in
accordance with the wvery low im-
pedance of the electrode-and-work-
piece section, experiments by the
direct electrode contact method
have been reported only by us [8,9].

In this paper we describe the
results of our experiments of metal
tube bulging by the direct elec-
trode contact method, comparing
with those obtained by the sole-
noidal coil method to c¢larify the
features of the former.

2. Bulging by the Direct Electrode
Contact Method

2.1 Experimental apparatus

The electromagnetic forming appara-

tus (Fig.1l) comprises a capacitor
discharge circuit with a low im-
pedance. Fig.2 shows the circuit
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diagram consisting of four units
each including energy storage ca-
pacitor C, inductance L., resist-
ance Ro,, multichannel arc spark gap
switeh G [10] and circuit for trig-
gering switch G by mutual induction
and one load of L. and R., which
represent the inductance and the
resistance of the electrode-and-
workpiece section. The capacitor
bank typically consists of eight
100-uF capacitors parallel to each
other, and each multichannel arc
spark gap switch G with inductance
below 10 nH having four arc chan-
nels 1s used for two of the
capacitors. The inductance Lo and
the resistance Ro of the four units
of capacitor, switch and transmis-
sion line are 7.2 nH minimum and
0.90 mQ minimum, respectively.

Fig. 3 shows the electrode-and-
workpiece section of the apparatus.
An inner electrode 3 is inserted in
a metal workplece 4, an insulating
tube 2 being placed between them.
The workpiece 1is 1n close contact
with the outer elctrode 1 and the
inner one 3 at its ends with usual
bolt joints. The discharge current
flows ~ in the direction of the
arrows from the outer electrode
toward the inner electrode through
the workpiece. The current flowing
through the workpiece has the
opposite direction to that flowing
through the inner electrode, and
repulsing force between them can
bulge the workpiece as shown by
the dotted lines in the figure. The
electrodes are made of copper, and
the diameter D of the inner one
can be chosen from 38.5, 30.0 and
20.0 mm. The workpiece of aluminum
(AL050TD) annealed one hour at
400°C has a thickness 0.50 mm and
an outer diameter do=40.0 mm.In our
experiments almost no erosin was
found on the workpiece surfaces
contacting with the electrodes. The
calculated values of the inductance
L. and the resistance Re are very
low as shown in Table 1.

Fig.1

Photograph of

apparatus.
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Flg 2 Discharge circuit.

G=gap switch, Ci=trigger capaci-
Gt =trigger
C=energy
E=charged voltag;
tance; Ro,

tor,

storage

Re =Tesi

gap switch,
capacitor,

Lo L.—induc-
stance.

Fig.3 Cross-section of electrode-
and-workpiece section.

l=outer electrode,

3=inner electrode, 4=work-

tube,

plece,

Table 1

2=insulating

5=tube holder.

Inductance Lo and resist-

ance Re of electrode-and-
workplece section.

D/ mm Le./nH Re,/mil

20.0 0.91 0.20

30.0 0.88 0.16

38.5 0.87 0.14
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If the gap switches are closed at
time t=0 and all the charged energy
CE? /2 1is discharged at t=t., the
rate of the energy passing from
the charged energy to the magnetic
energy in the electrode-and-work-
piece section is given by

fleitltm)

T
(n

m
L[, Sc (Ro+RE)i*(t)ctt
Lo+.e +CE?
where 1(t) 1s the discharge
current. The maximum rate obtained
in the apparatus is 0.11.

The waveform of the discharge cur-

rent is obtained with a search
coil or a Rogowski coil. The form
of bulged workpieces is deter-

mined with a contracer.
2.2 Results and Discussion

We mention the discharge current
flowing through a workpiece. During
bulging, L. and Re of the elec-
trode-and-workpiece section change
with the deformation of the work-

piece. Their changes are smaller
than the Iinductance L=L,+Le and
resistance R=R, +Re . respectively,

of the circuit. The discharge cur-
rent is approximately expressed by

) = —2E  exn (-
i) = m e"p( Ri/ZL)
sin [ f(z.L/CFRi/zL]t . @

Filg. 4 shows the example of the
current waveforms which are ob-
tained by varying the diameter D
of the Inner electrode at a charged
energy of 5 kJ. As the diameter de-
creases, L. and R, increase, caus-
ing the current given by Eg. (2) to
decrease and the period to in-
crease. The maximum current ipax
(810 kKA at 5 kJ) and the charged
energy change with the diameter D
as shown in Fig.5, where it is seen
that the maximum current increases
with the increasing charged energy
and the diameter D.

It is assumed that discharge cur-
rent flows symmetrically with re-
spect to the axis in the middle of
the workpiece. Under this con-
dition, the magnetic field B and
the magnetic pressure B?/2u inside
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Fig.4 Waveforms of current i(t).
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Fig.5 Change of imax and charged
energy with iInner electrode
diameter D.

the workpiece are expressed in Eq.
(3), the latter being in proportion
to the square of the current:

B = Bt B _ _uf® @)
ma) . 2ZF T 2midAY

where p is the permeability, and
d; (t) is the workplece inside di-
ameter. When the current was 810 kA
maximum and the inside diameter
was 39 mm minimum at 5 kJ, the mag-
netic field and magnetic pressure
reached 8.3 T and 27 MP., respec-
tively.

Fig. 6 shows the change of bulge
form with the diameter D of the in-
ner electrode at 5kJ, where Ar is
the increase in tube radius and x
is the axial distance from the
middle of the bulged workpiece. As
the diameter D decreases, the cur-
rent and magnetic pressure de-
crease, reducing deformation. When
the diameter D is 38.5 mm, the
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Fig.6 Partial shapes of bulged
workpieces.

maximum deformation 1s obtained at
the one end of the workpiece into
which current is introduced un-
equally. As the diameter D
decreases, the deformation curve
becomes flatter and more gradual.
Fig. 7 shows the change of Ar in
the middle of the workpiece and the
charged energy with the diameter D
of the 1Inner electrode. As the
charged energy and D increase, Ar
grows. When C and D were 800 uF
and 38.5 mm, respectively, at
5.5 kJ, the workpiece cracked.

Now we explain the effects of the
bank capacity C on the current
and bulging. The current waveforms
are obtained at C=200 uF x4=800 pF
and C=100 uF x4= 400 uwF, both beilng
discharged through the four units
in parallel in Fig.l. The waveform
at C=800 pwF 1s larger than that
at C=400 uF, because using one
capacitor in each wunit at C=400
uF results in Le=9.0 nH and Re=1.1
m(, which are larger than those at
C=800 uF, while the period of
waveform at 400 uF 1s shorter. The
maximum current 1is.x at C=800 pF
are higher than at C=400 uF, though
a considerable difference between
them is not seen. The comparison of
the increase in tube radius Ar is
shown in Fig. 8: the increase at
800 pF is larger by about 50%.

Fig. 9 shows the Increase in tube
radius Ar when two or four capaci-
tor-and-switch units are used
in parallel. We had made an
experiment with two units at C=
400 pF x2=800 uyF,obtaining L,=12 nH
and Ro=1.7 m{},as reported elsewhere
[9]1. At each charged energy, Ar
with four units 1is larger than
with two units, which can be ex-
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Fig.9

plained by the fact that the mag-
netic energy transferng 1into the
electrode-and-workplece section of
the discharge circuit with four
units is larger due to less induc-
tance L., and resistance Ro of the
units. As a result, the lower the
inductance and resistance of the
units are, the higher the current
flowing through the electrode-and-
workplece section and the magnetic
pressure working on the work-
piece become.
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On the basis of the eXxperimental
results, we should consider the
following points for efficiently
bulging metal tubes by the direct
electrode contact method:
1) using capacitors and
with a low inductance, which are
arranged 1in parallel to reduce
the inductance and resistance of
the discharge circuit, and
2) increasing the diameter of the
inner electrode.

switches

3. Bulging by the Solenoidal Coil
Method

3.1 Solencidal Coil

A forming solenoidal coil with an
inductance of 14 gF is 3.0 mm in
pitch, 120 mm in length, 37.0 mm
in outside diameter. It is covered
with an insulating sheet, on which
is put the workpilece. For the ex-
periment was used the same capaci-
tor bank, gap switches and work-
plece as those described in Chapter
2. The load of L. and Re 1n Fig. 1
is replaced with a solenoidal

coil. When a discharge current
flows from the capacitor bank to
the coil, the workpiece can be
bulged.

When the coil is 1inserted in the
workpiece, its inductance reduces
equivalently to 3 uH, which 1is

5till much larger than the induc-
tance L, of the capacitor-and-
switech units. Most of the charged
energy of the capacitor bank trans-
fers to the coil by Eq.(1). Though
the inductance L. changes with the
capacity of the bank, the change
affects the results of bulging very
little.

3.2 Resulfs and Discussions

Magnetic pressure acting on the
workpiece 1inside wall is in pro-
portion to the square of the
discharge current 1(t). If the

skin depth of the workplece for
the magnetic field is smaller than

the wall thickness, the magnetic
pressure is approximately given by
B _ _pddit) @
21 2p20HY

where d. is the coil diameter, p is
the coil pitch, and d;:(t} 1s the
inside diameter of the workpiece.

Fig. 10 shows the change of i(t)
waveform with the capacity C at a
charged energy of 0.8 kJ. As C
decreases, the period shortens,
while the maximum current isa. in-
creases. Though a maximum of 28 kA
is obtained at C=50 pF, this value
is considerably smaller than by the
direct electrode contact method,
which is due to not only the small
charged energy but the much high-
er equivalent inductance of the
solenoidal coil than that of the
discharge circuit by the direct
electrode contact method. Fig. 11
shows the change of the maximum
current 1imsx and the angular fre-
quency ® with the capacity C. ©
was calculated from the first
half period of the current wave-

form. As C decreases, both imsx
and @ increase.
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Fig.10 Waveforms of current i(t).
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Fig. 12 shows the forms of work-
pieces ©bulged by the solencidal
coil method, in which Ar is the in-
crease in tube radius and x is the
distance from the middle of the
workpiece. Due to free expansion,
the beginnigs of deformation(right)
are more gradual than those in
Fig.6. As the capacity C decreases,
Ar increases. C and Ar change with
charged energy as shown in Fig.13.
Workpieces cracked, when bulged
with C=50 or 100 uF at a charged

energy of 1.0 kJ. As C increases,
Ar decreases, which is due to the
following fact: as C increases,
(1) i(t) decreases, and (2) both w

and the magnetic pressure decrease,
while the skin depth increases.

In bulging by the solenoidal coil
method, it is necessary to estimate
the skin depth. When the capacity C
is 200 pwF or below, the skin depth
is 1 mm or less, which leads to
the comparatively little difference
in deformations.
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Fig.12 Partial shapes of bulged
workpieces. -
04
Charged Energy,/ kJ
010
e 08
Q3 @ 0.6
N o
<]
o2 * e
; © o o * o
o [ I
o
[} I

1 | 1 1
50 100 200 400 80
CAWF

Fig.13 Change of Ar/r and capacity
C with charged energy.

4. Conclusion

We made a new experiment of the
electromagnetic bulging of metal
tubes by the direct electrode con-
tact method, in which an extremely
low Inductance of the electrode-
and-workpiece section makes low the
rate of the charged energy trans-
fering from the capacitor bank
to the electrode-and-workpiece
section. The inductance of the ca-
pacitor-and-switch wunits also af-
fects the results of bulging con-
siderably.

For comparison we made an experi-
ment by the conventional method,
i.e. the solenoidal coil method. To
obtain the same bulges the direct
electrode contact method needs a
charged energy as much as five
times.

In order to increase the energy ef-
ficiency of the capacitor bank in
the direct electrode contact

method, it 1s necessary to still
lower the inductance of the said
units and to raise the 1induc-

tance of the electrode-and-work-
piece section by using longer work-
pieces to be bulged.
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