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SUMMARY

Possibility of free forming for semi-finished products and giving them demanded shapes without presence of for-
ming dies distinguish the electrodynamic method in relation to standard technologies of metal plastic working, be-
cause there are no difficulties of using punch — die instrumentations. The article presents considerations referred
to prediction possibilities of final shape of pipe and flat semi-finished products electrodynamically formed without
using forming dies.
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PREDYKCJA KSZTAETU PODCZAS SWOBODNEGO FORMOWANIA POEWYROBOW
OBRABIANYCH ELEKTRODYNAMICZNIE

Mozliwos¢ swobodnego formowania potwyrobow i nadawania im wymaganych ksztaltow bez udzialu matryc wy-
roznia metode elektrodynamicznq (ED) w stosunku do klasycznych technologii plastycznej obrobki metali, gdyz nie
stosuje si¢ przy jej realizacji klopotliwego oprzyrzqdowania typu stempel-matryca, a ksztatt poltwyrobu po obrobce
zalezy od rozkladu sil Lorentza wywolanych polem magnetycznym wzbudzonym w obszarze induktor-polwyrob.
W artykule przedstawiono rozwazania dotyczqce mozliwosci przewidywania koncowych ksztattow potwyrobow ru-
rowych oraz plaskich formowanych plastycznie metodq ED bez uzycia matrycy.

Stowa kluczowe: predykcja ksztaltu, formowanie elektrodynamiczne, metoda elementow skonczonych (MES), anali-

za numeryczna
1. INTRODUCTION

Electrodynamic forming belongs to a group of high rate
technologies, which includes both explosive and electro-
hydrodynamic methods. Common characteristics of those
methodsis aconversion in seconds fraction order short time
of large amounts of electric or blowing charge energy into
worked semi-finished product elements movement energy
and its work of deformation [1].

In the electrodynamic method volumetric Lorentz forces
are used, exerts an influence on metal elements placed in
a pulse magnetic field induced by an electric coil called
inductor. Its turns conduct shock electric current obtained
in the way of oscillating high energy condenser discharge.
In ametal part placed close to the induction coil eddy cur-
rent is induced whereas the consequence of the Lorentz
forces acting is that both current circuits repel each other
[2]. In the electrodynamic technology, possessing accor-
dingly strength coils made as mechanically strengthen tool
head in the right shape (e.g. cylindrical or flat coils) diffe-
rent metal parts plastic working operations are realized, e.g.
pipes and sheetsin use of compressing, bulging or stamping
effects (Figs 1, 2).

Generated in coil — semi-finished product system pulse
magnetic field, dynamically acting on located in it metal
element, relocate it at high speed in order of tens and hun-
dreds of meters per second. Movement energy is converted
into work of deformation for semi-finished product which
can be formed in use of forming die or without it presence.
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Fig. 2. Stamping of flat elements

Possibility of free forming for semi-finished products
and giving them demanded shapes without presence of
forming dies distinguish the electrodynamic method in rela-
tion to standard technologies of metal plastic working, be-
cause there are no difficulties of using punch — die instru-
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mentations. The final shape of elements after the working
process depends on Lorentz forces distribution exerted by
magnetic field induced in coil — semi-finished product sys-
tem area. Character of this distribution is connected to coil
construction and additionally can be modified by concen-
trator focus inductors placed in space between coil and
semi-finished product, which concentrates magnetic field in
working space over forming element, which results in the
increase in value of force used for working operation. The
article presents considerations referred to prediction possi-
bilities of final shape of pipe and flat semi-finished products
electrodynamically formed without using forming dies.

2. PHENOMENA PROCEEDING
DURING ELECTRODYNAMIC METAL FORMING

During discharging of condensers pulse electric current
flows through coil turns, this current induces around induc-
tor changing magnetic field, which partly penetrates metal
semi-finished product inducing eddy currentsin it. Result-
ant magnetic field induced by currents flowing in coil turns
and generated in metal element causes its mutual repelling
[2]. The knowledge of character and values of mechanical
forces arisen in pulse magnetic field generated by men-
tioned currentsis the basis to semi-finished product electro-
dynamic forming final effect prediction. Force dF acting
on placed in magnetic field with magnetic flux B length
element di conducted current i can be described by an
Ampere law as cross product

dF =i(dl xB) @

Field of forces acting on semi-finished product parts de-
scription demands knowledge of generated in it el ectromag-
netic field which results from relationship (1).

Electromagnetic field distribution in coil and worked
semi-finished product surroundings depends mostly on:
worked element magnetic properties, coil — semi-finished
product system geometry and obtained from generator
oscillating current pul sations.

Making use of first and second Maxwell laws relations
between vector quantities of electric and magnetic field for
well conducting medium shifted in space, we can describe
by relations:

rOtH = jc (2)
- 0B
rotE = ——
o (3
B=uH Q)
wherei

B, H - accordingly of magnetic flux and magnetic
intensity vectors,
E — €lectricfield intensity vector,
Jc — worked semi-finished product total density
current vector,
v, L — accordingly conductivity and permeability
of material.

Total current is induced in semi-finished metal product
as result of two effects:
1) transformation, created by change of magnetic flux in
time ¢;
2) movement, aroused in case of semi-finished product
shifting in magnetic field.

Taking described effects into consideration total current
density can be presented as sum

jC:y(E+\7><I§) (5)
where v. — worked semi-finished product movement velo-
city vector.

After inserting formulas (4) and (5) into (2) and (3) equa-
tions we can obtain relations:

rotH = y(E+uvxH) (6)
= oH
tE =2

ro e (7)

In further considerations cylindrical coordinate system
were used, supposing that coil axis is directed along axis z
and turns are wind in plane (o, r). In the article magnetic
field distributions generated by spiral stamping and cylin-
drical compressing or bulging coils. In view of axially sym-
metrical construction of those coils and worked by them
elementsin considerate coil —semi-finished product system
physical models many simplified assumptions were taken,
which allows to decrease the number of describing it equa-
tions followed from curl and cross vector product expan-
sion showed in equatons (6) and (7).

One of the assumptionisthat in cylindrical coilsin view
of small winded turns spiral lead situated planes parallel to
plane (o, r) at cylindrical coordinate system. Eddy current
density induced in thickness of compressed or bulged pipe
have only circumferential component, so in generated mag-
netic field predominate axial component of magnetic field
intensity H, parallel to axisz of the coil. In case of spiral coil
where turns are winded in (o, r) plane current density, like
in cylindrical coil has only circumferential component, but
in magnetic field intensity distribution predominate H,
component parallel to mentioned above (o, r) plane.

According to supposed assumptions, in case of electrody-
namic compressing and bulging (Fig. 1) of axisymmetric
semi-finished pipes in electromagnetic field distribution in-
cluded in coil — semi-finished product space predominate
axial component of magnetic field intensity H, which does
not depend on angle ¢ and circumferential component of
current density YE, in formed element and coil. Current den-
sity does not change along axis z. In view of relatively small
values of other components, we can omit them, so final form
resulted from relations (6) and (7) field diffusion equation
into pipe wall for compressing and bulging have the form

9°H, 1 oH av. oH
P £  — 1_ Z -z H = zZ 8
Szt o) = +(w az) 2=Hr—=5 ®
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In case of flat elements, electrodynamic stamping in coil
and sheet arises, like during pipe elements compressing and
bulging, only current density circumferential components.
On the other hand, in coil — semi-finished product working
region there is a magnetic field in which predominate mag-
netic field vectors H,, B, radial components. Other compo-
nents of these vectors we can omit for further conside-
rations as it has negligible small values. After taking equa-
tions into account we can state that current density does not
change its value along radius r and in view of system sym-
metry radial component does not depend on angle ¢ there-
fore we obtain final diffusion equation of field penetrates
formed sheet material which has the form

9%H, oH, v, oV oH,
ENTIVERALLAFETY el dy | ¥ EESTIVAL & 9
0z% W22 +H( r o | ®)

_ After converting the equation (1) by inserting into it
JcdV product describing current element with volume dV
by which current with density Jc flow we obtain arelation
dF =(JcxB)dV = fdv (10)
in which f vector is mentioned volumetric force called
L orentz force density.
Using relationships (2) and (4) in expression (10) we get
the formula describing L orentz force as cross product
f=p-rotHxH (12)
If we assume that for compressing and bulging opera-
tions magnetic field intensity vector has only axial H, com-
ponent, whereas for stamping only radial H, component,
that volumetric densities of electromagnetic force acting

at worked semi-finished product volume element will be
accordingly equal:

— for compressing and bulging

dF, w,, oH
:—:——H Z 12
"Tdv  r Zor (12)
— for stamping

L U TRl (13)

27 av r ' ooz

Above forces acting direction is perpendicular to surface
of forming element in moment of working process start and
their senses directions is from tool to worked material.

To define electrodynamically worked element dynamics
system, inner equilibrium state was investigated and its
movement equations were defined. Considering three-di-
mensional stress state at worked element and taking into
account the fact that thereis axial symmetry in coil — semi-
finished product system, element inner equilibrium state
could be described from three scalar system of equations
written for cylindrical coordination system.

In view of axisymmetric shape of worked semi-finished
products it would not occur partial derivatives for variable
¢ in equations. Worked element rotation dangle axis z does
not occur during forming in case of that we can assume that
velocity vo = 0.

[ G, -G
a&_{__a’frz_*_—r (P+fr:p _r+vr_r Z%
a 0z r ot or 0z
aT, J6, OJ1 2t
ro 199 %tz  “Tro _ (14)
o r dp oz r
a’ti_{_&_{_rﬂ_{_fz = %_{_Vr %_{_VZ%
o dz r ot or 0z
where:
O;,04,0, — 3-D stress state normal
stress components,
Trz: Tz Trr Tor  Toz: Tzp — 3-D stress state tangent
stress components,
Vy, Vg, V, — formed material displace-
ment velocity vector com-

ponents,
p — formed material density.

System of equations (14) describes equilibrium state for
three-dimensional stress state written for cylindrical coor-
dinates during axisymmetric semi-finished products elec-
trodynamic forming in use of compressing, bulging and
stamping effects. The above equations system is composed
of relationships which describe three-dimensional stress
state in formed element for elastic — plastic materials with
acting at forming element massless L orentz forces and con-
nected to it movement inertiaforces. On the basis of shown
relationships, which describes physical phenomena charac-
ter during electrodynamic forming process compl ete mathe-
matical model was made, which were used as system of
equations determining basis in carried out shape prediction
calculations.

From equations (14) in first turn relations describing
electromagnetic field distribution in forming semi-finished
product surrounding were isolated. Based on received dis-
tributions values of volumetric Lorentz forces were deter-
mined, which made one of the boundary conditions at finite
element analysis used as a calculation tool [3].

3. NUMERICAL ANALYSIS
OF ELECTRODYNAMIC METAL
FORMING PROCESS

In equations constituting mathematical model electrody-
namic processes of pipes compressing or bulging and sheet
shallow stamping two kinds of relationships can be distin-
guished:
1) concerning electromagnetic phenomena,
2) describing forming elements deformations at plastic
range.

First of them, were used to magnetic field intensity at coil
— semi-finished product system and forces acting on metal
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elements placed in this field determining. Obtained results
were used for determination of pressures distributions acting
on forming semi-finished products surfaces, what in turn
allow for pointing out interesting their parts displacement
distributions with making use of other equations.

3.1. Distributions of magnetic field intensity in coil
— bulged pipe system

In Figure 3 geometry of coil — bulged pipe system is pre-
sented, for which magnetic field distributions were deter-
mined.

r A 2

XX KKK KX X XX XXX

Fig. 3. Coil — bulged pipe system scheme: 1 — coil, 2 — pipe

Calculations were carried out for coil with following pa-
rameters: r; = 19.5 mm; r, = 23.5 mm; 2b = 60 mm, number
of copper turns z= 9, pipe wall thickness g =r,—r3, turn
thickness g, =1, — 1.

Calculations were determined for cases of aluminum
pipes bulging with inner diameter 48 mm and different wall
thickness g: 1 mm; 1.5 mm; 2 mm.
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Fig. 4. Magnetic field intensity averaging values distribution
character in space which surrounds coil and worked
semi-finished product

Three-dimensional Figure 4 presents distribution of
magnetic field changes in space which surrounds coil in-
serted into bulged pipe. Itsillustrate trends of field changes
along pipe generating line and wall thickness.

3.2. Distributions of magnetic field intensity
in flat coil — stamped sheet system

In Figure 5 geometry of coil — stamped sheet systemis pre-
sented, for which calculations were carried out.
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Fig. 5. Coil — stamped sheet system scheme: 1 — coil, 2 — sheet

Calculations were carried out for coil with following pa-
rameters: g, = 16 mm; 2r = 200 mm, number of copper turns
z=22.

Calculations were determined for cases of aluminum sheets
stamping with different thicknesses g,: 1 mm; 1.5 mm; 2 mm.
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Fig. 6. Magnetic field intensity averaging values distribution
character in space which surrounds coil and worked
semi-finished product

In Figure 6 magnetic field intensity averaging value dis-
tribution in space which surrounds flat coil and formed
sheet is presented. Those values were determined along coil
generating line and in dependence of its radius.

3.3. Distributions of pressures acting on walls
of bulging pipes and stamping sheets

Pressures acting during electrodynamic forming were cal-
culated by knowing earlier pointed out magnetic field inten-
sity H values which occur at surfaces of forming semi-fin-
ished products[4, 5]. Calculations were made following the
rule that unitary magnetic field energy is equal pressure p
exerted on forming semi-finished product

2
H
Pn =k—- (15)
where:
p, — pressure repelling parts of semi-finished prod-
uct against coil,

H — magnetic field intensity tangent component at
surface of semi-finished product from the side
of acail.

11
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If magnetic field excited by coil permeate forming metal
value of pressure acting on semi-finished product was cal-
culated from the formula

HZ2 —HZ2
pp=pn—1—2%

5 (16)

where: H;, H, — magnetic field intensity tangent compo-
nents at surfaces of semi-finished product: faced to coil and
on the other side of acoil.

In Figure 7 values of pressure acting on inner surface of
bulged pipe distributions are presented. Distributions we-
re determined along coil — bulged pipe generating line z
(Fig. 3) for different wall thicknessg: 1 mm; 1.5 mm; 2 mm.
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Fig. 7. Pressure acting on bulged pipe distributions along
generating line z for different wall thickness, energy from
capacitor £, = 5.8 kJ

Figure 8 presents pressure acting on stamped sheet distri-
butions. Distributions were determined along coil —
stamped sheet system radius r (Fig. 5) for different sheet
thickness g,,: 1 mm; 1.5 mm; 2 mm.
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Fig. 8. Pressure acting on stamped sheet distributions
for different thicknesses, energy from condensers £, = 4.0 kJ

3.4. Electrodynamically formed element
parts displacement

In carried out analysis connected to possibilities of electro-
dynamic deforming of semi-finished products finite ele-

ment method was used in the form of MSC.Marc/Mentat
software. In view of axial symmetry of forming elements
during creation of models 4-noded axisymmetric elements
were used, where as one of the boundary conditions shown
in Figures 7 and 8 pressure was taken. Within strengthen
analysis framework standard Newton-Raphson iteration
procedures were used. In presented below diagrams dis-
placement at wall cross sections of bulged pipe and stamped
sheet values distributions are shown. Mutual positions of
working tool (coil) and worked semi-finished products are
shown in Figures 3 and 5. Worked elements displacement
distributions were determined for pipes made from PA 38
aloy and for sheets made from Al 99.9% aluminum (Figs
9-12).
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Fig. 9. Pipe wall final displacement, material PA38 aluminum
alloy in as-rolled conditions
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Fig. 10. Pipe wall final displacement, material PA38 aluminum
alloy in softening conditions
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Fig. 11. Sheet final displacement
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Fig. 12. Sheet with hole final displacement, g, = 1 mm;
E,=4Kk]
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4. EXPERIMENTAL RESEARCH

In the previous chapter analytically determined distribu-
tions of pressures acting on semi-finished products and dis-
placements of its elements during electrodynamic forming
operations were presented. Obtai ned results are effect of the
mathematical model solution, in which for description of
complex electromechanical phenomena occurred during
forming many simplified assumptions were taken. For ana-
lytically obtained results verification experimental research
cycle were undertook, which aim was:

— determination of real pressure distributions acting on
semi-finished products formed in pulse magnetic field
with use of cylindrical and flat coils,

— making series of working operations consists in electro-
dynamic forming of pipes and sheets processed by de-
termined pressures without using shape dies.

4.1. Pressure values determination

Value of resultant pressure acting on element electrodynam-
ically formed results from relationship (16), for which mag-
netic field intensity tangent component correspond to mag-
netic field intensity axial component H, in case of cylindri-
cal coils and radial component H, — in case of flat coils.
Values of magnetic field intensity were determined by mea-
surements. Metrology problem rely on magnetic field in-
tensity tangent component measurement in choose points
at semi-finished product surface from side of a coil and
on opposite side. Measurement experiments were reali-
zed by using miniature sensors made as air induction
coils, placed at semi-finished product surfacein such away,
that coil cross section was perpendicular to magnetic field
lines.

Figures 13 and 14 present pressure values distributions
acting on inner surface of bulged pipe and on surface of
stamped sheet obtained analytically and by measure-
ments [6]. Pressure values expressed on diagrams in rela-
tive units were determined for identical generator energy
values Eg.
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Fig. 13. Distributions of measured and calculated values of
pressure acting on bulged pipe wall along generating line z for
various wall thickness
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Fig. 14. Distributions of measured and calculated values of
pressure acting on stamped sheet along radius r for various its
thickness
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4.2. Free forming of pipes and sheets

Experimentsrelies on el ectrodynamic pipe segment bulging
(Fig. 15) and sheet disks stamping (Fig. 16), which dimen-
sions are compiled in Tables 1 and 2. Full disks and disks
with central hole with diameter Dy were submitted to stamp-
ing.

rA

89 | o _____] -4
Y
4
< I >
Fig. 15. Assigned for bulging pipe segment
30
| >
V4
— ==
Fig. 16. Assigned for stamping sheet disk
Table 1
Dimensions of bulged pipes by energy £, = 5.8 kJ
- d; dy, - dy | Almax
No.| Material | State
[mm] [mm] | [mMmM] | [mm]
1| PA38 soften 48 1 60 4.6
2 | PA38 soften 48 15 60 245
Table 2
Dimensions of stamped disks by energy E, = 4.0 kJ
: D/Do b AZpey
No.| Material State [mm] [mm] [mm]
1 | Al 99.9% 200 1 19.2
2 M63 soften | 200/60 1 14.7

In the last columns of the tables maximum val ues of pipe
wall displacement Ar,, and sheet disk displacement
Az after working is presented. In Figures 17-20 dia-
grams of pipes wall displacement distribution along their
generating line and sheet drawings along disks radius, ob-
tained by calculations and determined by measurement of
formed samples are compared. Measurement of diameters
and drawings depth were made in marked places shown in
figures of formed semi-finished products. It should be
marked, that semi-finished products before forming were
submit to softening heat treatment, which consists in its
annealing in temperature 400 Celsius degrees for one hour
and next free self-cooling at room temperature. All pipes
were free shaped, but sheet disks before forming were
mounted in grip to prevent displacement of disk border.

Ar [mm]
6

calculated

R

0 z [mm]
-30 -24 -18 -12 6 0 6 12 18 24 30

Fig. 17. Bulged pipe radius increment along generating line
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Fig. 18. Bulged pipe radius increment along generating line
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Fig. 19. Stamped sheet disk stamping depth increment along radius
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Fig. 20. Stamped sheet disk stamping depth increment
along radius

In order to compare sample displacement grade obtained
analytically and experimentally relative coefficients were
introduced:

— for pipes
Arp — Ar
o = ———P100% (17)
)
— for sheet disks
Az, — Az
Yk = %100% (18)

In equations (17) and (18) following denotations were
taken: Ar, Arp, — pipe radius increments obtained analyti-
caly and experimentally; Az, Az,, — sheet disks stamping
depth increments obtained analytically and experimentally;

r :%, R:2 — pipe and sheet disk radius initial values
277 2

(Figs. 15 and 16).

In Table 3 obtained for tested samples maximum values
of relative coefficientsare compiled. Ordinal numbers of tested
samples are the same as those showed in Tables 1 and 2.

Table 3
Deformation relative coefficients value
Stamped sheet disks Bulged pipe
No. Ykmax [%0] No. Xr max [%0]
1 4.6 1 1.62
2 0.8 2 0.63

High divergence of obtained analytically and experimen-
tally deformations is characteristic for sheet disk in area
around its centre, which is dead zone results from flat coil
construction. In that zone Lorentz forces values are equal

zero, but obtained deformations are not effect of direct
exerting of pressure acting on surface of disk [3].

5. SUMMARY

The main advantage of metal forming in pulse magnetic
field generated by induction coil called inductor which con-
ducts short oscillating current isthe possibility of sheetsand
pipes plastic forming without using dies. In the article ana-
lytical method of solving this problem on the basis of elec-
trodynamic phenomena, which happens during forming
is proposed. At first stage of the analysis on the basis of
electromagnetic field theory equations, three-dimensional
L orentz forces distributions acting on forming elements for
cases of pipes bulging and sheet shallow stamping were de-
termined. In second stage of the analysis, mathematical
model describing pipes shaping process dynamics was pro-
posed. This model alows for formed semi-finished pro-
ducts final shapes determination. Making mentioned model
equations from theories describing stress and strain states at
forming element were used. Into that model determined in
thefirst stage, Lorentz forces and inertiaforces from move-
ment during forming were taken. Analytical considerations
were limited to cases in which shapes of semi-finished
products has axial symmetry and for which elastic — plastic
material have isotropic physical properties. Formed semi-
finished products elements displacements were obtained by
solving presented models in numerical manner with use of
FEM software in version MSC.Marc/Mentat. Elaborated
model was verified by series of experiments in which pipes
and sheet rollers with thickness up to 2 mm and generator
energy up to 6 kJ were formed. For presented conditions
maximum difference between deformations obtained ana-
lytically and experimentally does not exceed about 1.5%.
This shows that elaborated model is useful for semi-fin-
ished product final shape prediction for materials with
early known dimensions, as well as material characteristics
which are electrodynamically formed by set energy.
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