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Computational studies of electromagnetic field propagation and deforming of structural
elements for a thin-walled curved workpiece and an inductor

Introduction. At the present stage of industrial development, the electromagnetic field is widely used in various technological
processes. The force effect of an electromagnetic field on conductive materials is used in a class of technological operations called
electromagnetic forming. Problem. Under the conditions of electromagnetic forming, the main element of the technological
equipment — the inductor — is simultaneously subjected to the force impact with the workpiece. At certain levels of the
electromagnetic field, the deformation of the inductor becomes so significant that it can lead to a loss of its efficiency. Goal.
Computational analysis of a thin-walled curved workpiece and a two-turn inductor under the conditions of electromagnetic
processing of the workpiece corner zone. Determining the distribution of quantitative characteristics of the electromagnetic field and
the stress-strain state and conducting assessments based on them regarding the efficiency of the technological operation.
Methodology. Computational modeling using the finite element method as a method of numerical analysis. The results on the
distribution of quantitative characteristics of the electromagnetic field and components of the stress-strain state for a thin-walled
workpiece and an inductor are obtained. It is shown that for the specified characteristics of the technological operation, the inductor
remains operational, and plastic deformations occur in the workpiece. A series of calculations were carried out, in which some
parameters of the technological system were varied. Originality. For the first time, the results of the calculation analysis of the
quantitative characteristics distribution of the electromagnetic field of the deformation process for the «inductor — thin-walled
curved workpiece» system are presented. Practical value. The presented design scheme of a curved thin-walled workpiece and a two-
turn inductor, the method of calculation analysis and some obtained results can be used in the analysis of electromagnetic processing
of thin-walled structures that contain curved elements. References 16, table 1, figures 6.
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Bemyn.  Enexmpomacnimne noie Ha CY4ACHOMY emani PpO36UMKY NPOMUCTIOBOCMI WUPOKO SUKOPUCTNOEYIOMb )  DI3HUX
mexnonociunux npoyecax. Cunosuii 6niue eneKmpomacHimHo20 NOAsL HA NPOGIOHUKOBI mamepianu GUKOPUCHOBYEMbCA 6 KIACH
MEeXHONO2INHUX onepayill, Wo HA3U8AcMbCs enekmpomazHimuum gopmyeanusm. IIpobnema. 3a ymos enekmpomacHimmo2o
Gopmyeanns cuno8omy 6naugy O0OHOHACHO I3 3A20MOBKOI0 NIOOAEMbCS | OCHOBHULL eleMeHm MEeXHONO2IYH020 00NAOHAHHA —
inoykmop. Ilpu neenux pieHAX eNeKMpOMASHIMHO20 NOiA 0eOPMYy6aHHs IHOYKMOPA CMAE HACMINbKU 3HAYHUM, WO MOdice
npueooumu 00 eémpamu tioeo npayezoamuocmi. Mema. I[Ipoeedentsi po3paxyHK068020 aHAli3y MOHKOCMIHHOL GUSHYMOIL 3a20MO8KU
ma 06808UMK0B020 iHOYKIMOPA 30 YMOE eeKmpoMazcHimnoi obpodKu Kymoeoi 30Hu 3a20moeku. Busnauenns po3nooiny KilbKiCHUX
Xapaxkmepucmux enekmpomMazHimHuo20 nois i Hanpylceno-0egpopmoearo2o cmany ma npoeeoeHHs Ha iX OCHOGi OYIHOK CMOCOBHO
eghexmuernocmi mexrnonociynoi onepayii. Memodonozia. Po3paxynxoge mooOentoganHsa i3 GUKOPUCIMAHHAM MemooOy CKIHYEHHUX
eleMenmie 6 AKOCmI Memoody uHuceibHozo auanizy. (Olepdcaui pe3yabmamu 3 PO3NOOLTY KIIbKICHUX XAPAKMEPUCMUK
e1eKMpOMACHIMHO20 NOJA MA KOMNOHEHMIS HANPYICEHO-0ehopMOBaH020 cmary Ol MOHKOCMIHHOL 3d20MOo8KYu ma iHOYKMopa.
Tlokasano, wjo Ona 3a0anux Xapakmepucmux mMexHoNI02iYHOI onepayii IHOYKMOp 3aTUUAEMbCA NPaye30amuum, a y 3a20moeyi
uHUKaiomb naacmuuni degopmayii. Ilposedeno cepito pospaxyHkie, y SKUX 6apilo8anucs OesKi napamempu mexHOI0SIUHOT
cucmemu. Opuzinanvuicms. Bnepuie npeocmasneno pesyromamu po3paxyHko8o20 ananizy 3 po3nooiny KilbKiCHUX Xapakmepucmux
eNIeKMPOMAZHIMHO20 NONA npoyecy 0eopMYySanHs O CUCeMU «IHOYKMOp — MoHKocminHa suenyma sacomoskay. Ilpakmuune
3Hauenna. Ilpeocmasnena pospaxynkosa cxema ueHymoi moHKOCMIHHOI 3a20MOGKU ma 0808UMKO8020 IHOYKMOPA, GUKOPUCTANUL
MemoO pO3PAxyHKOB020 AHANI3Y MA 0esKi OMPUMAHI pe3yTbmamu MOJICYMs BUKOPUCHIOBYBAMUCA HPU AHANI3I eleKMPOMALHIMHOT
00pOOKU MOHKOCMIHHUX KOHCPYKYIl, AKI Micmams eueHymi enemenmu. biomn. 16, Tabm. 1, puc. 6.

Kniouoei cnosa: po3paxyHKOBHMii aHaJli3, eJIeKTPOMArHiTHe II0Jie, eJeKTPOMAarHirHa o0po0ka, nedopMyBaHHs, MeTOJ
CKiHYeHHHX eJ1eMeHTIB.

Introduction. Electromagnetic field (EM-field)
energy is widely used in various modern technological

elements are manufactured in two stages: in the first
stage, they reach the required general (overall)

operations. The force effect of the EM-field is used in a
class of technological operations traditionally called
electromagnetic forming (EMF). A fairly complete
overview of the current state of issues related to the
classification of various technological operations of the
EMF is presented in works [1, 2]. In general, the standard
EMF technological operation can be characterized as
follows: the using of the EM-field energy to influence a
conductive workpiece with the aim of plastically changing
its shape. It should be noted that non-traditional directions
of the EMF are currently being developed. The basic
questions of some modern trends in the development of
EMF technologies are presented in articles [3-5].

Currently, thin-walled structural elements are widely
used in various branches of mechanical engineering. Very
often such structural elements have a pre-produced
curvature. Usually, the necessary curved structural

dimensions and shape, in the second stage they achieve
the required quality directly in the corner zone. Part of the
technological operations of EMF is aimed at creating
conditions for the occurrence of residual deformations in
curved thin-walled metal workpieces directly in the
corner zone. This zone can be called the «target zone» of
the technological operation. This group of technological
operations was named technological operations of «filling
cornersy». In practice, it means the reduction of rounding
radii to acceptable values in the bending zones of thin-
walled workpieces. From the point of view of the
conditions of the technological operation, it is necessary
to exert the maximum force around the «target zone». In
works [6, 7], it is proposed to use an inductor with two
turns, which have one common current line directed along
the bend, to «fill the corners» on thin-walled curved
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workpieces, each of the turns is a plane that makes an
angle of up to 15° with the wall of the workpiece.

At the modern stage of development, the design of
new technological operations of the EMF and the
improvement of existing ones is impossible without
computer modeling and computational studies. Creating
calculation models that are closest to reality is impossible
without the use of numerical methods. The most popular
is the finite element method (FEM), which allows, within
the same design model, to perform a computational
analysis of various physical processes. This is especially
important in the case of analyzing EMF technological
systems, since here it is very important to study the
processes of workpiece deforming. As an example of a
computational analysis of EMF processes using FEM,
works [8-12] can be considered.

Note that in most cases, the object of study when
analyzing deforming is the workpiece. At the same time,
the main element generating the EM-field, the inductor, is
also subject to intense force action. Under certain
conditions, the deforming of the inductor can become
quite intense and lead to its destruction. Therefore, from
our point of view, analysis of the inductors deforming
under the conditions of technological operations of the
EMEF is also an important task.

The goal of the paper is the computational analysis
of the EM-field distribution under the conditions of the
«filling corners» technological operation of a thin-walled
curved workpiece and determination of the stress-strain
state (SSS) components of the inductor and the workpiece
for the assess the effectiveness of this technological
operation.

Mathematical formulation of the problem. The
effectiveness of the EMF technological operation can be
considered achieved if, on the one hand, the inductor
remains operational, and on the other hand, an irreversible
change in the shape of the workpiece is achieved. If we
conduct a computational analysis, then we must determine
the presence or absence of plastic deformation zones in
the inductor and the workpiece. Thus, it is necessary to
obtain the distribution of quantitative characteristics of
the EM-field and then solve the problem of elastic-plastic
deformation.

The solution to this problem must be based on a
correct mathematical formulation. The complete
mathematical formulation of the problem of the EM-field
quantitative characteristics distribution and further elastic-
plastic deforming of systems of conductive bodies is
presented in work [13].

Figure 1 shows a design diagram of a curved thin-
walled workpiece and a two-turn inductor designed to
concentrate the force in the rounding zone (this is where
plastic deformations should occur).

The problem of numerical EMF calculation was
considered under the assumption of a plane-parallel
distribution of the field. Physically, this assumption is valid
for the case when the length of the workpiece and the
inductor along the z coordinate is significantly (several
times) larger than the dimensions along the other two
coordinates. The formulation of the problem in this
assumption allows not paying attention to specific ways of
closing the turns of the current conductor of the inductor.

T
Fig. 1. Design diagram of a curved workpiece together with
a two-turn inductor and a dielectric mold: 1 — workpiece;
2 — turns of the current conductor of the inductor;
3 — inductor insulation; 4 — dielectric mold

As in work [13], the resolving equation for the EM-
field is formulated with respect to the vector magnetic
potential A. In the setting of the plane-parallel
distribution, the vector magnetic potential has only one
non-zero component: A4 = (0, 0, Ay); A7 = A. This also
applies to the current density vector j . The magnetic
field intensity and magnetic induction instead have two
non-zero components, in the chosen coordinate system:
H = (H,, H,, 0); B = (B, By, 0); B = ,u,,lfl , Where
Lo = Holty, o =4710"" H/m is the magnetic constant, s, is
the relative magnetic permeability of the system elements
material. The defining equation for the non-zero
component of the vector magnetic potential in this case
takes the form (in the case of a material with constant
magnetic permeability g, and constant specific electrical
conductivity y):

2’4 %4 o4
—t———p,y— =, j\t). 1
o2 T M #a(0) ()
At the same time, the components of the magnetic
induction vector can be found as follows:
A A
b-Oip 01
ooy Ox
We use initial and boundary conditions:
A(0)=0; 4 =0, )

where I is the boundary of the calculation area, on which
the EM-field attenuation conditions must be met.

The variational formulation of the problem requires
the determination of the stationarity of the functional,
which has the form:

2 2
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where S is the area occupied by the design scheme.
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An electric current evenly distributed over the cross-
section of the current conductor turns of the inductor is
considered as a source of EM-field. The magnitude of the
non-zero component of the current density vector varied
over time ¢ according to the next law:

J(t)= jpe % sin(27zv1), )
where j,, = Z—’g is the current density amplitude; 7, = 40 kA

is the amplitude of the current in the inductor, v = 2 kHz
is the pulse current frequency, @ = 2zv is the cyclic
frequency of the current change, dy = d/w = 0,3 is the
relative coefficient of the inductor current attenuation .

The second and main stage of the analysis is the
study of the elements deforming of the inductor and
workpiece, which are presented within the framework of a
single scheme. In this case, the bodies system deforming
is considered within the framework of plane deformation.
The distribution of the main tensor-vector components
that describe the deforming process of the inductor
elements and the workpiece is subjected to the following
group of equations. Equilibrium equation:

or
6§x +—2 1 7.=0
- : 5)
L+ —24f,=0
Ox oy

where o, o0,, 7, are non-zero components of the stress
tensor; f. = —B,, f, = —jB; are the components of the
volumetric electromagnetic force vector.

Geometric dependences in the Cauchy form:

ou ou
&y = au)‘; £y =—2% ¥y = O +—=,
Ox Oy dy  Ox

where &, &, j, are the non-zero components of the
deformation tensor; u,, u, are the non-zero components of
the displacement vector.

The relationship between stresses and deformations
is accepted according to the elastic model:

I+v —-v 0
fe)=[4lo . [Ag]z(lzv) v 1+v 0], ()
0 0 2

where E is the modulus of elasticity, v is the Poisson ratio.

The following can be stated regarding the fixing
conditions: the conductive workpiece must be freely
located on the dielectric mold; its edges must not be fixed
in any way (article [14] shows that in the case of fixed
edges of the workpiece, the highest stress levels occur
around them). In turn, since the force effect on the mold
in this case is not of interest to us, we will not dwell on
the specific method of its fastening, we will assume that
the its lower outer border is fastened.

In the case when the workpiece is freely located on
the mold (see Fig. 1), the conditions of one-sided contact
between them must be taken into account. In this case,
during the numerical solution, the contact was modeled
by introducing a layer of special contact elements (similar
to how it was done in [15]). Also, layers of contact
elements are introduced between the turns of the inductor
and the insulation. The inductor was considered fixed on
the boundaries indicated in Fig. 1 as I';:

(6)

ux| xel =0, uy
yel,

[xef 2) =0. (®)
yel,

The solution was based on finite element modeling.
The defining equations for which in similar problems are
generally given in [16]. A three-node finite element (FE)
with a linear approximation of the non-zero component of
the vector magnetic potential and displacements is used as
the basis. At the first stage of the analysis, the spatio-
temporal distributions of the main quantitative
characteristics of EM-field were found. Here, a series of
calculations was carried out, in which the rational
parameters of the calculation model were determined: the
dimensions of the environment, the number of FEs, and
the time integration step. All this was done in order to
satisfy the boundary conditions (2) and prove the
reliability of the obtained results.

During calculations, the following values of
geometric dimensions were considered: d = 10 mm,
L=100 mm, 2 =2 mm, o= 15°.

The physical and mechanical parameters of the
system elements, which were used in all subsequent
calculations, are given in Table 1.

Table 1
Physical and mechanical parameters of system elements
. The The The data
inductor . The
The elements workpiece | . . of the
o, current insulation | .. .
characteristics parameters, dielectric
conductor . parameters,
name aluminum mold,
parameters, kaprolon
co alloy fiberglass
pper
7 1 1 1 1
7, (Qm)™! 7107 4,6:107 0 0
E, GPa 120 71 2,5 200
v 0,33 0,29 0,3 0,27
o,, MPa 380 190 — —
oz, MPa - - 70 100
op , MPa - — 90 120

In Table 1 adopt the following designations: o, is the
yield strength of the material; 03" is the tensile strength
limit; o3 is the compressive strength limit.

The dimensions of the surrounding environment
were characterized by the distance from the vertical and
horizontal walls of the workpiece. Based on the results of
the calculations, the maximum values of the tangential
component of the magnetic field intensity on the inner
surfaces of the workpiece around the corner were
compared. The first calculation was carried out at a
distance of L/10 (see Fig. 1). The subsequent calculations
were carried out with an increase in the distance by the
same amount of L/10. It turned out that when the distance
goes from L/2 to 3L/5, the difference in the values of the
tangential component of the magnetic field intensity
around the corner does not exceed 2,32 %. Therefore, all
subsequent calculations were carried out under the
condition that the boundaries of the surrounding medium
are at a distance of L/2 from the walls of the workpiece.

To establish the reliability of the finite element
modeling results, studies were conducted in which the
number of FEs was changed by increasing them. It should
be noted that since the main object of consideration was
the workpiece and the inductor, the FE concentration was
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carried out precisely in the areas of the calculation
scheme corresponding to these elements. The initial FE
mesh consisted of 1650 elements. Further calculations
were carried out by doubling the number of elements,
while comparing the maximum values of the magnetic
field strength in the vicinity of the rounding. When
moving from 13200 FEs to 26400 FEs, it turned out that
the value of the maximum magnetic field strength
changes slightly — by 1,214 %. Therefore, all further
calculations were carried out for a finite element mesh
containing 13200 FEs.

Regarding the variation of the integration step over
time, it was found that the reduction of the time step does
not lead to significant changes in the results of the
distribution of EM-field components. All calculations
were performed for a step of 0.1 ms.

Analysis of the calculation results. Let us consider
some calculation results. At the first stage, the spatio-
temporal distributions of the main quantitative characteristics
of EM-field were obtained. In Fig. 2 shows the distribution
of the H,-component of the magnetic field intensity
corresponding to it maximum in the time interval.

6
H, 10°A/m) 732

-512

-6.67

-8.23

Fig. 2. Distribution of the H -component of the magnetic field
intensity

From the data of Fig. 2 is seen that the maximum
values of intensity H, are observed around the turns of the
inductor current conductor and it is here that the maximum
force impact on the workpiece should be expected.

Let’s consider in more detail the results of SSS
calculations of the workpiece, mold and inductor.
Calculations were performed in a quasi-stationary setting,
for EM-field components that have maximum values from
the considered time interval.

The found distributions of the tensor components of
the SSS make it possible to carry out quantitative
assessments of the strength of the workpiece and the
elements of the inductor, which in turn allows drawing
conclusions about the efficiency of the technological
operation. When carrying out the relevant assessments, we
used the approach given in article [16], when the equivalent
stresses were determined and compared with the material
strength characteristics. The stress intensity was calculated
for the elements of the calculation scheme made of
conductive materials (workpiece, inductor conductor), and
the equivalent stress was calculated for dielectrics (inductor
insulation) according to Mohr’s criterion.

Figures 3 and 4 show the spatial distributions of
stress intensity o; and equivalent stresses according to
Mohr’s criterion oy, in the workpiece.
6,(10°MPa) ;.
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Fig. 3. Distribution of stress intensity

24

chgl()zMPa)

2430
il q 21
1.944

170

1.458

1215

0972

0729
e 0488
0243
0.000

Fig. 4. Distribution of equivalent stresses according to Mohr’s
criterion
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The given distributions of equivalent stresses allow
us to conclude that the most loaded are: the workpiece
zone around the rounding («target zone» of the
technological operation), the current conductor and the
insulation zones bordering the current conductor.

The maximum value of the stress intensity in the
workpiece, which is observed on the workpiece surface
(directly in the vicinity of rounding — in the «target zone» of
the technological operation), is 227 MPa, which is greater
than the yield strength of the aluminum alloy. Thus it can be
stated that from the point of view of the plastic deformations
possibility in the workpiece, the technological operation is
efficient. The maximum intensity of stress in the current
conductor of the inductor is approximately 60 MPa, which
does not exceed the yield strength of it material. The
maximum value of the equivalent stress according to
Mohr’s criterion in the insulation of the inductor is 52 MPa,
which also does not exceed the limit of the tensile strength
of the material. So, it can be concluded that in this case the
inductor remains operational.
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Next, a series of calculations was carried out in order
to determine the influence of the design and operational
parameters of the technological operation on the process of
elastic-plastic deformation of the workpiece. The purpose
of these calculations was to determine the inductor
application limits of this type and size, as well as to
determine the rational values of some design and
operational parameters of the technological system.

One of the series of calculations was aimed at finding
out the degree of influence of the distance between the
inductor and the workpiece on the distribution of SSS
components in it. Here, the value of the distance between the
coil of the inductor, which is close to the workpiece, and the
workpiece varied, while other parameters of the
technological operation (the dimensions of the workpiece,
the values of the characteristics of the external EM-field)
remained constant. The analysis of the results shows that
when the inductor is moved away from the workpiece, the
value of the maximum stress intensity in it decreases (Fig. 5),
at a distance of 14 mm, the maximum stress intensity in the
workpiece is approximately equal to the yield point of the
aluminum alloy, i.e., with further distance, the workpiece
will deform elastically. Thus, the most rational option is
when the inductor touches the workpiece, and the largest
distance between the inductor and the workpiece should not
exceed 14 mm.

G;’VIGX’
230

~

220 ™

210
200 \

N

190 S,mm
2 5 8 11 14

Fig. 5. Dependence of the maximum stress intensity
in the workpiece on the distance between the inductor
and the workpiece
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Another series of calculations was aimed at finding
out the influence degree of the current amplitude in the
inductor on the distribution of SSS components in the
elements of the technological system. Calculations were
performed for the case of contact between the inductor
and the workpiece. Five calculations were carried out, in
which the amplitude of the current 7,, was assumed to be
equal to 40, 45, 50, 55 and 60 kA.

As the current strength increases, the qualitative
patterns of distribution of SSS components in the workpiece
are preserved, and the stress values increase. Figure 6 shows
graphs illustrating the growth of the maximum stress
intensity in the workpiece and in the current conductor, as
well as the maximum equivalent stress according to Mohr’s
criterion in the dielectric insulation with increasing current
magnitude in the inductor.

It can be seen that when the amplitude of the current
I, exceeds the level of 50 kA, the values of the equivalent

stresses in the insulation of the calculated system reach
dangerous values: at the same time (o, > o3).

max
G, MPa
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Fig. 6. Dependence of the equivalent stresses on the magnitude
of the current amplitude: 1 — in the workpiece (stress intensity);
2 —in the inductor coil (stress intensity); 3 — in insulation
(equivalent stress according to Mohr’s criterion)

Thus, with the considered design parameters, the
amplitude of the current 7, in the inductor should not
exceed 50 kA, because with its further increase, there is a
possibility of operability loss of the used inductor due to
the destruction of the dielectric insulation.

Conclusions.

1. The design scheme of the technological operation
of «filling corners», which includes a curved thin-walled
workpiece and a two-turn inductor, is considered. A
mathematical formulation of the problem of electromagnetic
field propagation and deformation is presented. The finite
element method was used as a numerical method.
Numerical studies were carried out to substantiate the
parameters of the design scheme.

The results of calculations on the distribution of the
electromagnetic field quantitative characteristics and the
deformation process are given. The spatial distribution of
the H,-component of the magnetic field intensity, which
corresponds to it maximum in the time interval, is
presented, from which a forecast can be made regarding the
zones of maximum force impact on the workpiece. Spatial
distributions in the elements of the calculation system of
equivalent strength indicators are also given: stress intensity
and equivalent stress according to Mohr’s criterion.

2. It is shown that the maximum force impact occurs
directly in the area of the workpiece rounding. In this
case, with the considered parameters of influence, plastic
deformation begins in the workpiece, and the inductor
remains operational.

A series of calculations of the electromagnetic field
and the stress-strain state of the calculation system were
carried out, in which the values of the distance between
the inductor and the workpiece, as well as the amplitude
of the inductor current, varied. Rational values of the
specified parameters were found, at which the used
inductor remains operational, and plastic deformations
occur in the workpiece material.

3. The further development of this work consists in
carrying out calculation studies of the workpiece deforming
in the region beyond the yield strength of it material.
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