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Summary

Introduction. The development of many branches of mechanical engineering
at the current stage requires the development and application of new technologies
that are characterized by high energy efficiency and a small amount of waste. Such
technologies include those that use electromagnetic field energy. The energy of the
electromagnetic field can be used to change the shape of workpieces, to connect
individual structural elements (for example, by welding), to control the physical
properties of the material (for example, by induction heating), etc. Carrying
out calculation studies at the stage of designing and proving the appropriate
technological equipment allows determining the rational values of key parameters,
which ensures the achievement of the goals of the technological operation and the
operability of the equipment. Purpose. When the energy of the electromagnetic field
is used to exert a force on the processed workpiece, the technological equipment is
equally subject to force. The purpose of the article is to create effective methods of
calculating the strength of technological equipment together with the workpiece, and
conducting the corresponding calculation analysis is an urgent task in the scientific
and practical sense. Results. The article proposes an effective method of analyzing
the elastic-plastic deformation of composite structures under the influence of an
electromagnetic field. The general mathematical formulation of the coupled problem
of the deformation of conductive bodies in the presence of an electromagnetic field is
considered. To construct a numerical solution method, the initial problem is reduced
to finding the minimum of the total energy of the system. The finite element method
is used as a numerical solution method. The proposed method is applied to the
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analysis of the deformation of the "inductor-workpiece" system of the technological
operation of magnetic pulse processing of metals. Conclusions. Some results are
presented that allow making certain recommendations regarding the design and
application of technological operations of a similar class.

Key words: non-stationary deformation, electromagnetic field, the finite el-ement
method, magnetic-pulse processing.
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Anomauisn

Bemyn. Pozsumok 6azamvox eanyseti MauunoOy0y8anHs HA CYYACHOMY emani
nompeoye po3pobxu i 3acmocy8anus HOGUX MEXHON02IU, SIKI Xapakmepusyomscs
BUCOKOK eHepeoehekmUGHiCmI0 ma Maiow KiibKicmio 6i0x00ie. [lo makux mex-
HOMOZIU GIOHOCAMbCS Mi, WO BUKOPUCTHOBYIOMb €HEp2il eleKmpOMASHIMHO20
noas. Enepein enexmpomacuimuno2o nojsi Modice 8UKOPUCMO8Y8amucy 01 opmos-
MIHU 3020MOB0K, 08 3’ €OHYBAHMA OKPEMUX eleMeHmi8 KOHCMPYKYii (Hanpuxiao
WIAXOM 36API0BANHS), OJis1 Kepo8aHoi 3MiHU DI3UUHUX 61acmMU8OCmel Mamepiany
(Hanpuxnad, wasaxom iHOYKyitiHo2o Haepiey) mowo. Ilposedenns po3paxynkoux
00CNiOJCeHb HA emani NPoeKmy8aHHs ma 008e0eHHs 8i0N0GIOH020 MEXHON02TY-
HO20 OCHAUWeHHs 00360A€ GUHAYAMU PAYIOHAIbHI 3HAYEHHS KIIOYO8UX napame-
mpis, wo 3abe3neyye 00csacHeHHA yinell MexHOoL02iuHoi onepayii ma npayezdam-
Hicmb obnaonanusn. Mema. [Ipu suxopucmanus enepeii enexmpomacHimmo2o nois
0151 CUN0B020 6NAUBY HA 0OPOONIOBAHY 3A20MOBKY 8 PIGHILL MIpi CULOBOMY GNIUGY
nidoaemvcsi i mexuHonociune obnaonawus. Memorw cmammi € cmeopenus egex-
MUBHUX Memo0ié PO3PAXYHKI6 HA MIYHICMb MEXHOI02IUH020 OCHAUCHHS PA30OM i3
3A20MOBKOI0 Ma NPOBEOenHsl GiON0BGIOHO20 PO3PAXYHKOBO20 AHANIZY € AKMYALbHOIO
3a0ayer0 y HAyKOGOMY ma npakmuunomy ceuci. Pesynemamu. Y cmammi 3anpono-
HOBAHO eQexmusHUll Memoo AHANI3Y NPYACHO-NIACIMUUHO20 0ehOpMYBAHHI CKAA-
O0eHUx KOHCMpYKYiti nio 0i€io enekmpomMazHimuozo nois. Pozensinymo 3azanvHy
MamemMamuyHy noCmMaHo8Ky 36 °A3aHoi 3a0ayi Oepopmysanus eireKmponposioHux
Mil NPU HAABHOCTI eLeKMPOMACHIMHO20 NOAs. [l noby0oeu mMemody yucerbHo2o
PO38 A3KY 8UXIOHA 3a0aua 36e0eHa 00 NOWYKY MIHIMYMY NOGHOI enepeii cucmemu.
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B axkocmi uucenbno2o memooy po3e’a3aHHA GUKOPUCMOBYEMbCA MeMO0 CKIHYeHUX
enemMenmie. 3anponoHosanull Memoo 3acmoco8anull O0Nisl aHAlizy 0ehopmyeanHs.
cucmemu ,, iIHOYKMOpP—3a20moeKa’ MexHon02iuHol onepayii MacHimHuo-iMnYIbCHOT
00pobku memanie. Bucnosxu. Ilpeocmasneni desaxi pesyromamu, sKi 003607510Mb
pobumu nesni pekomernoayii w000 NPOEKMYBAHH MA 3ACMOCYBAHHA MEXHOLO2IU-
HUx onepayitl NodibHO20 KaAC).

Kntouosi cnosa: npyscrno-niacmuune O0eopmyeaHus, eiekmpomazhimue noie,
MemoO CKIHUeHUX eneMeHmi8, MaAcHIMHO-IMNYIbCHA 0OpoOKa.

Introduction. The development of many branches of mechanical engineer-ing
at the current stage requires the development and application of new technolo-gies
that are characterized by high energy efficiency and a small amount of waste. Such
technologies include those that use electromagnetic field (EM-field) energy. The energy
of the EM-field is used for a large number of technological operations. The energy
of the electromagnetic field can be used to change the shape of workpieces, to connect
individual structural elements (for example, by welding), to control the physical properties
of the material (for example, by induction heating), etc. The force effect of EM-field
on the processed workpiece is used during magnetic pulse processing of materials
(MPPM). Carrying out calculation studies at the stage of designing and proving
the appropriate technological equipment allows determining the rational values of key
parameters, which ensures the achievement of the goals of the technological operation
and the operability of the equipment.

Formulation of the problem. In the case of MPPM, not only the workpiece but
also the tool — the inductor — is exposed to electromagnetic forces. An increase in
the magnitude of electromagnetic forces leads to more intensive deformation of both
the workpiece and the inductor, which can lead to the loss of its efficiency. Therefore,
the creation of effective methods for the analysis of elastic-plastic deformation
of elements of technological systems of MPPM and subsequent calculation of strength
is an urgent scientific and practical problem.

Analysis of recent research and publications. A review of issues related to aspects
of'the creation and application of devices that use the energy of EM-field for technological
purposes is quite fully given in the works [1-4]. Modern directions of development
of MPPM for processing non-traditional objects are presented in the works [5, 6]. It
should be noted that the majority of scientific publications, for example [7] devoted
to the problems of calculation and design of technological operations of MPPM are
focused on studies of workpiece deformation. At the same time, the inductor, which also
experiences significant mechanical effects, is practically not studied anywhere.

Mathematical formulation of the problem. Let us give a brief mathematical
formulation of the problem, based on the general relationships shown in the article [8].

The distribution of the vector components of the EM-field in and electrically
conductive body is described by the system of Maxwell's fundamental equations, which

are supplemented by material dependencies and boundary conditions:
wg=gczﬁ+;;6xﬁ=_Mcz_”;vﬁ=oﬁ.é=o;j=ycé+yc[axé]; (1)
t t
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B:scE;B:uCI:I;Erxﬁ:O; Dr -n=0; Flr x7i =0; Er -n =0, (2)
where H,E,Hy,E; are the vectors of the intensity of the magnetic and elec-tric fields in

the volume of the body and at the boundary (I) of the body; D, B, Dy, By are the vectors
of electric and magnetic induction in the vol-ume of the body and on the boundary (I')
of the body; e;,1.,yare the electrical and magnetic permeability, and electrical

conductivity of the material; J is the current density vector; 7 is the vector of normal to
the boundary of the body.
The distribution of stress ¢ and strain € tensor components, as well as the displacement

vec-toru , is subjected to a system of equations that contains differen-tial equations
of equilibrium, geometric dependencies, material state dependencies, and boundary
conditions:

oH - - -

Ca—lf+];§xE:—uc—tﬁ~H:O;§~E:0;j:ch+yc[ﬁxE]; 3)

D

VxH=¢

where p is the material density; f is the intensity vector of volume forces (in the case
of taking into account electromagnetic forces f=jxB ); @S is the the 4th-rank

correspondence tensor, which in the case of elastic deformation has the form according

to Hooke's linear law; pis the surface load; Z.7 are the densities of surface charges
and currents. When considering elastic-plastic deformation, the behavior of the material
is considered in the incremental form (4) together with the condition of plasticity (5):

Uil =6, C iOxE =, G =0V E =0 =y By, [ixB]; ()
ot ot
3 —\2
—tr((’s- -0 =0, 5
Su((5B) ) -0 )

where o, is the stress intensity according to von Mises; / is the unit tensor; o,is
the spherical stress ten-sor; s is the stress deviator; €” is the plasticity strain tensor; &/
is the intensity of plastic deformations; £ is the modulus of elasticity; v is the Poisson's
ratio; oris the yield strength; E), is the modulus of hardening.

Analysis of elastic-plastic deformation of systems of electrically conductive bodies
of complex geometry requires the use of numerical methods. The most universal methods
include the finite element method (FEM). FEM allows considering the distribution
of vector components of the electromagnetic field (EM-field) and tensor components
of the deformation process within the framework of a single calculation scheme. In
this case, the specific implementation of the FEM is based on the variational principle
of stationarity of the total energy of the system of conductive bodies. First, to reduce
the number of equations that describe the EM-field distribution, we consider the vector
magnetic potential, which is related to the main vector components of the EM-field as
follows:

B=Vx4; (6)
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where 4 is the vector magnetic potential. Equations (6) are writ-ten for the case

of neglecting the non-linear "magnetic" behavior of the material (which is characteristic
of non-magnetic steels and alloys based on aluminum or copper) and without taking into
account the "electric" component of the EM-field, because its contribution is insignificant
for the analysis of the deformation of conductive bodies. The expression of total energy
has the following form:

E=U+W, (7

where U is the energy of quasi-elastic deformation; W is the EM-field energy (neglecting
the electric component).

U:lj'g..(“)c..ng_J'(jXZé).ﬁdV—I(ﬁ+lfxéj-ﬂdA; ®)
2y v 4, 2

w =3[9 -7 )ar. ©
Vv

where €is the strain tensor; “Cis the tensor of clasticity coefficients; u is
the displacement vector; p is the surface load; 7 is the surface current density.
The solution must satisfy the following variational equation:
SE = 8U +8W =0. (10)

Equality (5) ultimately leads to the solution of two independent systems of algebraic
equations with respect to nodal displacements and nodal values of the vector magnetic
potential. In the case of plastic deformation, an iterative process should be considered,
the features of which are discussed in the article [8].

Calculation example. We will apply this method to analyze the deformation
of the system of electrically conductive bodies under the conditions of the MPPM
technological operation. Let's consider a technological operation aimed at attraction
of thin non-magnetic metal blanks, the practical direction of this operation is
the correction of defects in body elements of transport equipment.

Works [5,6] show that an inductor with an auxiliary screen can be used to attract
workpieces made of non-ferromagnetic materials. Figure 1 shows a model version
of a single-turn inductor with an auxiliary screen.

Fig. 1. Single-turn inductor with an auxiliary screen. 1 — current conductor
of the inductor, 2 — in-sulation of the current conductor, 3 — auxiliary screen
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Let's analyze the elastic-plastic deformation of the inductor with the work-piece
within the framework of the axisymmetric calculation scheme shown in Fig. 2. The
calculation scheme contains, in addition to the elements of the technological system
and the workpiece, the surrounding environment (air). The gap considered between
the inductor and the workpiece should simulate the presence of a dent (defect) on
the workpiece. The geometric parameters of the system are as follows: R = 150 mm,
R, =167 mm, R, = 175 mm, R, = 200 mm, /#, = 10 mm, 4, = 15 mm, 4, = 1 mm,
d = 1 mm, insulation thickness of the current conductor — 1 mm. The dimensions
of the surrounding medium were varied in order to achieve the conditions for
the attenuation of the EM-field components in fields far from the source. In this case, it
turned out that to reduce the EM-field components by a factor of 5, it is enough to
choose the dimensions of the surrounding environment equal to twice the thickness
of the inductor %.. The source of EM-field was a current that was uniformly distributed
over the cross-section of the conductor, the current density changed according to the law
over time: j(t)=1,e > -sin(2nft), where the amplitude of the current 7, =40kA ,

frequency f =2 kHz, relative attenuation coefficient 6=0.3.

The finite-element model was created using a four-node finite element with a bilinear
approximation of displacements and a circular component of the vector magnetic
potential [9,10]. The using of a finite element of this type allows you to automatically
satisfy the conditions at the interfaces of media with different electro-physical properties.

The solution was carried out for zero initial conditions, the boundary conditions
reflected the attenuation of the EM-field at a distance from the source, as well as
the fixing of the ends of the inductor and the workpiece:

A|r] =0; u,|rz =0, uz|r2 =0. (11)

At the first stage of the solution, the spatio-temporal distributions of the vector
components of the EM-field and the components of the electromagnetic force along
the top of the workpiece were obtained. The maximum values of the normal component
of the electromagnetic force are observed in the vicinity of the inductor coil.

f R, | f I 1‘\\
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Fig. 2. Calculation scheme of the inductor together with the workpiece. 1 — current
con-ductor of the inductor, 2 — auxiliary screen, 3 — workpiece, 4 — insulation
of the current conduc-tor
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Table 1
Physic-mechanical parameters of system elements
current conductor, | auxiliary screen,| workpiece, insulation, air
copper steel steel kaprolon

u 1 1 1 1 1
v, (Qm)’! 7 x 107 0.2x 107 0.2x 107 0 0
E, GPa 180 215 200 2.5 —
v 0.33 0.27 0.29 0.3 —
6., MPa 200 270 220 - -
G, MPa - - - 70 -
o, MPa - — - 90 _

Next, we consider the combined deformation of the inductor and the workpiece,
the results are given for the time maximum. In fig. 3 shows the deformed state
of the system, it can be seen that the displacements of the workpiece significantly
exceed the displacements of the inductor. The maximum values of workpiece motions
are observed around its center. In fig. 4 shows the distribution of stress intensity in
the inductor and the workpiece. The maximum stress intensity values in the workpiece
are observed in the vicinity of the end zone, which is determined by the fixing
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Fig. 3. The deformed state of the inductor

and workpiece. The solid line is the initial
Fig. 4. Stress intensity in the inductor

state, the dashed line is the deformed
and the workpiece

State
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conditions specified there. The "second" maximum is observed in the center, which is
due to the maximum displacements in this zone. Note that the maximum values of stress
intensity in the workpiece do not reach the yield point, that is, irreversible deformation
under these conditions is not achieved. In the inductor, the maximum intensity is
observed in the vicinity of the turn, and its values almost reach the yield point of copper
and the tensile strength limit for kaprolon.

Thus, under the considered conditions, the goal of the technological operation is
not achieved. When the magnitude of the current strength increases, the magnitude
of the stresses will also increase, while the intensity of the stresses will reach vaporous
values first in the inductor. To achieve a complete technological operation, you can use
a multi-turn version of the inductor.

Conclusions: the article formulates anactual scientific and practical problem of elastic-
plastic deformation of structural elements under the action of an electromagnetic field,
presents a mathematical formulation of the problem, and gives an example of a solution.
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