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Absdtract: The paper describes a mathematical model of
elastic deformation of non-ferromagnetic conductive bodies
under the action of pulsed electromagnetic fields (EMF),
which takes into account the adiabatic character of processes
of heating and deformation of conductive bodies by pulsed
electromagnetic fields. Within this model, the dynamic
problem of thermo-mechanics has been formulated for a non-
ferromagnetic conductive planar layer under the action of
pulsed electromagnetic fields. A technique of approximate
solution to the formulated problem, that applies a cubic
polynomial approximation of all key functions’ distributions
with respect to a thickness coordinate, has been proposed.
The solution to the problem under consideration in case of
homogeneous electromagnetic pulse has been found and
discussed. The thermo-mechanical behavior and load-
carrying capacity of non-ferromagnetic conductive plates
under the action of electromagnetic pulses (EMP) has been
investigated.

Key words. non-ferromagnetic plates, electromagnetic
pulse, thermo-mechanical behavior, load-carrying
capacity, critical EMP parameters.

1. Introduction

Structural elements of modern engineering work
under the impact of multivariate loads that dictate their
respective thermo-mechanical behavior. One kind of
those loads is frequently represented by an
electromagnetic field, particularly by a pulsed one [1,
10]. The action of such load is principal for work of
various electrical apparatus, and it is also used in modern
technologies of structural elements processing in many
industries [1, 5, 9]. Some of the above mentioned
devices, namely those for removing undesirable
extraneous formations from surfaces of functional
elements of various engineering products (by creating
mechanical vibrations removing the formations) and
reusable pulse induction systems, particularly those for
pulse processing of machine components, mechanisms
and devices, have become widely employed. These
applications basically require that the load-carrying
capacity of the relevant structural elements be ensured.

To address the mentioned engineering and
technology problems, the theory of thermo-mechanics of

non-ferromagnetic conductive bodies under the action of
pulsed electromagnetic fields was developed [2, 3, 7, 8],
that takes into account the special features of these fields
impact on the material continuum. The theory is applied
for the rational design and development of devices for
removing extraneous formations (including icing ) using
pulsed electromagnetic fields, of reusable pulse
induction systems and their operation modes as well as
the modes of structural elements magnetic pulse
treatments, for securing the load-carrying capacity of
both the elements and products as a whole.

Based on the developed theory, this paper presents a
description of the mathematical model of elastic
deformation of conductive bodies by pulsed
electromagnetic fields and formulates the dynamic
problem of thermo-mechanics for non-ferromagnetic
conductive planar layer being under the action of an
electromagnetic pulse. Using the technique of numerical
solution of corresponding initial boundary value
problems of electrodynamics and thermo-elasticity, a
solution to the formulated dynamic problem has been
obtained; a numerical analysis of dependency of thermo-
mechanical behavior and load-carrying capacity of the
examined layer on the EMP parameters has been
performed.

2. Mathematical modd of conductive body eastic
deformation under the action of pulsed EMF and
estimation of itsload-carrying capacity in such condition

Let us set forth basic physical and mathematical
conditions and write down the system of basic equations
of the theory of thermo-mechanics of non-ferromagnetic
conductive bodies under the action of pulsed
electromagnetic fields that describe the relationship
between electromagnetic, thermal and mechanical
processes by taking into account the special features of
EMF impact on a conductive body.

We consider a conductive isotropic body that takes a

domain V e R® with the boundary surface S exposed to
the action of pulsed electromagnetic fields which can be

described by the magnetic field intensity vector H (T,t)
on the surface of the conductive body in the form
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H (), t)=H. (t)Hg(T,). Here Hy(T,) is a function
that describes the digtribution of the magnetic fidd intengty
vector H (T,t) on the surface S of the conductive body;
the surface is described by the equation I =T, ; H.(t) isa
pulse function that describes time-dependency of the
magnetic field intensity vector H (7,t) onthesurface S of
the conductive body and satisfies the conditions:
H.(t)<1 te[0t], H.(0)=0, H.(t)=0;

where t, — electromagnetic pulse duration; I and 1, —

radius-vectors of points inside the conductive body and
onits surface.

We assume that the parameters Hg (T), H.(t), t

describing the acting EMF are such that the EMF belongs to
the class of “non-destructive” pulsed EMF [5, 9], i.e. itspulse
durdtion is considerably less than one tenth of the second
(1 <0,01c) and its maximum magnetic induction vaueisless

than 50 T (B__ <50T). We consider such EMP whose

max —
action doesn't lead to the emergence of a shock front
(H o <107 A/m, where H, — the maximum value of

magnetic field intensity on the body surface).

The corresponding problem of mathematical physics
describing the thermal and mechanical processes in the
case of such electromagnetic action may be formulated
asfollows.

In the case of the above assumed parameters of the
electromagnetic pulse the stress and deformations as
well as their velocity in the body are so small that linear
elagticity theory can be applied and the influence of
medium movements on the EMF characteristics is
negligible [2,3,5,7-10].

It was experimentally proven that fluidity limit o,

for different materials increases along with the increase
of deformation € velocity at normal temperature, both
in the process of stretching and compression. That is
why in the case of dynamic power load the stress ¢, —

deformation ¢; diagrams for the magjority of metals and

their aloys are different from the static ones [4,5].
Therefore, we can assume that the process of
conductive body deformation under the action of pulsed
EMF is of dynamic character and is featured by all the
mechanic behavior peculiarities of deformable bodies
exposed to dynamic and pulsed power and thermal 1oads

(the value of elastic deformation dynamic limit , may
increase by a factor of 2+ 3 in comparison with elastic

deformation static limit o, it was determined

experimentally for different materials and depends on
deformation velocity).

We consider widespread homogeneous isotropic non-
dielectric non-ferromagnetic bodies [3, 7, 8, 10], for
which electromechanical and thermoelectric effects are

negligible, induction vectors D and B are collinear to
eectric £ and magnetic H fidd intensity, conduction
current density I iscollinear to E . In that case we may
medium-rel ated
D =¢E,
B=uH, J=0,E, where e=ge., p=po; &,

describe  EMF by means of

electrodynamics equations [3, 8, 10]:

K. — relative dielectric permittivity and magnetic
permeability; o, — conductivity , g,, n, — electric and
magnetic constant.

According to the accepted assumptions the influence

of a pulsed EMF on processes of thermal and elastic
deformation in a conductive body may be taken into

account by Joule heat Q = GOE- E and ponderomotive

force F = GOHEX H [5, 9, 10]. These factors give rise
to unsteady thermal and mechanical fields.

On the basis of such approximating assumptions and
given material characteristics (they are assumed to be
equal to average values over the given temperature
interval) a two-stage formulation of basic relations for
numeric description of the parameters that feature
electromagnetic, thermal, and mechanic processes in the
bodies exposed to electromagnetic pulses was proposed
[2,3,7,8].

At the first stage we write down the equations for
determining the EMF parameters and expressions for
heat and ponderomotive forces as functions of the
electromagnetic parameters.

At the second stage we utilize the dependencies
describing the mechanical and thermal parameters for
given initid and boundary conditions consisting of
temperature T and componentso;; of the stress tensor

G, where heat sources and volumetric forces are
represented by Joule heat loses Q and ponderomotive
forces found at the first stage.

For a known temperature T and componentsc;; of
the stress tensor 6 we analyze the parameters of
ongoing physical and mechanical processes and their

characteristics depending on the pulse electromagnetic
loads. Using the condition [2-4, 8]

o, =31,(6)-12(8) /N2 <y,
(where o, isthe stressintensity; |,(6), j =12 arethe

invariants of stress tensor; o, is the elastic deformation
limit) we determine the permissible EMF parameters that
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ensure the load-carrying capability of the bodies under
consideration.

Solving such a complex problem, even for bodies
with simple geometric configurations is associated with
considerable mathematical difficulties. In order to utilize
approximate approaches to solving constituent problems
(eg. thermo-elasticity at the second stage) the
corresponding mathematical physics problems are

formulated for the key functions H, T, &. Note that
the formulation of direct problems with regard to these
key functions allows us effectively use an approximate
method of solution, i.e. a method of polynomial
approximations, and improve their accuracy.

At the firgt stage of determining the EMF parametersin
the conductive body under study we finding the magnetic

fidd intensity vector H (F',t) on the basis of Maxwell’s
equations while neglecting displacement currents:

AH —cop%w, DivH =0.
A unique solution may be found for given initial conditions,
namely absence of EMF at theinitia timepoint t =0:
H(r,0)=0
and given values of I:|(F,t) on the body surface

(boundary conditions). In such a case the problem is
reduced to solving only one equation

oH
ot

for zero initial and corresponding boundary conditionsin

the form of tangential components of H (F,t) on the

AH -cu—=0 D

body surface.
For the found components of the vector H (T,t) the
expressions for Joule heat Q and ponderomotive forces

F areasfollows:
Q= [rotlfl (r,t)]2/00 ,
F=protH (7, t)xH (F,t). @)

At the second stage of determining the parameters
describing the thermo-elastic condition of the

temperature T and stress tensor G are chosen as key
functions [2, 3, 7, 8]. Assuming that at the initia time

point t =0 the displacement U and its velocity dU /dt

are equal to zero, and the temperature T isequal to T,

we receive theinitial conditions[2, 3, 8]
T(r,0)=0,5(r,0)=0,

105(r0) [ aT(r0) vas.(hO)]r_o o

2G ot ot E ot

where T is the temperature deviation from its initial
value Ty; 6. =1,(6) =04 =0;,+ 6, + 0y

G= E/[2(1+ v)] is the shear modulus; o,v are the
coefficient of linear therma expansion and Poisson
coefficient; E is Young's modulus; | ={8,} is aunit
tensor; 9, arethe Kronecker symbols.

The temperature T and stress tensor components
o, determined by dependencies (2) may be represented
as the sum of two congtituents[2, 3, 7, 8]:

T=T°+T", 5, =0} +o,
where T?, 62 and TF, o, arethe constituents caused by
Joule heat and ponderomotive forces, respectively.

It was experimentally proven [5, 9] that in the case
of a pulsed EMF that belongs to the class of "non-
destructive" pulsed EMF, a body exposed to its action
heats up adiabatically, i.e. its temperature at any point
depends only on the amount of EMF energy that has

been irreversibly absorbed by an appropriate elementary
volume (Joule heat). Under those conditions, the
temperature field T can be described by the equation

aT?  «

—==0Q

ot A

where k,A ae the temperaure coefficient and thermal
conductivity. Therefore, in the consdered case the tempe-

rature congtituent T can befound from the expression:
t
K
TO(r,t)=—|Q(F,t)dt
(ry=3]ery

We assume that the body is free from power load. In
such case, using the thermo-elasticity eguations
formulated in terms of temperature and stress tensor
components [2, 3, 7, 8] for determining the components

Q of the stress tensor constituent G° caused by the

iK

(¢

temperature T®, we obtain the following system of
equations[2, 3, 8]

2
Def (Div&Q)z a—{i”? +(aTQ —%a?)f}(@

o’ | 2G
The system (4) is solved utilizing initial conditions
°(F,0)=0,
oG (7,0 aTe(r,0 062 (7,0) |~
18610 [ oT(r0) v aof(r0)]r oo
2G ot ot E o

and boundary conditions

=0 for =T,
where p is the density of the body material; Def -
deformator.
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When finding the temperature T" and stress o
constituents caused by the action of ponderomotive force

F, we take into account the fact that the thermal
perturbation in the conductive body is resulted from the
deformation due to dynamic power (ponderomotive

force F ), which also has a pulsed character. In such
case the deformation process of the conductive bodies
may be considered adiabatic [5, 9] and the temperature
T increment is determined a smal thermal
F
perturbations (TT_ << 1) by theformula[5, 6],
0
3. + 21 )axToer,
A

TF=—(
where £ isthe first invariant of the tensor of deformations

~

€ causd by the action of ponderomotive force;
A 1. =G aetheisotherma Lame coefficients Lame.

Taking into account that in the case of adiabatic
deformation of the body Hooke's law is given by [6]

ol =2ue +reld

where
s (3n. +21.) kT, _ VE(L+e. (1-v)/v)
s A B (1+ v)(l— 2v)

isthe adiabatic Lame coefficient;
(3h. +2u. )2 a’kT,  o’kET,(1+v)
g = =

(h+2p)h (1-v)(1-2v)r

Is the parameter of deformation and temperature fields

coupling, the expression of volumetric deformation of

[=
(o)

the body takesthe form gf, = ———
3+ 2.

Then the temperature T© increment with respect to
theinitial temperature T, can by calculated by [2,3,7,8]:
[(3n +2u. ) oxT,o?, |

 r2)]
oxT,
:_[1+ 3e. (1-v)/(1+ v)]xc“"‘
On the basis of thermo-elasticity equations and
boundary conditions for the unloaded body surface we

conclude that the stress G© satisfies the following
equation[2, 3, 7, 8]:

F_

m

(6)

2 ~
Def (Divé" +F )= 6—2 B L
ot 2G E
aswell asinitial conditions
05" (r,0)

6" (F,0)=0, ———~=0
5 (r,0)=0,

and boundary conditions
6"A=0fort>0and 7 =T,
(1-v)(1-2v)e.
v(l+ v)(1+ 3e. (1—v)/(l+ v)) '

As an example, we use this model to formulate the
thermo-mechanics problem for a conductive layer.

where v, =1+

3. Dynamic thermo-mechanics problem for a con-
ductivelayer exposed to pulsed eectromagnetic action.

Formulation of the problem. Let us consider a
conductive layer of constant thickness 2h and position
the Cartesian coordinates ( X, Y, Z) in such away that the

plane xOy coincides with the medial plane of the layer.

The layer’'s materia layer is homogeneous, isotropic
and non-ferromagnetic. Its physical and mechanical
properties are constant (they are equal to average values
over the heating period). The layer is exposed to the
action of non-stationary (arbitrarily varying with time)
EMF that is given by the values of tangential component

H, of the magnetic field intensity vector

H ={0;H,;0} on both sidesof thelayer z=h.

The system of initial equations and relations. In the
case when dl the key functions samaui H, (zt),

azz(z,t) depend only on the thickness coordinate z and
time t , the non-zero component H, (z,t) of the magnetic

fiddintendty H isdescribed by Maxwell's equation

62Hy oH, ®
~ Y su—Yr=0,
oz M
boundary conditions
H, (xht)=HJ(t) 9)
and zero initial condition
Hy(z,O) =0.

Specific density of Joule heat Q and the

ponderomotive force F can be determined, using the
function H,, in the following form:

2
Q:i(asz , Ifz{O;O;Fzz—uaHsz}. (10)
G,\ 0z oz

The temperature constituent T° can be found by
time integration of the expression Q(z,t), and the stress

repeated

constituent ¢S (j=XY,Z; indices are

ii
excluded from summation indices) caused by Joule heat
Q(z,t) can be found from the system [3, 8]

d*cy 1063 o 1+vo'Te
Z R o Pivae
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e_o_ vV o OoFE_q
G, =0, =—"06,,———1 11
supplemented by initial conditions
Q Q
o2(2,0) =0, 0o (z,0) _ oE dT%(z0) (12)
ot 1-2v ot
and boundary conditions
62 (xh,t)=0. (13)
Correspondingly, the stress constituent c;

(i=%Y,z) and the temperature constituent T"
caused by action of the ponderomotive force
F ={0,0,F, ()} are described by the relations[3, 8]:

o°c’ 1 o°c’ _ Ok
02" ¢ o’ oz’
ol =of =Y of

=0 Ty O

F_ ol k(1+2v)oy, 14
M1-v)[1+3, (1-v)/(1+V)]
supplemented by initial conditions
F
of.(2,0)=0, %ET(ZO):O (15)
and boundary conditions
ob (+h,t)=0 (16)

where ¢, =C\/1+¢. isthe adiabatic velocity of elastic

expansion wavesin the layer.
For different kind of layer fixation other boundary
condition should be formulated [6].

4. The methodology of obtaining solutions to
initial-boundary problems.

To find the numerica solutions of the problem, i.e. the
vaues of eectromagnetic fidd characteristics, temperature
and gtress we gpply the technique based on approximation of

the sought functions CD(Z,t): {Hy,ag,ag} with

respect to the thickness coordinate z by cubic polynomids
[2, 3, 8] intheform

4 .
o(zt)=) & (t)27,
i=1
a’,(t) of
polynomials (17) are determined by the expression

(17)

where the coefficient approximation

ai([il (t) = ai[fil,lcpl (t) + aillil,z@z (t) + ai[fil,s@; (t) + 31411,4(13;

where @*(t) are the values of the sought functions on
the layer’ s planar surfaces,

D, (1) =—>

(2h)’

1
I@(z,t)zs’ldz, s=12. (18)

are their integral characteristics with respect to the
thickness coordinate z

To obtain the integral characteristics @ (t) we

should integrate the function (D(z,t) defined in the

section 3 applying the formula (18) and taking into
account the expression (17).

The transformations having been completed, we
obtain a set of equation that serves for determination of

integral characteristics H (t) and o, (t) of the
component Hy of magnetic field intensity vector and of

the components of stress tensor. As a result we have
obtained the following expressions for the integral

characteristics H (t) (s=1,2) of the component

H, (z.t) of magnetic field intensity vector:

dH

— +iHy1=3(H; +H,),
da m,

dH

—y2+£Hy2:5(H;—H;); (19)
d  m,.

for the integral characteristics o3 (t) (s=1,2) of the

components 62 (Z,t) of the stresstensor constituent 69

dzcgl+£20Q ___aE dT?
dt?  h? * 1-2v dt?’
d’sy, 15¢7 o aE d7T?

a0 12y a2 (20)

and for the integral characteristics o (t) (s=12) of

the components of stress tensor o, (zt) of the

constituent 6" :

d’oy, 3¢ c
d2 * +?Gzel :F[FZ (]"t)_ F, (_l't):l d
dZGZFZ 15¢?
T

z% FZ(Lt)+FZ(—Lt)—Jl‘FZ(z,t)dz

-1

(21)

where m,. = Guh’.
The equation (19) should be solved by zero initial
conditions for the function Hys(t) , the equation (20)

(ﬁould be solved by theinitial conditions:

do%(0)  oE dT2(0)

dt  1-2v  dt
and the equation (21) should be solved by the initial
conditions:

o2 (0) =0,

zs

. (22)
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F
%, (0)=0, dcz‘;t(o):o. 23)

To solve the obtained set of equations (so caled Cauchy
problems) with regard to the integra characterigtics of the
sought functions we can apply Laplace transforms with
respect to time variable t and taking into account the
corresponding initid conditions. As a result, the following
expressions have been obtained:

— for the integral characteristics H (t), (s=1,2)
of the component H, (z,t) of magnetic field intensity

vector

H ()= o [ &3l (1) + B (1)]dr,

5 t
Hy2 ('[) _ e—lS/(Glo ) J‘els/nMS[H + (‘t) _H ('t)]d‘t :
0
(24)
— for the integral characteristics 6% (z,t) of the
components 63 (zt) of the stress tensor constituent

6Q

1-2vy dt
E (dT? .
Gzz(t):_liLZvJ‘ ZT(T) COS(mZ(t—r))dt; (25)

0

— for the integral characteristics oo (zt) of the

components 6, (zt) of the stress tensor constituent

~F
c

G;(t)z%j[ﬁ(lr)— F,(~L7)]sin(w} (t-1))dx,
0 (26)
o0 == [[F0 0 +F (1) -

- j' F,(z r)dr}sin(a);(t —-7))dr,

. . Vi
where (Dl:C-L_\/gy 0)220-1—5

h h
natural frequencies of the layer's oscillations along the

thickness coordinate. On the basis of the found functions
H,(t), o2 (t), op(t) wecanfind the expressions:

are the two first

— of the component H (zt) of magnetic field

intensity vector

Hy(Z,t):%Hyl(t)(l‘ Zz)+l_nyz(t)(z‘zs)_

Roman Musiy

1

—Z[H;(t)+ H, (1) ](1-32°)-
1

—Z[H;(t)— H, ()](3z-52°)

Q

z

(27)

— of the component o (Z,t) of the stress tensor

constituent 6°

o2 (24) = 0% (1)(1-Z)+
+§ o2, (t)(z-2°); (28)

— of the component c;(z,t) of the stress tensor

constituent G~
3
sz(z,t)zz oba(t)(1-2°)+

+% cfzz(t)(z—z3),

where the functions H (), o2 (zt), o (zt)

zzs

(29)

(s=1,2) have been found from (24)26).

Therefore, the general closed form solution to the
dynamic one-dimensional boundary problem of thermo-
mechanics for the planar conductive layer on the whole
time interval of arbitrary homogenous non-stationary
electromagnetic action.

5. Investigation of thermo-mechanical behavior
and load-carrying capacity of the non-ferromagnetic
conductive layer exposed to electromagnetic pulses

Let us consider the homogeneous (with respect to
coordinates) pulsed electromagnetic action that is

mathematically represented by the function H. (t) [3, 5,
8, 9] intheform

H. (t)z Ho(t)zkHc)(efﬁlt —e’ﬁzt) (30)

where K is the normalization factor, H, represents the

maximum value of magnetic field intensity vector
generated by the electromagnetic pulse on the surface of

the conductive body, B,, B, stand for the parameters

characterizing the pulse's front rise and decay time.

This expression reflects with sufficient accuracy the
generic time dependency of the eectromagnetic pulse, which
iswiddly used in the practice of magnetic-pulse treatment of
conductive materid — it begins with a rapid rise to the
maximum and then dowly decays [5, 9]. Such time
dependency is caused by the specific nature of capacitor-
solenoid systems operation. The parameter 3, >>f3, what

provides the afore-described time dependency of the pulse.
That EMP time dependency isshowninFig. 1.
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.4 \

0,2

0,0 !
0,0 0,2 0,4 0,6 0,8 1,0

Fig. 1. Time dependency of the electromagnetic pulse.

Let us consider a layer that is exposed to the action
electromagnetic pulse (EMP), defined by the values of
tangential component Hy on both sides of the layer in

theform (30), i.e. H (£1,t) =H,(t).

Numerical studies have been conducted for layers
made of the following non-ferromagnetic materials: steel
(X18H9T), copper (Cu), and auminum (Al) of

2h=2-10"* m thickness.
In Fig. 2 — Fig. 8 there are shown the time
dependencies of Joule heat Q , the component F, of the

ponderomotive force F, the temperature constituents
T® and TF, the stress tensor components 6, i G, ,

and the total stress intensity o, in the layer under the
action of a pulse with the duration of t; =100 mcs. The

parameters of the pulse: 3, =69000; [3,=138000; « =4.

The dependencies 1-3 in Fig. 2 — Fig. 4 and Fig. 8
correspond to the functions' values calculated for z=1;
0,5; 0, respectively. The dependenciesin Fig. 5 — Fig. 7
are given for such z-coordinate when their values reach
maximum ones (Fig. 5 shows TF time dependency for

z=0; Fig. 6 shows ¢35 and o', time dependencies for
Z=0; Fig. 7 shows ¢ time dependency for z=h and
., time dependency for z=0).

Joule heat dependencies have the character of two
consecutive pulses — the maximum of the first one is
significantly bigger than the maximum of the second

one. At the initial instants the ponderomotive force is of
compressive nature, later on it is of stretching nature and

at t~ 0,5t decays to zero. The temperature constituent
T? has its highest values on the layer's sides z=+h.
The time dependency of the temperatures constituent
T" caused by the ponderomotive force corresponds to

the time dependency of stress tensor components chj

(j =ZX, y) , and its maximum (for these specific EMP
parameters) is by two orders less than the maximum of
the temperature constituent T? caused by Joule heat.
That is why the temperatures constituent T" negligible
in comparison with the temperature constituent T ..

ol i
HZ'

0.04 \

0 20 40 t, mxc

Fig. 2. Time dependencies of Joule heat within the layer.

F m?
—z.10*, H -=—
H? A

0.5

0.0

-0.5 \//

B\Yi

-1.5 /

\/
-2.0 \VJ
0 20 40 t, mxc
Fig. 3. Time dependencies of the ponderomotive
force within the layer.

LT
HZ A

0 20 40 t, mxc

Fig. 4. Time dependencies of the temperature
constituent T2 within the layer.
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2 10", K Li
Hg A
0.20 /ﬂ-\
0.05 \
0-00 \‘ o AWV
el H\ 77 | W
0 zb 40 t, mxc
Fig. 5. Time dependencies of the temperature
constituent T™ within the layer.
:‘—?107, Ia %
0.2 AN L
I o jﬁ
0.0
-0.2 /’
-0.4 /
0.6 4t-----f-- U;
-0.8 V
0 20 40 t, mkc
Fig. 6. Time dependencies of normal stress ¢,
within the layer.
Tu 107, 1142
HZ A

t, mxc

Fig. 7. Time dependencies of tangential stress o,
within the layer.

At the initia instants the stress tensor component

F is of compressive nature, later on it gets of

z

stretching nature, and at t ~ 0,4+ 0,5t; it enters natural

(¢

mode. The maximum values of compressive stress 6.,

are about three times bigger than the maximum values of
stretching stress. At the initial instants the stress tensor

Q

zz

is of compressive nature, later on it
Its values are much

component ¢
starts to oscillate around zero.
smaller than those of the stress tensor component G, .

The stress tensor component o, is of the same

character as the stress tensor component o', but its
Q

maximum values are three times smaller. Stress o, is

of compressive nature, its time dependency reflects the
temperature T time dependency, and its values exceed
by one order the values of stress o, . Stress 6., and
Q

XX

stress o, are of the same magnitude.

t, mkxc

Fig. 8. Time dependencies of the total stress
intensity ©; within the layer.

Fig. 9 illustrates the dependency of total stress
intensity ;™ maximum on the value of H, in the
steel, aluminum, and copper planar layers of 2h = 2 mm
thickness for two given pulse durations (t; = 1000 mcs —

thick curves, t; = 100 mcs — thin curves). With the help
of those dependencies one can find maximum critical

vaues of H, (H,=H{"), when the load-carrying
capacity of the layer is lost, for given values of dynamic
limit of elastic deformation o of the layer’s material.

For the layers under study the following results have
been obtained:

a) For EMP duration t, =1000mcs

— for the steel layer (o, =300 MPa) — Hy” is not
reached if H, <5-10" A/m,

— for the copper layer (o,=70 MPa) -
HY ~1,3-10" A/m,

— for the auminum layer (o, =30 MPa) -

H2 ~0,65-10" A/m.
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6) For EMP duration t, =100 mcs

— for the steel layer (o, =300 MPa) — H{" is
reached if HY ~3,3-10" A/m,

— for the copper layer
HY ~0,8-10" A/m,

— for the auminum layer (o,=30 MPa) -
Hy ~0,55-10" A/m,

(6,=70 MPa) -

o™, Mlla
T 7
I ’ l
300 - kot ,‘
anromiHiu Ill' . ,
] T
IFERANY ]
. l
200 T
/I." 'l /
.
Midb //7/ /
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100 N 4. //
AR 4
VAN
L
) A
v
0 = . .
0 1 2 3 H,-107, 4/m

Fig. 9. Dependency of maximum values of the total stress
intensity o, onthevalueof H inthelayers made
of different material.

Similar dependencies have been also received for
non-ferromagnetic layers of different thickness.

6. Conclusions

The obtained dependencies of the total stress
intensity maximum values in the investigated conductive
plates made of different non-ferromagnetic materias,
including stainless steel X18H9T, copper and auminum,
on the maximum value of magnetic field intensity on the
surface of the body for different EMP durations allow us
to find critical values of EMP physical and temporal
parameters — their exceeding leads to loss of load-
carrying capacity of the plate as a structural element.

Those quditative and quantitative patterns of thermo-
mechanical behavior of conductive plates under the action of
EMP can serve as a basis for development of rationd
operation modes of sructurd dements of gppliances and
devices exposed to pulsed eectromagnetic fidd, in order to
maintain their load-carrying capacity.
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TEPMOHATIPYKEHUI CTAH I HECYUYA
3JATHICTb HEOEPOMATHITHUX
EJIEKTPOIIPOBITHUX IIJIACTHH 3A JIIi
EJIEKTPOMAT'HITHUX IMITYJIBCIB

Poman Myciit

PO3MIsIHYTO MaTeMaTHYHy MOJEIb MPYKHOTO JIe(opMyBaHHS
He()epPOMAarHiTHAX ~CJICKTPONPOBITHAX TUT 32 i  IMITYJIbCHUX
enektpomarditHux momiB (EMII), sika BpaxoBye aniabaTnHMit
XapakTep MPOLIECIB HArpiBaHH: 1 1e)OPMYBaHHS €IEKTPOIPOBIIHIX
Tin immynscaaMu EMIT. B pamkax maHoi Mozeni copMyITboOBaHO
IWHAMIYHY 3a7ady TepMOMEXaHIKM U1 HedepoMarHiTHOro
€JIEKTPOIIPOBIHOTO IIapy 3 IUIOCKONApaIebHUMH TPAHULAMH 3a
nii immysecHoro EMIT. 3anpornoHOBaHO METOIMKY HAOIMKEHOTOo
pO3B’si3yBaHHS  C(OPMYIIBOBAHOI ~3a7adi, KA BHKOPHCTOBYE
AIPOKCUMAIIIFO PO3TIOALTIB BCIX KITIOUOBHX (DYHKIIIH 32 TOBIIMHHOIO
KOOP/IMHATOK) KyOIYHAM MHOTOWICHOM. 3HAWJICHO 1 YHCENBHO
MPOAHANTI30BAHO PO3B’ 30K PO3IVISAYBAHOI 33124l 32 OXHOPIIHOT Ail
enekTpoMarditHoro immysnecy (EMI). [locmimkeHo TepmMoMexa-
HIYHY TIOBEAIHKY 1 HECydy 3aTHICTh He()epOMArHiTHHX eJIeKTpo-
NPOBITHUX IUIACTUH 32 Jil €JIEKTPOMATrHITHUX IMITYJIBCIB.
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