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INTRODUCTION

At the present stage of development of scientific
and technological progress, advanced processing
technologies based on the use of the energy of elec-
tromagnetic fields are increasingly being developed
and applied. Devices of this type, without exaggera-
tion, include installations of force action on pro-
cessed objects (magnetic pressure), technical sys-
tems for heating conductive objects by induced cur-
rents, devices where various kinds of chemical reac-
tions are initiated by electric fields, etc. [1-6].

From the point of view of practical importance,
technologies stand out contactless processing of
conductive objects by magnetic pressure forces and
the creation of various temperature regimes due to
induction effects. Conventionally, the methods of
force action of pulsed electromagnetic fields on
massive well-conducting objects are referred to as
traditional magnetic-pulse processing of metals.
Here, some success has been achieved in the im-
plementation of such industrial operations as flat
stamping, crimping of conductive pipes, their dis-
tribution and, finally, welding of dissimilar metals.

The last operation is extremely relevant for modern
industrial production. Its implementation required
the creation of conditions under which sufficiently
high collision velocities of the objects to be welded
are achieved. A practically uniform intermediate
boundary layer appears, which ensures the strength
of the welded joint [7-10].

Recently, there has been a sharp increase in in-
terest in induction heating in various spheres of
human activity. Household needs are highlighted,
as well as various repair technologies. Here, produc-
tion operations are successfully developed for clean-
ing paint and varnish coatings, removing bolted
joints, softening body elements of metal coatings to
restore damaged surfaces, etc. [11-14]. The idea to
use preliminary induction heating in magnetic-
pulse processing of metals was proposed by LV.
Bely, L.D. Gorkin, L.T. Khimenko back in 1984. The
authors of the proposal have developed and created
a system that initiates the flow of current in the
winding of the working tool until the moment of
force action. Preliminary induction heating made it
possible to significantly reduce the amplitudes of
the forces of magnetic pressure on the processed
objects.
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The purpose of this paper is to propose new di-
rections of preliminary induction heating in modern
magnetic-pulse metal processing as a way to in-
crease the efficiency of these production operations,
which manifests itself in improving the quality of
their performance while reducing the required en-
ergy costs.

THE PHYSICAL ESSENCE OF THE ONGOING
PROCESSES

MAGNETIC PULSED PROCESSING OF METALS
(MPPM)

Metal processing technologies using the energy of
pulsed electromagnetic fields are based on the phe-
nomenon of their natural force interaction with
conducting media. In practice, these technologies
are implemented with the help of so-called inductor
systems (Fig. 1), which are a combination of the
actual inductor-tool (usually a flat or cylindrical
solenoid) and an object subject to force. It is neces-
sary to emphasize the peculiarity of the operation of
such systems. It consists in the fact that the magnetic
pressure is not carried out by any external tool (for
example, a cutter in mechanical methods), but is the
result of the mutual repulsion of the inductor field
and the field of currents induced in the metal of the
processed object. In the special literature, physics is
also justified.

Omitting the details of the fundamental effec-
tiveness, we can assume that the result of the inter-
action of the field of the inductor with the conductor
is the excitation of the so-called Lorentz forces, the
physical essence of which is the interaction of an
electromagnetic field with a moving electric charge
[15]. Returning to the specifics of field technologies
in industry, we can point out that all the practically
successful achievements of MPPM were mainly
related to its traditional implementations in the
period up to 1980. Without repeating the above, it is
possible to note modern work on the improvement
of traditional methods of excitation of magnetic
pressure forces and their implementation in the
operation of automated lines of industrial produc-
tion of automobile and aircraft construction [1, 2].

New possible directions for the development of
magnetic-pulse processing of thin-walled metals
with a corresponding physical justification for each
of them were first presented by the authors of pub-
lications [16-21]. The first of them involves the crea-
tion of a certain space-time distribution of the inten-
sity of the excited field over the thickness of the
object to be processed. In this case, the weakening of
the magnetic pressure forces due to the effects of the
penetration of the acting fields is leveled [16].
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Figure 1. Typical equipment for magnetic pulse metal forming
technologies [17, 18]: (a) magnetic impulse installation (2.4 kJ)
— power source; (b) inductors — instruments of force attraction
of ferromagnets

The second possible direction consists in the
transformation of natural repulsion by Lorentz forces
into attraction due to a decrease in the operating
frequencies of the acting fields. This solution is suffi-
cient for the treatment of ferromagnets. As for non-
ferromagnets, their attraction is carried out due to the
introduction into the inductor system an additional
conducting a flat plate (screen) [17]. The principle of
operation of such instruments is based on the excita-
tion of oppositely directed induced currents in the
screen and the object of processing. According to
Ampere's law, in such systems their mutual attrac-
tion will take place [17]. The third possible direction
suggests the transformation of repulsion into attrac-
tion using two-frequency (LF and HF) inductor sys-
tems. By design, high-frequency fields neutralize
repulsion, and low-frequency fields neutralize attrac-
tion [16, 18]. Finally, the last possible direction was
called the “direct current transmission method”. Its
essence is as follows. The main current lead of the
inductor is electrically connected to the section of the
metal to be deformed, so that the connected conduc-
tors are parallel, and the currents flowing through
them are unidirectional. According to Ampere's law,
these conductors will experience attraction [19-21].
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INDUCTION HEATING

A common factor in the causality of the success of
the performed production operation, regardless of
the method of magnetic-pulse force action, is, first of
all, the plasticity of the metal of a given area of the
object being processed [15]. From phenomenological
considerations, the reliability of which is substanti-
ated by calculations and experiments in the works
of various authors, it is obvious that an increase in
plasticity is possible with the help of induction heat-
ing by Foucault currents [22]. The specificity of the
noted physical effect consists in the inhomogeneous
distribution of the induced currents over the thick-
ness of the conductor. The penetration of the mag-
netic field leads to their displacement into the sur-
face layer (skin layer), as a result of which the eddy
current density increases sharply, and this metal
layer is intensely heated in the first place. The un-
derlying layers are also warming up, but already
due to thermal conductivity. Studies have shown
that ~ 86.4% of the total amount of Lenz-Joule heat
is released in the skin layer. In addition, the size of
the skin layer, and accordingly the heating, also
depends on the relative magnetic permeability of
the metal of the processed object [22, 23].

A fairly large number of scientific publications are
devoted to the development of the theory of induc-
tion heating. Without dwelling on their detailed list-
ing and comments on the results obtained, as an ex-
ample of research directions, we will give typical
works where it is about the influence of current dis-
tribution on the integral efficiency of heat release not
only in the metal of the processed object, but also in
the winding of the exciting solenoid [24]. Thus, the
authors of [24] calculated the induction heating of a

conductor in the inner cavity of a cylindrical solenoid.

The features that distinguish the processes under
study in cases of flat and curvilinear geometry are
shown. It is noted that they are conditioned by the
penetration of excited magnetic fields.

From a practical point of view, the latest pro-
posals of the scientists of the Kharkov National Au-
tomobile and Highway University (KhNAHU) to
increase the intensity of the Lenz-Joule heat release
in the metal of the object of processing are of inter-
est [25, 26]. The authors of [25] theoretically and
experimentally substantiated the advisability of
introducing ferromagnets into the design of induc-
tor systems. It is shown that, in the presence of fer-
rite filling, there is a significant increase in the am-
plitudes of the excited currents and it is possible to
increase the intensity of the induction process by
more than ~ 1.5 times. A Ukrainian patent was ob-
tained for a method of processing sheet metals with
concentrated sources of energy of magnetic fields
with preliminary induction heating [26]. It should
be noted that recently there has been a sharp in-

crease in interest in induction heating in vehicle
repair technologies. Here, production operations are
successfully developed for removing glass, cleaning
paint and varnish coatings, removing bolted joints,
softening metal coatings of bodies before straighten-
ing dents, etc. [27-29]. Illustrations of the corre-
sponding typical equipment developed at KhNA-
HU and engineers of the BETAG concern (Switzer-
land) are shown below in Fig. 2 [17].

()

Figure 2. Typical equipment for local induction heating in
vehicle repair technology development of KhNAHU (Ukraine)
[17, 28] (a): 1 — power source; 2 — connecting cables with heat-
ing tools; development of BETAG (Switzerland) [29] (b): 1 —
power source; 2 — connecting cable; 3 — inductor-heating tool

PRELIMINARY INDUCTION HEATING IN MPPM

Schematic diagrams of the application of induction
heating of sheet metals in magnetic-pulse technolo-
gies are shown below in Fig. 3. In Fig. 3, 2 shown the
use of an autonomous induction heating system (for
example, in Fig. 2). The algorithm for the implemen-
tation of the production operation involves the initial
placement of the inductor-tool of induction heating
on the processing area and the actual heating to the
so-called tarnishing colors. After that, the power
supply to the system is turned off, and the inductor-
tool for induction heating is removed. In its place is
placed an external inductor-tool of magnetic-pulse
force action [30]. The inclusion of a current from the
MPPM excites a strong magnetic field in the working
area of the tool. Its effect deforms a given area of the
processed sheet object, the plasticity of which is in-
creased by preheating.
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Figure 3. MPPM circuits with preliminary induction heating
[17, 28], a separate autonomous induction heating system (a):
1 — power source; 2 — magnetic impulse installation; 3 — induc-
tor — MPPM tool; 4 — sheet heating object; 5 — area of localiza-
tion of heating and force action; 6 — ferrite; 7 — inductor-heating
tool; induction heating system with connection to the winding
inductor-tool MPPM (b): 1 — power source for induction heat-
ing; 2 — magnetic impulse installation; 3 — inductor-heating and
MPPM tool; 4 — sheet object of processing; 5 — area of localiza-
tion of heating and force action

An essential advantage of this circuit is the pos-
sibility of using inductors with ferrite inserts, which
significantly increase the intensity of Lenz-Joule
heat release.

In Fig.3,b shown a diagram where the signal
source for induction heating is connected directly to
the winding of the MPPM inductor-tool. The algo-
rithm for the implementation of the production
operation assumes the initial switching on of the
power source for preliminary induction heating of
the given area of the force action. Then this power
source is turned off. The current is connected from
the magnetic-pulse installation. Excited pondermo-
tor forces deform a given area of the treatment ob-
ject.

It should be noted that in this scheme, it is im-
possible to include ferrite inserts in the design of
MPPM inductor-tools. In addition, problems arise in
matching the active-inductive load (the inductor
itself) and the circuit of the power source for induc-
tion heating.

In conclusion, a phenomenological remark
should be made about the effect of induction heat-
ing on the efficiency of MPPM. As is known, the
excitation of eddy currents and an increase in tem-
perature leads not only to an increase in the plastici-
ty of metals, but also to an increase in their active
resistance, which is the reason for a decrease in the

actually induced currents and, accordingly, a de-
crease in the intensity of Lenz-Joule heat release.
From physical considerations, it is obvious that in
this regard, the highest efficiency of induction pre-
liminary heating should take place only for metals
in which the rate of increase in plasticity will exceed
the rate of growth of their active resistance [17, 18].

CONCLUSIONS

The state and application of induction heating in
modern magnetic-pulse processing of metals, as a
way to improve the quality of its implementation,
are briefly highlighted.

The schemes of practical implementation of pre-
liminary induction heating are proposed, allowing
the use of both autonomous devices for excitation of
eddy currents, and a stationary connection for the
same purpose of an additional source of electrical
power.

The possibility of increasing the efficiency by in-
creasing the plasticity of the metal upon heating is
noted, as well as its possible limitations associated
with an increase in the active resistance of metals
with an increase in the Lenz-Joule heat release.
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IaayKIiviHMI HarpiB IpM MarHiTHO-iMITYJIbCHiVI 00pOOI1i MeTasTiB: mepcrIeKTMBHI
cXeMM Ta iX 3aCTOCyBaHHsI

IOpint baturin, €sren Yaruurin, Ceitnana llnuaepyk, Mapwuna Bostocrok

AnoTanis. Y cTaTTi Ha OCHOBI OIIIAy Cy4acHOI JIiTepaTypu BUCBITIIEHO OCOOIVMBOCTI ITpOIleciB MarHiTHO-IMITYJTBCHOL
00poOKM MeTaJliB y TPaaWIIiFHMX cXxeMaX TeXHOJIOTIYHVIX ITPOIleciB Cy9acHOTO IIPOMMCIIOBOTO BMpPOOHMIITBA. BinsHawe-
HO HOBi HaIIPsIMM iX PO3BUTKY, SIKi IependadaloTs TpaHcdopMaIlifo IpUPOAHIIX CVUT BiAIITOBXYBaHHS MeTaiTy 00’ e€kTa
00poOKM B CHIIM MarHiTHO-IMITYJIBCHOTO TSDKIHHS NPV 3HVDKEHHI poboumx 4dacToT icHyroumx mosnis. Ommcano ¢isuky
poscitoBaHHs Terula [Ixoyiisg-JleHa, pe3yabTaToM SIKOTrO € iHAYKIIHWI HarpiB MpoBigHNMKiB crpyMaMy DyKo B 30BHi-
IIHBOMY €JIeKTpOMarHiTHoMy mosii. HaBegeHo nmpuxitagy BUKOPUCTaHHS iHIYKIIIVIHOTO HarpiBy B Cy4acHiV IIPOMIICIIO-
BOCTi. 3aIIpOINOHOBAHO CXeMW MPaKTUYHOI pealisallil mepemiHayKI[iIHOIO HarpiBy, SKi JO3BOJIIIOTh BUKOPUCTOBYBATHU
SIK aBTOHOMHI IIPVCTPO] 111 30yIKeHHS BUXPOBVIX CTPYMIiB, TaK i cTaIfioHapHe HigKIIOUeHHs 3 ITi€l0 )X MeTOI0 TOJaTKO-
BOT'O JDKepesla XvBJleHH:. BigzHaueno moxomBicts migsuienHs KKJI 3a paxyHOK migBuIlieHHs IUIaCTMYHOCTI MeTaIy
IIpY HarpiBaHHI, a TaKOX VIOT0 MOXJIVBI 0OMe)XeHHsI, TIOB'sI3aHi 3i 30UIBIIIEHHAM aKTMBHOIO OIIOPY MeTasliB IIpM 3poc-
TaHHi TerwiosuaiteHHs [xoyis- Jlenma. OTpyMaHi pesysibTaTyi 3alIpOIIOHOBAHO BMKOPWMCTOBYBATH IIPU BUOOpP] KOHC-
TPYKTMBHVIX pillleHb JIJIs eJIeMeHTiB HOBVX cXeM 00JTa/THaHHS MarHiTHO-IMITy IbCHOT 00pOoOKM MeTasiB.

Kitro4oBi ¢s10Ba: MarHiTHO-iMITyJIbcHa 0OpoOKa MeTajliB, IHAYKI[VHWMII Harpis, CXeMy IIOIE€PEeIHbOrO IHAYKIITHOrO
Harpisy.
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