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Prototyping of 3D sheet metal parts using electro hydraulic forming
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1. Introduction

Sheet metal forming is a widely used production
method. The most popular forming method is deep draw-
ing, which requires an accurate, robust punch and die, as
well as a press with precisely controlled axes.

The high demands placed on tool technology re-
quire a high capital investment, even if numerical con-
trolled (NC) machines have reduced production time in
recent years, as have electrical discharge machines (EDM)
and electrical discharge wire cutting (EDWC) machines. In
the same period of time, the accuracy of tools has in-
creased. In addition to the above-mentioned technologies,
3D CAD-programs connected directly to NC-machines
have led to a reduction in the time needed for tool
production.

High velocity sheet metal forming methods, such
as electromagnetic forming and electro hydraulic forming
(EHF), are based on high voltage electrical energy, and
aroused considerable interest in the 1950°s and 1960’s in
the USA, Japan and Russia (the former Soviet Union). In
more recent decades, interest in EHF has remained at a low
level. A number of commercial devices are marketed in the
USA and Russia. Machines of various type and size that
are available in Russia are shown in Table 1 [1]. Basics of
EHF are presented in the books like by Winkler [2] and
Lange [3]. Basic theory is presented in the books of Hoff-
man & Sachs [4], Johnson and Mellor [5] Lippman [6].
One review of EHF technology is by Klaas & al [7]. A
promising tool is to use virtual model simulation using
FEM programs like LS-DYNA [8].

Table 1
Machines for electrohydraulic forming on the Russian market [1]
Udar-1 Udar-11 T1231 T123
Maximum energy of impulse, kJ 12.5 150 128 20
Maximum supply voltage, kV 10 50 40 -
Maximum dimensions for a plane piece, mm 2500x1200 2000x2000 1200x1200 650x650

Trends towards rapidly growing volumes of small
series production are expected to increase the interest of
high velocity forming technologies such as EHF [9]. More
efficient technologies for cheaper, rapidly formed sheet
metal parts are required to be available, which will be used
in the manufacture of complete products. EHF is a method
suitable for small series production of sheet metal and tu-
bular parts with complex geometries. This paper presents
the principle of EHF and its remarkable advantages based
on simple and even low cost tool technology. Also the pos-
sibilities and experience of EHF process simulation are
presented and verified for mathematical calculation.

This work is motivated by some more important
trends in manufacturing technologies; sheet metal material
technology has been developed recently and the properties
of materials are more suitable for deformation processing.
Multipurpose computer controlled machines have been
developed for tool manufacturing and for process control-
ling. The third trend is the development of computer simu-
lation. These trends have aroused further interest in more
utilization of also EHF. One application of EHF has been
presented in this paper. The application is a design-
product, which has been scheduled in Fig. 6, a.

2. Materials and methods
2.1. Materials used

Material used in these tests was structural steel
S235, which has initial yield strength R, , = 235 MPa,

tensile strength R, = 360-510 MPa and ultimate tensile
strain A5 =24% [10].

One useful material model for describing a plastic
work hardening material is

G=R,,+Ke" (1)

where K is a work hardening coefficient; & is a relative
strain.

The model of LS-DYNA was Material Model 24
Piecewise Linear Isotropic Plasticity [8]. The von Mises
yield condition can be expressed using deviatoric stress
component s;, and pressure p, as
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The yield stress o, is a function of effective plas-
tic strain, &/, and plastic hardening modulus, £,. Now a
linear hardening function f'is used and strain rate function
is set to #=1.
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Input data was yield strength R, =235 MPa,



Young’s modulus £ =210000 MPa, tangent modulus
E, =500 MPa and necking strain n = 0.2. Thus E, =~ 500.
Since the models describe the same material behaviour
they can be equated at two points. One point is the yield
point and the other is at strain £= 1 giving K = E,. The de-
formation processing was simulated using LS-DYNA pro-
gram [8]. The analysis capabilities of the program include
non-linear dynamic behaviour of 3D bodies with material
models and the capability for using non-linear geometrical
descriptions.

2.2. Electrohydraulic forming

Electrohydraulic forming (EHF) is related to the
explosive forming method; the explosive additive being
replaced by an electric discharge. Electrohydraulic forming
is based on rapid movement and rapidly increasing pres-
sure of water inside a chamber (Fig. 1). Water is thus used
like the punch in a deep drawing process [1, 11-13].
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Fig. 1 Main components of electrohydraulic forming ma-
chine

The energy needed for the forming process is
stored in a set of charged capacitors. The rapid switching
device is closed, leading to a rapid discharge between the
electrodes inside a chamber filled with water. A pressure
wave is thus produced, and water is forced against the
sheet to be formed, based on the design of the chamber.
Depending on the material and shapes to be formed, one or
several discharges are needed. The total number of dis-
charges is also dependent on the energy used in the form-
ing stages [14, 15].

The machine at VIT (Technical Research centre
of Finland) has the following technical characteristics:
maximum capacitance 60 pF (10 x 6 uF), maximum charg-
ing voltage 40 kV, maximum impulse energy 48 kJ and
impulse frequency 0.2 Hz. A set of capacitors is charged
using a fully controlled three-phase six-pulse rectifier. The
maximum charge can be attained every five seconds. A
maximum current up to 200 kA can be achieved, and the
maximum input power required is 25 kW. The machine is
equipped with an automated control system, which makes
it possible to set in advance the number of discharges. The
mean time between discharges is around five seconds. No
noticeable increase in temperature on the surface of the
formed sheet is observed [14].

The forming process itself is very fast. Typically
an impulse lasts no more than 200 ps and the forming
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speed has been approximated to 300 m/s. A high forming
speed improves the plasticity properties of the material
being formed compared with traditional slower forming
techniques. High forming speed also results in minimal
spring-back of formed material [14].

The main advantages of electrohydraulic forming
are [11]:

e minimal spring back of formed sheets because of
the extremely fast forming process — the tolerance
level of IT9 can normally be achieved;

e it is an extremely rapid forming process, which in-
creases formability without the need for heat-
treatment, as is the case with ordinary forming
processes;

o different manufacturing processes can be combined,
such as forming, punching, cropping and flanging;

o the method is well suited to small series production,
since it is based on economical tool technology,
which also leads to fast prototyping;

o for small batches of products with complex 3D final
forms the EHF method is a cost effective method
for manufacturing complex forms since only one
and inexpensive die is needed and the other is re-
placed by hydraulic pulses as punches, contact fric-
tion is small resulting in minimal surface damage;

e modular and openable tools can be used;

e it is suited to a wide range of materials;

e EHF can be installed in a conventional hydraulic
press that has sufficient free space on the table.

EHF technology shows the greatest potential for
forming pieces with a low depth and a complex shape
(Fig. 6). In many applications involving mild steel, plate
thicknesses of three millimetres or less are involved.

2.2.1. Tool technology

The largest difference between electrohydraulic
forming and so-called traditional forming processes is the
tool technology. With EHF, a tool is only required on the
die side. The potential of EHF is mainly based on a simple,
and in many cases, economical tool technology. There is
great potential for reducing tool costs. For small series
production, tools can be made from common materials
such as wood, plastic or even concrete. Tool steel is widely
used, as well as aluminium, for small and medium sized
series production [11, 14].

The chamber is made of cast steel, which also
functions as the sheet holder. Three different sizes of
chamber are used in the laboratory of VTT. The internal
dimensions of the square-shaped chamber are 450 x 450
mm. The size of the square chamber is based on the maxi-
mum volume of one pair of electrodes. Further pairs of
electrodes can also be used. Two sizes of round-shaped
chamber are stocked for rotating pieces, with internal di-
ameters of 100 and 200 mm. Small holes are drilled in the
base of the die to ensure the removal of air during forming.
Otherwise air between a formed sheet and a die will result
in imperfections in formed parts. The use of a vacuum
makes the removal of air more effective.

Forming and cutting can be combined with the
EHF process. Formed pieces can be cut from the blank by
using a sharply-machined tool edge. Holes and gaps are
produced in formed pieces in the same manner. The die is



located on a table in the hydraulic press. The chamber is
opened and closed by hydraulic cylinders with a maximum
force of 1.2 MN. The chamber is filled by using a continu-
ous filling system powered by air pressure [11].

2.2.2. EHF is based on sheet drawing mechanics

The principle of a deformation process is shown
in Fig. 2. These ideas are applicable also at many locations
of the EHF. This rationale can be used in initial conceptual
designing.

L, length of contact

a

Inhomogeneous compression of sheet, friction=0

o
h

Fig. 2 Principles in a deformation process: a - geometry
b - y vs 4 schematically

In deformation processes reduction r is important.
In the case of Fig. 3 it is defined as the relative change of
the input arc to the output arc
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Another basic feature is the degree of homogene-
ity of the deformation defined as the ratio of mean deform-
ing thickness to the contact length

l(s+lL 2=« %—lj
L 2 r

A plane strain deformation process, like indenta-
tion, causes an inhomogeneous compression. In the case of
no friction it depends on a parameter A
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for A<1, y=1; for A>7, y=2.5

here 7, is yield strength in shear and p is pressure. In EHF
sheet forming processes the y ratio can be close to 1 in thin
parts and close to 2.5 in thick parts.
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3. Simple analytical models

First some basic analytical models and then LS-
DYNA [8] are applied to the case study; a design-product
(Fig. 6, a).

3.1. Sheet flange deformation of EHF sheets

The sheet flange deformation is shown in Fig. 3.
following Johnson and Mellor [5] and Hoffman and Sachs

[4].

Fig. 3 Sheet flange deformation

The equilibrium of forces in the meridian direc-
tion derived by Hoffman and Sachs [4] can be used to cal-
culate stresses by setting the meridian angle o to 90°. It is
assumed that only the lower side has friction coefficient u
and the other side has smaller one due to the retainer ring

d(otr
dlor) o g,
r sina
d(ot) ¢
—->———=+—(0,-0,)—uo, =0 (7
dr r( 1 3) MOy
The principal stresses are now

0,>0>0,0, >0, 0,<0. The yield criterion is now

used in a compromise form between the Tresca and von
Mises criteria of yielding [4]
®)

o,—0,=mo, m=1.1

The equilibrium equation becomes

d(ot) ¢ dt d
( )+—(0'1—0'3)—,uO=O—>d0'+0'—+—rm0'=0 )
dr r t r
Now assuming that strain rate is constant and that
the change of thickness in the flange is

small, &, =dt/t =0, Eq. (10) predicts how the flange stress
changes with radius

do=-Lmo (10)

7

Constancy of volume condition can be applied to
the flange as follows

V=V, x(i = )b, =7 (R =Rty (11)

From which now the hoop strain may be calcu-
lated
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here the thicknesses are # = 0.001 m initially and ¢, =
0.0007
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The strain hardening model for the steel may be
written as

G=R,+Ke' >R, + K(ln %j -

et Y
= RPO-Z +K[Eln {f[l'fr—zj}] (13)

The strain and yield strength at the mid cup rim
7= Fopa =11 =0.0225

=t (10 S |1 oLy {20007 (), D003 H{_ ¢
27 1 U 7)) 27 L ooor U 0.0225

and o =235+500-0.8% =712 MPa

This may be substituted to the equation of equilib-
rium, Eq. (2)

do=-2mR - mK[lln{ti[l +£2J}J ar
r 2 tO r r (14)

J)=[ &

The stress at the flange may be calculated, denot-
ing by J the integral

o=-mR, ln(LJ—mK-J, m=1.1 (15)

o
The material strength values are here
Ry02=235MPa, n=0.2, K= E, =500 MPa.

Numerical results give at radius R,=0.14/2 =
=0.07 m at the mould outer radius. The outer edge is set to
ro= 0.63 m=0.9 R() .

At the final inner radius » =r,,, is equal to the rim
of the mould at radius r; =0.0225, then the maximum
stress is 0 = 266+237=503 MPa. The third principal stress
is 0, =0,-mo =503-1.1-712 =-280 MPa .

3.2. Spherical cup models

At the product there are locations, which are de-
formed under pressure impact to more or less spherical
form. One is the middle cup 1. Other cups are deformed at

the extensions.
Balance of forces for a cup gives, Fig. 4,
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Constancy of volume gives that the initial volume
of the circular plate is the same as the volume of a spheri-
cal cup

V,=V-ra’t,=2nbht (17)

Natural thickness deformation is thus according to
Lippman [6]
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The pressure needed for hydroforming is obtained
using the definition of the radius of curvature for a sphere
R=R'=-b

2 t 14
pz—taS:Z—Y:4—OLO', qz% (19)

b b a(ieg)

For an ideal plastic material with o = const there
occurs a plastic instability which means fracture when the
pressure p(q) reaches a maximum value by the condition

4 _ o Puer _

, = e 20
i Y (20)
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The desired outlook proportions of the cup are ob-
tained by rough rules connecting some dimensions as
a,=n,b,=03-b,a,=0.5-a,, h, =h, (Table 2).

33 By |
.

3.3. Spherical cap compressed to contact and conform to
the ogival die

The mean radius of curvature of the meridian R,
is constant. The mean radius of the parallel circle r is ex-
pressed as by Hoffmann and Sachs [4]

r=r,—R (1-cosa) (21)

And the mean radius of curvature normal to the
meridian is R,. It can be seen from Fig. 5

r=R,cosa,dr=—Rda-sina, t=const, tanp = [ (22)

Equilibrium equations for a shell of rotational
symmetry, Fig. 5, are needed.

Equilibrium of forces in the direction normal to
the tangent plane gives the pressure. The equilibrium of an
element in Fig. 5 gives

o,trddda+o,tRdadbcosa+ prdd Rda=0 (23)
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2. Ogival shell model fit

3. Spherical outer cup 2 model fit, #/5=0.7-0.8.

.. 4. Flange deformation area

Fig. 4 Schematic models of the product (step 120): a - schematic cross section of the product; b - cup model; ¢ - view from

above

Table 2

Results of geometry changes by deformation models: a - analytical spherical cup model, no work hardening;
b - LS-DYNA FEM model with work hardening. Some dimensions used the product are shown.
Initial thickness of sheet is #,= #(IIt)= 0.001m

Cup loca- Radius of Radius of Cup depth 2 | Allowable cup depth Thickness chan- | Thickness change ratio
tion IC the cup circle a before instability ge ratio t/ty= by FEM ¢ /¢,
index sphere b hy=al3” exp(-p,)

mid cup 1 0.031 0.022 0.009 0.013 0.86 bottom 0.7, rim 0.5

outer cup 2 0.01 0.01 0.01 0.006 0.5 0.7...0.8

r+dr

Fig. 5 Dimensions of a volume element of the shell of rotational symmetry and stresses acting on the volume element

From which one obtains

_{&
Rl
In this deformation process there are large com-

pressive stresses and comparatively smaller meridian com-
pressive stresses and yield condition is

9y, P

O,
—E+—E+—=0,>p=

N o,cosa 24)
R R, r

c,<0,<0
whence

o,=—1.1c=-mo=-0c', m=1.1 (25)

By substituting one obtains

pr__| % 26)
t R,
Equilibrium of forces in the direction of the me-
ridian tangent gives

—mo cos aj

(o, +do,)(t+dt)(r+dr)d0—o,trd0+

+o,tRdasinad@+uprddRdo =0 27)
From which one obtains

d(o,t

dloir) o, ker (28)

0 )
dr sina

Equilibrium of the force components in longitudi-
nal direction gives



(o, +do,)(t+dt)(r+dr)cos(a+da)dd—
(c,)(¢)(r)cos(a)dO+ pRdasinadd+

+uprd@Rdacosa=0 (29)
From which one obtains
d(o. t
MW(H u jzo (30)
dr tan o

Assuming constant thickness ¢ Egs. (26) and (30)

_erl[

Now it is assumed that pressure is increased im-
pulsively until the sheet contacts the die and starts to bulge
out of the opening of the die

give

td(o,rcosa)
da

sin(a+(p)] -0 31

cos @

o.r
d( 1; cosaJ ) ( )
: _ﬂ(smourq)j:o (32)
da t cos @
Let us substitute here
P
Rl
n(a+
K:M:sina+ycosa:
cos @
=Hsin(a+¢)—> H = ! (33)
cos @
And obtains
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d(Xcos a)

T (34)

+(X—m0'c0sa)K=0

By substituting the pressure and yield condition
one obtains.

X
d—+X,u=Km0, o' =mo
da

(35)

The solution of Eq. (28) is the sum of two terms
X=X +X,
dX dX
L4+ X u=0, =2+ X,u=c'Hsin(a+¢p) —
da da
X,=CY'e*, X, =0'[ Asin(a+¢)+Bcos(a+p)] (36)
Substituting the latter trial solutions gives
O'Acos(a+(p)—0'Bsin(a+¢7)+

+o;u(Asin(a+go)+Bcos(a+¢)) = O'Hsin(a+g0) (37)

From which one obtains

A+uB=0,-B+ud=H —> —> A=sing,
cos @
B=—cos¢p (38%)
The solution becomes
X= cr'[Ce’”“ +Asin(a+go)+Bcos(a+go)J
X= a'[Ce"’“ +sin(psin(a+(p)—cos¢cos(a+(p)] (39)
’ — U — O-ar —
X=0o [Ce # —cos(a+2go)]— R =X(a)
Table 3

Results as stresses and pressures of the sheet made to deform into an ogival form.
The material is S235 (IM=1)

Location of the Meridional Radius of parallel Circumferen tial stress Meridional stress Pressure at
shell Fig. 4, a angle a circle R, m Oy =-mo 0., MPa die p, MPa
1 (rim) 45° 0.022 -640 =580 6
2 (ogival root) 17.6° 0.031 -640 150 16

At the process several boundary condition alterna-
tives may be realized. At the upper location on the rim of
the mid cup at o= 45°, it is assumed that the meridianal
stress is about the yield strength or more at 0.2 strain as-
suming no description of fracture in the model

X =X(a)= G’[Ce"”" —cos (¢ +2(p)} = —O-;rl
1
o, = R, X(e), C= (£"+cos(al +2¢)))e‘”"
o

(40)
o'< [[ilr +cos (o, + 2¢7)) e Hlema) _
o

—cos(a+2p) }

Some results are shown in Table 3. At the mid

cup bottom
)

t T
& =ln70=ll{l+{—} len{l+[
a

o=R . +K&"=235+500-0.15"* =580

0.009
0.0025

0.15

p0.2
4. Virtual model forming simulations

At the case study the deformation process was
simulated with LS-DYNA program. The model of LS-
DYNA was Material Model 24 Piecewise Linear Isotropic
Plasticity, Eq. (2). This is an elastic plastic material with an
arbitrary stress versus strain curve and an arbitarary strain
rate dependency can be defined.



4.1 Simulation results

Some simulation results by LS-DYNA are shown
in Fig. 6.

These figures are a selection of graphic output of
the program. The model is used to simulate the real manu-
facturing step from sheet metal to a product with desired
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geometry, material strength and internal stress damage
state values. The mesh of Fig. 6, a shows to the user visu-
ally the ideal surface form of the planned product. The
mesh size indicates a prognosis of the calculational accu-
racy and power needed. This information is inputted to the
program model file. Calculational outputs are shown in
Figs 6, b, d.
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Fig. 6 Simulation results by LS-DYNA: a - the FEM mesh of the design-product; b - vertical z-depth contours; ¢ - Von
Mises stress contours at the final step (120). Max stress is 940MPa; d - thickness contours. The initial thickness is
1 mm. The mid cup bottom #/¢, ratio is 0.7, the rim ratio is 0.5 and the outer cup model has ratio of 0.7-0.8. Rim ra-

tio is 0.5 and the outer cup model has ratio of 0.7-0.8

The vertical z-depth contours in Fig. 6, b show
visually how evenly the depths could be obtained in the
calculation model. The contour variations are due to nu-
merical error accumulation and not final product dimen-
sional variability. Fig. 6, ¢ shows the von Mises stress con-
tours at the final step (120). It can be seen that the pre-
dicted max stress is rather high, 940 MPa due to the high
work hardening capacity of the sheet steel and local thin-
ning of the sheet. This information can be used to select a
suitably work hardenable steel of optimal wall thickness.
The thickness contours shown in Fig. 6, d indicate risk
areas of the reduction. This information shows that the
initial thickness of 1 mm is reduced to half at many places.
The mid cup bottom #/¢, ratio is 0.7, the rim ratio is 0.5 and
the outer cup model has the ratio of 0.7-0.8. If some corro-
sion allowances and impact deformation resistance is re-
quired then this information is useful for redesigning the
cup with higher initial thickness.

5 Conclusions

The motivation for this study was an increasing

interest in utilizing the Electro Hydraulic Forming Meth-
ods (EHF) for manufacture of advanced sheet metal prod-
ucts. EHF is a promising forming method for many types
of formed sheet metal parts, and competes with traditional
forming methods, particularly for small series production
and prototyping mainly based on low tool costs. Potential
users of EHF technology include companies working in the
field of machining, building, ventilation, transportation,
electrical, electronic, aviation and space technology.

EHF process has many design variables, what is
an advantage for the designer. But the disadvantage is that
their physical interdependencies are not yet clear enough
for fast and easy dimensioning. But when these are mas-
tered the full potential of this method of designing and
manufacturing sheet metal products looks very promising.
An efficient tool proved to be virtual engineering design
FEM program LS-DYNA. It is useful for ensuring right on
target designs with minimal unnecessary trials and errors.
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ELEKTRINIS — HIDRAULINIS 3D DETALIU
PROTOTIPY FORMAVIMAS IS METALO LAKSTU

Reziumé

Elektrinis — hidraulinis formavimas (EHF) yra
spartus formavimo metodas, tinkamas mazy serijuy 3D de-
taléms gaminti. Didziausi EHF metodo pranaSumai — ne-
brangi technologiné jranga, didelés galimybés formuoti
medziaga, minimali jrenginio tus¢ioji veika. EHF metodas
teikia naujy galimybiy gaminti Siuolaikinius mechaninius
komponentus i§ metalo laksty. Tuo siekiama padaryti per-
versma detaliy gamybos technologijoje. Tam tikslui reika-
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lingi nauji konstravimo ir procesy imitavimo bei medziagy
patikrinimo metodai. EHF technologija taikoma Suomijoje
(VTT ir LUT) bendradarbiaujant ir keiciantis technologi-
jomis su Sankt Peterburgo universitetu (Rusija).

J. Varis, H. Martikka

PROTOTYPING OF 3D SHEET METAL PARTS USING
ELECTRO HYDRAULIC FORMING

Summary

Electro hydraulic Forming (EHF) is a high speed
forming method suitable for small series production of 3D
sheet metal parts. The particular advantages of EHF are
low cost tool technology, increased material formability,
and minimal spring back. EHF of sheet metal components
offers new possibilities for producing advanced compo-
nents for machinery applications. This article describes the
EHF process and the potential of EHF as a rapid prototyp-
ing method for sheet metal part production. The motivation
is to get a breakthrough of this production technology. In
additional, new design, process simulation methods and
verified material models are needed. EHF technology in
Finland (VTT and LUT) is based on a long-standing co-
operation and technology transfer programme with the
University of St. Petersburg (Russia).

H. Bapuc, X. MapTtukka

SJIEKTPMYECKOE N I'MJIPABJIMYECKOE .
OOPMUPOBAHME 3D ITPOTOTUIIOB JIETAJIEN 13
METAJUIMYECKUX JINCTOB

Pe3womMme

DJIeKTPUYECKU W TUApaBIMYecKuil MeTox ¢op-
mupoBanus (OI'®D) sBisieTCs METOAOM CKOPOCTHOTO (op-
MHUpPOBaHUS JAJIS1 U3TOTOBIEHUs Manbix cepuit 3D neraneit
n3 Metajudeckoro ymcra. Ocodoe MpenMyIIecTBO MeTO-
na OI'® — TexHONOTHYECKOE 000PYAOBaHIE MAIIBIX 3aTparT,
0oJpIIHEe BO3MOKHOCTH (POPMUPOBAHUS MaTeprana U MH-
HUMAJBHBI XOJIOCTOW X0n oOopynoBanus. OI'® meron
IpeAIaraeT HOBbIE BO3MOXHOCTH H3TOTOBIIEHUS Iporpec-
CHUBHBIX METAIJIMYECKUX KOMIIOHEHTOB M3 JIHICTOBOIO Me-
Taia. B cratee onmcanusiit 31D MeToA U ero BO3MOYKHO-
CTH CKOPOCTHOTO ITPOM3BOACTBA MPOTOTHUIIOB U3 METaJLIU-
YeCKUX JUCTOB. Ero MOTHBanus — TOOUTHCS MEpEeBOPOTa B
YKa3aHHOW TEXHOJIOTMH MPOU3BOJCTBA. ISl TOCTHKEHUS
3TOT0 HEOOXOJMMO JOIIOJIHUTEIIFHO UMETh HOBBIE METO/IBI
KOHCTPYHPOBAaHUS W MMUTHPOBAHMUS IIPOLIECCOB, a TAKXKE
METOZOB TpoBepku Marepuana. Texaomorus IO B OuH-
nsaauu (BTT u JIVT) ocHOBaHA IONTOCPOYHBIM COTPYI-
HugecTBOM ¢ Crt. [lerepOyprom u nepemadeil TEXHOIOTHIA.
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