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Abstract. The current state of developments and the
prospects of using glass-ceramics based on lithium
disilicate were anayzed. The choice of R,O—RO-RO,—
R,0:P,05—Si0, system for model glasses was justified.
The structure of glasses after heat treatment in connection
with their physico-chemical properties was studied. The
developed lithiumsilicate glass-ceramic materials were
characterized by high performance properties and can be
used as transparent armor.
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1. Introduction

Glass-ceramic materials are widely used in many
fields of science and technology due to the combination of
various physical and chemical properties and performance
characteristics inherent in substances in the vitreous and
crystalline states. The direction of modern materials
science is the synthesis of “intelligent” glass-ceramic
materials, which will differ in a number of unique
properties. Today, the interest in obtaining new glass
ceramic materials is explained by the need to ensure the
functionality of new generation machines and
mechanisms and to devel op fundamentally new aspects of
their creating. Among these materials, a special place is
occupied by glass-ceramic materials based on lithium
disilicate. Thisis dueto their high strength characteristics,
low weight, manufacturahility, and relatively low cost.

In the recent years, there has been an increase in
demand for universal materials that are capable of
withstanding high-speed mechanical impact
(bulletproofing, manufacturing of abrasive toals, etc.) and
compete with more expensive known ceramic analogues.
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Most often, the glass-ceramics on the basis of crystal
phases of cordierite, anorthite are used for the solution of
these problems. But they are no longer able to meet the
growing requirements for mechanical strength, hardness
and manufacturability. These circumstances have become
the reason for the development and synthesis of new
compounds of glass-ceramics based on a high-strength
compound — lithium disilicate (Table 1).

Glass-ceramics based on lithium disilicate has been
successfully used in dentistry for a long time due to its
high strength, natural appearance and the possibility of
pressing very thin structures (Fig. 1) [1]. The bending
strength of such a competitive high-quality dental glass-
ceramicsis450 MPa[2].

N. Suzdal [3] obtained glass-ceramic materials
based on lithium meta— and disilicate by two-step
technology (Table 2). The developed materials are
characterized by high bending strength, hardness and
specific  electricd  resstance. Balligtic tests have
confirmed their competitive ability in protecting against
LPS (light bullet with steel core) bullets with a mild stedl
core compared to the used boron carbide. The prospects of
their use as insulators have been established.

Fig. 1. Structure of glass-ceramics
on thelithium disilicate basis
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Table 1
Lithium disilicate properties
T
TCLE, ati00500 107, deg 105
Bending strength, MPa 360
Fracture viscosity, MPam"~ 2.25
Y oung's modulus, GPa 95
Vickers hardness, MPa 5800
Chemical resistance, pg/cm’ 40
Crystallization temperature, K 1113
Mélting point, K 1305
Dengty, g/lem’ 2.454
Refractive indices Ng 1.558
Np 1.547
Ng—Np 0.011
Table 2

K nown methods of obtaining and pr operties of glass-ceramics based on lithium disilicate

— . Multifunctional materials
Application Dental material [2
PP U@ T @ 1T [ [ 6 [ @ [ 9
Glass-melting temperature, K
1773 1473-1523 | 15731623 1523-1623 1823 - 1673-1773
Heat treatment temperature (K), time
Annealing 833 - 673-693 663-693 783 - 723-773
| stage 873-1023, 753773, | 753793, 753793, 753-803, 863-883, 873-1083,
4 10-120 min 5h 2-3h 1-3h 1-24h 10h 15min—-4h
I stage 1073-1223, 953-993, | 953-993, | 853-893,0.5-10h | 953-998, | 1043-1273, | 948-1273,
= 3-15min 15h 1-2h 30min—24 h 2h 15min4h
- - - 943-1003, 1103-1143, - -
Il stage 1-3h 5min-5h
Properties
p, glem® - 2.36-2.47 | 2.39-2.45 2.36-2.46 24525 253273 245
Obenss MPa 300-450 270-380 | 380-400 343-441 - 119 -
a 107, °C* - - 106-114 100-120 125 - 65-30
HV = HK = HV = _
Hardness, MPa - 7300-8700 - - 505-635 |6400-11000 | K =680
Kic, MPam®? - 16-1.8 - - — 1.7-24 -
Py, Q-Cm - 10" - - - -

Developed by V. Khalilev et al. [4] ahigh-strength  using the developed glass-ceramics under conditions of
glass-ceramics based on the lithium-silicate glass with  extreme loads, as cheaper and more technological, have
content of lithium disilicate and silica of 0.2-0.4um in  been confirmed.
size is characterized by low density combined with high Yu. Merkulov [5] developed a glass-ceramic
mechanical strength, which makes it possible to use the material in the Li,O-Na,O—-K,0-ZnO-MnOLiF-CaF—
developed material under extreme loads. Hydrolytic P,Os—SO, system, characterized by high strength and
resistance of the material corresponds to Class I. Ballistic  operational parameters as wdl as constructions on its
tests showed that the limit of the back strength of the basis for protection from impact and abrasive wesar. B.
samples based on the developed glass-ceramics is 5-7 %  Rudoi [6] created a high-strength glass-ceramic material
higher than that of boron carbide samples. Consideringthe  based on lithium disilicate, cristobalite and spinel with
complex technology of obtaining ceramics based onboron  high ballistic resistance. However, the temperature
carbide, its high weight and high cost, the prospects of  coefficient of linear expansion of the developed glass-
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ceramic materials does not allow to ensure the thermal
stability of the main properties and linear dimensions of
the material when the temperature changes. J. Darrant et
al. [7] proposed a method for obtaining a transparent
glass-ceramic armor with high mechanical strength for
viewing windows, vehicles, and windscreen vitrification
of helicopters. To achieve a high density of crystallization
centers >10%° per cubic meter, the heat treatment of the
initial glass during the nucleation stage is advantageousy
carried out in the range of 793-853K for 10-170 h. The
glass-ceramics obtained by the improved regime (stage | —
863K, 2 h; stage Il — 1023 K, 2 h) [8], are characterized
by the following property vaues. p = 253 g/cm3,
Obend = 167 MPa, HV = 8700 MPa, E = 101 GPa, K¢ =
=2.1MPa m”2. However, the developed materials [7]
differ by rather long stages of heat treatment at the stage
of nucleation of crystals, which affects their
manufacturability and cost. If the time of heat treatment
decreases, these materials [8] will have insufficient values
of hardness and fracture toughness for their use in
conditions of high-speed mechanical action.

A composition of high-strength glass-ceramics of
polyfunctional purpose is known, containing as a
crystalline phase 30-65 wt % of lithium disilicate and 20—
60wt % of p-spodumene [9]. The developed glass
ceramics due to the features of the structure is
characterized by low density indices. However, the
hardness values do not allow the use of these materials as
high-strength and fire-resistant for armored protection
elements.

Therefore, the important task today is to increase
the level of protection of speciad eguipment, which is
operated under conditions of high temperatures and
mechanical loads, via development of compositions of
prospective lithium silicate glasses and production of
lightweight glass-ceramic armor panels on their basis with
high optical, thermal and mechanical properties.

The aim of this work is the development of high-
strength technological glass-ceramic lithium silicate
materials for protection elements of special equipment.

2. Experimental

2.1. Development of a Methodological
Approach for the Production of
Transparent High-Strength Glass-
Ceramic Materials

The problem of obtaining material for reliable
armor protection calls for the development of a
methodological approach, which consists in determining

the set of requirements for the material and its functional
role.

The main functional requirements for transparent
armor include high explosive and one— and multi-impact
ballistic resistance and transparency in the visible and
infrared regions of the spectrum (Table 3). However, the
key aspect in the choice of constituent materials is strict
compliance with the requirements for design and
application [10, 11].

The combination of these properties of glass
ceramic materials as transparent armor elements can be
achieved by designing the necessary composition of the
initial glass and forming of nano— and microstructures of
high-strength transparent crystalline compounds in the
process of low-temperature heat treatment due to:

— occurrence of fine volume crystallization of glass
at a two-stage low-temperature (<1123 K) and short-term
(<1 h) heat treatment mode due to:

— design of compositions based on lithium silicate
glasses in the region of metastable liquation and
crystallization of lithium disilicate;

— providing the formation of stoichiometric groups
[SO,] a amassratio of SIO,/Li,O = 4.0 to obtain a glass
melt with a viscosity of 10’—10° Pa:s for crystallization of
lithium disilicate;

— use of crystallization catalysts ZrO, and CeO;

— formation of a high-strength, elastic, optical, and
radio transparent structure of the material due to:

— high velocity of the shock wave in the armor
material (6.0-6.4 knvs);

— the specific content of crystalline (no more than
70 %) and glass phase;

— the particle size smaller than the wavelength in
the visible part of the spectrum;

— the correspondence between the refractive indices
of the crystalline and the glass phase;

— small optical scattering and
absorption in the visible region;

— useof Sb,O3 and CeO, asfining agents.

low atomic

2.2. Methods of Analysis

Physico-chemical methods for studying the
processes occurring in the model glasses during heat
treatment were used, in particular, differentia thermal
(DTA), gradient-thermal, petrographic, and dilatometric
analyzes. Values of mechanical properties were obtained
with the help of PMT-3 and TMV-1000 hardness testers,
and a staticcmethod tester for measuring the easticity
modulus.
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Table3
Values of criteriafor glass-ceramic materials according to national and inter national sandar ds
Criteria | Value | Standards
Properties
Density, g/em® | 23245 | GOST 9553-74
M echanical
Fracture viscosity, MPam"~ 3.0-35 GOST 25.506-85
Impact strength, kJ/m® 5.0-6.0 GOST 11067-2013 (EN1288-1:2000)
Bending strength, MPa 400-500 GOST 32281.1-2013
Y oung's modulus, GPa 100-120 GOST 9900-2013
Hardness GOST 1S0 9385
Knoop HK 800-1000
Vickers HV, MPa 7000-8500
microhardness, M Pa 7000-8500 GOST 9450-76
Attrition, g/cm” 0.004-0.03 GOST 27180-86
Abrasion resistance on reduced visibility Ty/T;, % <2 GOST 32565-2013
Thermal
TCLE, gm0 - 107, eg_l <80 GOST 10978-2014
Fire-resistance REA45(h)-RE80(h) GOST 33000-2014
Electrical
Didectric constant, 25 °C, f = 10" Hz 5.6-8.3 GOST 27496.1-87
Didectric loss tangent, 25°C, f = 10°Hz 0.0005-0.02 GOST 27496.1-87
Optical
Optical transmission coefficient (400-700 nm) | 0.7-0.8 | GOST 27902-88
Armor resistance
Explosion resistance, class ER2-ER4 GOST 13541-2013
Bullet resistance, dass Br3-Br6 GOST 32566-2013
Protection level of compositearmor element I STANAG 4569
Cost, USD/kg less than 150

2.3. Development of Compositions
of Lithium Silicate Glasses for the
Transparent Glass-Ceramic Materials

Preliminary investigations of the mechanism of
crystallization of lithium silicate glasses SL1, SL2, SL3,
SL4, SL5, and SL6 under heat treatment allowed us to
establish that glasses with SIO,/Li;O = 4.0 raio are
characterized by a volume-crystallized fine structure. The
crystalline phase are lithium disilicate and S-spodumene
in the amount of 80 vol %, that allows to ensure high
mechanical properties of the materia [12]. However, the
developed glass-ceramics differed in inadequate
transparency in the wavelength range of the visible part of
the spectrum. Further researches were focused on
developing optically transparent high-strength glass
ceramic materials based on lithium silicate glasses.

RzO—RO—ROg—RzOg—PQOTSOZ was taken as a
glass-forming system and the composition range of the
initial samples was chosen, which was in the following
concentration limits, mas %: RO X (K0, Li,0) —15.0 —
17.0; RO X (Ca0, SO, M@0, Zn0O) — 25 — 8,0; ZrO, —

0-120; Ce0O, 0-05;, RO; — X (A|203, BzOg) —-30-
9.0; Sb,0;-0-1.5; P,Os—0-3.0; SIO, —60.0—67.0. It
was used to synthesize model glasses of the SL series with
marking SL7, SL8, SL9, SL10, SL11, and SL12 with the
ratio SIO,/Li,O = 4.0 (Table 4). The compositions were
melted at 1523-1623 K under identical conditions in
corundum crucibles, followed by quenching on a metal
plate. The resulting glasses were transparent (Fig. 2).

The presence of K,O in experimental glasses
makes it possible to significantly reduce their melting and
heat treatment temperatures, and to reduce their density
together with B,Os, which is an important condition for
obtaining technological lightweight glass-ceramic
materials. The role of crystallization catalyst ZrO, in the
structure of materials isto accelerate the appearance of the
firsd crystaline phase, which precipitates on their
nucleators with the formation of a fine structure. Because
of the fact that the crystallization catalysts mainly remain
in the amorphous phase, its refractive index is increased.
The correspondence between the refractive indices of the
amorphous and crystalline phases, together with the
presence of fine particles of lithium disilicate in the
structure, will ensure the light transmission, chemical
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stability and high strength properties of the material. In
this case, the introduction of ZrO, in the amount of 10.0—
12.0% allows to substantially reduce the TCLE of the
developed material, despite its high values for lithium
disilicate (Table 1).

P,Os was introduced into the composition of the
initial glasses to form a fine interlocked structure by
liquation mechanism. The growth in the number of nuclei
formed in the first stage of heat treatment makes it
possible to lower the temperature and time of exposure in
the second stage while maintai ning the phase composition
and the degree of crystalinity of the glass-ceramics. The
presence of P,Os in the structure of model glasses,
according to Ref. [13], will decrease the deformation and
stresses that occur upon absorbing the impact energy. The
introduction of CeO, will promote the formation of
crystalline phases in the region of lower temperatures, and
will also provide the transparency of the glass-ceramic
materials.

Modifying additives ZnO, SrO, MgO, andCaO are
introduced to reduce the viscosity of the glass-forming
melt during melting and control of the thermal
characteristics of the residual glass phase and the
crystalline phase.

In the presence of antimony oxide, the viscosity of
the melt also decreases and the conditions for the glass
refining improve [2]. For glass-ceramics with the degree
of crystallinity not less than 40 vol %, considering the
high propensity of antimony oxide in glass formation, the
structure of the residua glass phase is formed with the
participation of silicon, phosphorus and antimony oxides.
Since the strength of the Sb—O bonds is much less than
that of other glass formers, the elastic properties of the
residual glass phase decrease and the nanocrystals that
have formed arelocated in amore ductile matrix. These

circumstances cause a greater stability of the thermal
coefficient of linear expansion of the glass-ceramics in a
wide range of temperatures.

The factor ¥as, the numerical values of which for
all compositions are greater than one (Table 4), which
indicates the overwhelming presence of [BO,4] and [AlO,]
tetrahedra in the glass dructure was calculated for
predicting the structure of model glasses. For al model
glasses, the value of K is more than 3.5, which is
testimony to a sufficient total content of modifying oxides
in the glass melt to form sybotaxic groups, which are
nuclel of crystaline phases; the value Ky > 2.1 and
indicates favorable conditions for the nucleation of glass
melt upon quenching and crystal growth during heat
treatment.

Fig. 2. Experimenta pseudo-ternary system
2R,0, RO -2SiO,, R;0;— 2RO,
P,0s, La;0O5, S0,04

Table4
Differencesin chemical composition and calculated values
of the factor schar acterizing the structure
Differencesin chemica compoasition, wt.% and ca culated factors Glass marking

SL7 SL8 SL9 SL10 SL11 SL12
SO,/ Li,O 4.0 4.0 4.0 4.0 4.0 4.0
ZrO, 7.0 — 10.0 12.0 10.0 10.0
RO 6.0 8.0 25 — 4.0 4.0
Degree of connectedness of silicon-oxygen framework of glassfy 0.32 0.35 0.35 0.32 0.34 0.33
Structural factor, which determine the coordination stateof boron | 5 a2 | 57 _ 198 508 481

and aluminum in framework of glass Pays

Coefficient of transparency K, 2.49 2.38 2.6 251 2.6 2.6
Coefficient of crystdlinity K 8.56 9.02 | 3828 13.01 16.71 15.98
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3. Results and Discussion

3.1. Structure Formation and Phase
Composition of Glass Materials during
their Heat Treatment

According to the data of XRD, model glasses are
X-ray amorphous after melting. After a one-sage
exposure in a gradient furnace, the experimental glass
materials are characterized by a fine structure with a
crystalline phase content of 40-50vol % (Fig. 3). The
crystallization of model glasses SL7, SL9, SL10, SL11
and SL12 begins in the temperature range of 873-923 K
and manifests as opalescence to temperatures of 1073—
1173 K. For glass SL8 the temperature of the beginning of
crystallization and opalescence is shifted to 973 K, which
is associated with a significant content of refractory
oxides (MgO + CaO = 8.0wt%). The total content of
MgO and CaO in the amount of 4.0 wt % is the cause of
the transparency of SL7 glass only at 1173 K. For glass
SL11 at MgO + CaO = 3.0 wt %, the area of appearance
of optically transparent glass shifts to 1123 K, and for
SL12 glass — to 1073K, due to the substitution of
1.0 wt % of MgO and CaO by 1.0 wt % of SO, and also
when the content in both glassesis 1.0 wt % of ZnO. The
optical transparency of the SL7, SL11 and SL12 glasses
upon the thermal treatment is affected by the presence of
0.5 wt % CeO,, and for SL12 also by 1.5wt % Sb,O3. An
increase of the SO, content in SL9 and ZrO, in SL10 due
to the withdrawal from the composition of MgO and CaO
influences on their opalescent character and the increase
of the crystallization ability to 50 vol %.

Gradient-thermal and petrographic analysis made it
possible to establish in all experimental glasses the
presence of a crystalline phase of lithium metasilicate at
923-973 K, which upon further increase in temperature to
1023-1123 K is recrystallized into lithium disilicate. The
only exception is a glass-ceramic material based on SL10
glass, for which only lithium metasilicate crystallizes in a
given regime of single-stage heat treatment. For SL8 glass
at 1173 K, in addition to the main crystaline phase
(40 val %), an insignificant content of mullite (10 vol %)
is observed, which positively influences the mechanical
and thermal properties of the material based on it. The
content of the crystalline phase of lithium metasilicate and
lithium disilicate is about 45-50vol % can adversdy
affect the thermal properties of materials based on SL10,
SL7, and SL9, respectively. The presence of 5-spodumene
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(5val %) in the phase composition of SL12 glass-based
materials will provide thermal and mechanical properties
at acertain level.

According to the DTA data for model glasses of
the SL series, the temperature and the glass trangtion
interval are determined by their fusible properties and is
723873 K (Fig. 4). The endo-effect observed for these
glasses in the temperature range of 603-673K is
connected with the removal of residual stresses. In
general, high and narrow peaks of exo-effects for
experimental glasses may indicate the formation of a fine
structure followed by volume crystallization upon
increasing temperature. The proximity of the first exo-
effect to the endo-effect is related to the glass material
crystallization at its high viscosity near the softening
point, which allows to suggest that the samples
ceramization will take place without its deformation.

A high peak of the exo-effect for the experimental
glasses of SL8, SL10 and SL12 at 923, 953 and 903K,
respectively, is observed with considerable intensity,
which corresponds to the crystalization of lithium
metasilicate and a dlight peak of p-quartz a the
temperatures of 1103, 1093 and 1063 K, which are
recrystallized into lithium disilicate at the temperatures
above 1123 K. For glass SL8 the crystallization of mullite
is observed in the temperature range of 1143-1233 K. The
displacement of crystallization temperatures for SL10 and
SL12 glasses to lower temperatures is associated with a
decrease in the content of refractory components of
silicon, magnesium and zirconium oxides.

The obtained glass-ceramic materials of the SL
series by glass technology under conditions of low-
temperature heat treatment (annealing at 723K, 30 min;
stage | 873-953K, 30min; Il stage 1123-1233K,
5-10min) (Table 5) are characterized by a volume fine
structure with the presence of the main crystalline phase
of lithium disilicate (glass-ceramic materials SL7, SL8,
SL9, SL11, and SL12) and lithium metasilicate (SL7, SL8
and SL10) and p-spodumene (glass-ceramic material
SL12) or mullite (glass-ceramic material SL8) with the
total content of 50-60 vol %.

The formation of strength, ceramized structure in
SL8, SL9, SL11 and SL12 glasses by low-temperature
short-term crystalization with high-strength crystalline
phases of lithium disilicate, mullite and f-spodumene
ensures high mechanical and thermal properties of glass
ceramic materials based on them at simultaneously
reduced density (Table5).
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Marking
T SL7 S8 SL9 SL10 sL11 sL12
873
923 | [ ] ] O —
o73 —| ||| || || | | |/
1023 —| ||| || || [ | [/
1073 —| ||| || || [ | [/
1123 —| ||| || || ||
1173 I 1] { ] 1] |
a)
— transparent; El — opaescent
Marking

e SL7 s.8 SLo SL10 sL11 sL12

873

923 | [ ] ] O —

=i = =

w | = | e == [ (I

1123 = = | 55 | =

1173 = =

b)

E —absence of crystalline phase, @ — volume crystal lization with 15 vol %,
—volume crystallization with 20 vol %, —volume crystallization with 25 vol %,
—volume crystallization with 30 vol %, Mﬂ —volume crystallization with 35 vol %,

—volume crystallization with 40 vol %, —volume crystallization with 45 vol %,

—volume crystallization with 50 vol %

Fig. 3. Optical trangparency and crystallization ability of experimental glasses
of the SL series during heat treatment by the gradient-thermal analysis method
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Tableb
Heat treatment par ameter s of experimental glasses and properties
of the SL series glass-ceramic materialson their basis
Experimental Heat treatment parameters Properties
materials Tam., K/ Tlst,K/ Tl st.,K/ a-10', deg.” Kic, 3
time, min time, min time, min ! HV. Gl \ipamt2 | 7> g'em
SL7 723/ 30 873/30 1173/10 95.0 7.40 2.60 2.35
SL 8 723/ 30 953/30 1233/10 67.3 8.60 3.00 2.35
SL9 723/ 30 873/30 1173/10 90.0 8.82 3.15 2.40
SL 10 723/ 30 923/30 1153/10 88.0 7.60 2.50 2.39
SL 11 723/ 30 873/30 1123/5 70.0 8.50 3.00 2.39
SL 12 723/ 30 903/30 1123/5 62.5 8.74 3.10 2.38

Fig. 4. Thermograms of the SL seriesmodel glasses

The value of the light transmittance in the visible
part of the spectrum (400-700 nm) for glass-ceramic
material SL12 synthesized under conditions of low-
temperature short-term heat treatment is 0.72. This fact
confirms the possibility of using it as a basis for obtaining
transparent armor to protect optical devices from high-
speed mechanical impact.

4. Conclusions

After analysis of accumulated experience in the
area of creating high-strength glass-ceramic materials
based on lithium disilicate, the prospects for their use as
transparent armor materials for the protection of special
equipment have been established. A methodological

approach to obtaining protective transparent high-strength
glass-ceramic materials has been developed, which
consists in providing high ballistic stability and
transparency in the visible spectral range due to the fine
volume crystallization of glass with the formation of high-
strength crystalline phases of lithium disilicate ~50 vol %
with crystal size<0.4 pm.

The choice of theinitial lithium silicate system was
substantiated and the compositions of model glasses were
melted at 1523-1623 K.

The factors that determine the formation of a fine
volume crystallized structure under conditions of low-
temperature two-stage thermal treatment (annealing
723K, 30 min; stage I 903K, 30 min; stage Il 1123K,
5 min) were established. In particular, the ratio of phase-
forming oxides is Li,O/SIO, = 4.0 and type and quantity
of catalysts ZnO, P,Os, and ZrO,, fining agents CeO, and
Sh,0O3; and modifying additives SrO, MgO, and CaO for
the crystallization were given.

It was found that providing a high level of strength
of the developed glass-ceramic materias (o =
=625107 deg™, HV = 8.74GPa, Kic = 3.1 MPam'?)
and light transmittance in the visible part of the spectrum
0.72, is redized by fine volume crystallization of glass
with the content of lithium disilicate 45vol % and
S-spodumene 5vol %. This fact allows them to be
considered as promising in the development of
lightweight transparent armor (p = 2.38 g/em®), which is
utilized under the influence of high-energy means of
destruction with significant penetrating power.
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CKJIOKPUCTAJITYHI MATEPIAJIM HA OCHOBI
JUCHJIIKATY JITIIO: JOCSITHEHHSA
TA IIEPCIIEKTUBH PO3BUTKY

Anomauin. I[poananizosarno cyvacnuii cmam pospodok i
NnepcneKmueHicmy 8UKOPUCANHA  CKIIOKPUCIANIYHUX Mamepianié
Ha ochosi ducunixamy nimito. Obepynmosano eubip cucmemu RO—
RO-RO,R,0:—P,05-50, o modenvnux cmexon. Hocnioicero
CIPYKMYPY CMeEKoN NiCia MePMOOOPOONenHs Y 83AEMO36' A3KY 3 iX
@izuxo-ximiunumu  eracmusocmsamu. Pospobneni nimiticunikammui
CKNOKpUCMAniuni — Mamepiany — Xapakmepusylomocsi — GUCOKUMU
EKCHILYamayiiiHuMU 81ACMUBOCHAMU | MOXCYIMb OYMu 3aCMOCO8aHI
5K nposopa 6poHs.

Knwuosi cnosa. cxnoxepamika, nimiticunikamui cmexida,
oucuikam 1imiro, BUCOKOMIYHULL, NPO30pa OPOHSL.



