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MODELING OF IN-MOLD PLACED MG-CONTAINING MODIFIER BRIQUETTES
MELTING DURING PIG-IRON CASTING

Computer simulation methods were used to analyze the effect of the shape of magnesium-
containing modifier briquettes placed in the gating system on the time of their melting. Modeling of
hydrodynamics of the flow of liquid metal and thermal conductivity was carried out by the finite ele-
ment method. As the material of castings, pre-eutectic cast iron is adopted, which is poured into rec-
tangular plates into a sand mold.

Keywords: in-mold modification; cast iron, pressed briquette; computer modeling, finite ele-
ment method.

Memoou xomn'romepHo2o MOOeNO8aAHHA BUKOPUCMOBYBANIUCS OISl AHANIZY 6NAUEY POpMU Mae-
HIEBMICHUX MOOUpiKamopis, wo posmiujeni 8 TUMHUKOGIU cucmemi, Ha uac ix niasnenns. Mooento-
BaHHS 2I0POOUHAMIKU NOMOKY PIOKO20 Memany i menionpogioHoCmi nposooul Memooom CKiHYeHHUX
elemenmis. B saxocmi mamepiany UnuUGKi6 NPULMABCA 00e8MeKMUYHUL 4A8VH, KU PO3IUGABCA 8
NPAMOKYMHI RAUMU 8 NiUaHy opmy.

Knirouosi cnoea: mooughixysanns in-mold; uagyn; npecosanuti opuxem, Komn'iomepre mooe-
JIIOBAHHS, MEMOO CKIHUEHHUX eleMEeHMIB.

Introduction

Modification of a cast iron melt for to spherical graphite inclusions obtaining is a modern and
effective (in sense of obtained mechanical properties) technology. Such cast iron is called high-
strength. It could be obtained by modifying with additives (0.1...0.5 % Mg, 0.2...0.3 % Ce, Y and
some other elements). Before the modifiers inlet it is necessary to reduce the sulfur content to
0.02...0.03 %. The recommended chemical composition of high-strength cast iron (2.7...3.7 % C,
0.5...3.8 % Si) is selected depending on the thickness of the casting product (the thinner the wall, the
more carbon and silicon should be contained) [1]. High-strength cast iron has good casting and con-
sumer properties: machinability, cutting ability, high wear resistance, etc. It can be useful for massive
castings instead of steel casting or forged parts for such details as cylinders, gears, crankshafts and
camshafts, etc. The technologies for high-stress iron modification are an actual, actively developing
direction. Many modifiers for cast iron contain Mg, which facilitates the globularization of graphite
inclusions. This is inherently a modifier of the first kind, which has long become a universally recog-
nized.

Existing methods of bucket spheroidizing modification involve the usage of special flow
charts for placing a modifier, for example a reaction pocket for the modifier on the bottom of the ladle,
additional equipment for filling the ladle with molten iron, such as a lid-tank with a hole for storing
the molten iron and dosed its feeding into the ladle, forklift for removing and putting the lid on the
ladle [2—4].

Magnesium for cast iron modification is used in ligatures form. For example, in [5] the follow-
ing compositions of ligatures are presented: silicon 22.0—30.0; magnesium 9.0—12.0; cerium 0.4—
0.6; copper — the rest; and silicon 22.0—30.0; magnesium 9.0—12.0; misch metal 0.8—1.2; copper
— the rest. The research center for JSC AVTOVAZ developed a technology for ladle modification of
high-strength cast iron using a "heavy" Ni-Mg-Ce-ligature [6]. The peculiarity of this ligature is its
higher density in comparison with the density of the melt, which makes it possible to carry out modifi-
cation without the use of special devices and equipment.

Due to the high heat of fusion of silicon which is 4...6 times higher than the heat of fusion of
magnesium and other components of the modifier, the use of lumpy ferrosilicon is associated with a
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significant consumption of electricity (up to 1500 kWh) and losses of ferrosilicon during its prepara-
tion. The melting point of ferrosilicon is 100—150 °C higher than the boiling point of magnesium, so
the fusion of these components is characterized by high fire and explosion hazard [7].

The technology of in-mold process has become widespread in the world practice of the pro-
duction of castings, especially in large-scale and mass production [8]. During casting, cast iron, pass-
ing through the pour system and interacts with the modifier in it. Thus, the modification reaction takes
place in an enclosed space. The absence of direct contact with the external environment facilitates the
process without pyroeffect and smoke emissions, which improves the working conditions. The assimi-
lation of magnesium when in-mold modification reaches up to 80 % [8]. One of the most effective
forms of modification in a form is called the flot-ret method. According to this technique, the original
cast iron is poured through a special reactor into which the necessary amount of the modifier is pre-
viously placed.

An effective form of the magnesium-containing ligature production is its compacting as bri-
quettes by the powder metallurgy method. Powders of iron, copper and magnesium could be included
in the mix of briquettes. Such types of briquettes were used for the iron casting at the Kushvinsky
plant of rolling rolls [9].

A method of intraform modification is known [10], characterized in that the metal being
poured consistently passes all the channels of the runner system, including the reaction chamber, and
then enters the mold cavity. Passing through the reaction chamber, the entire melt is subjected to the
same modifying treatment. This is a positive factor for this method.

Material and methodic of the research

In this work we simulated a technology of in-mold modification in which an annular briquette
is placed in the reaction chamber. The chemical composition of the pig iron adopted in the simulation
is shown in table 1 below. Table 2 shows the chemical composition of briquettes.

Table 1. Chemical composition of pig iron (wt. %)

Fe C Si | Mg | Cr | Ni P
base | 3,27 | 1,86 | 0,68 | 0,12 | 0,33 | 0,12

Table 2. Chemical composition of the modifier briquettes of (wt. %)

Cu | Fe | Mg
50,0 | 43,0 | 7,0

The thermo-physical properties of the iron in the liquid and solid state are given in table 3, the
properties of the molding soil (sand) in table 4, and the estimated properties of the briquette in a hypo-
thetical, non-porous state are in table 5. The effect of porosity was calculated using formula (1) from
[11].

The formula (1) for thermal conductivity values recalculating with allowance for porosity is
given below:

-1
zgqb.=,10'(1—e)(1+%-ej , (1)

where 4g — dense material thermal conductivity coefficient, W/m'K; & — volume fraction of pores
in the material.

The estimated values of the liquidus and solidus temperatures for pig iron of this composition
are respectively 1248 °C and 961 °C. The conditional liquidus and solidus temperatures of the bri-
quette were taken, respectively 1433 °C (estimated liquidus temperature of an alloy which consists of
50 % Cu, 43 % Fe, 7 % Mg) and 630 °C (melting point Mg).
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Table 3. Thermo-physical properties of pig iron in liquid and solid state

Temperature, State Thermal conduc- Specific Density, | Equilibrium | Viscosity,
°C tivity, heat, kg/m’ part of solid sps
W/m-K kJ/kg'K phase, %
70 36.4 0.686 7609
200 35.1 0.705 7576
300 34.1 0.720 7540
400 33.1 0.735 7503
550 solid 31.6 0.758 7463 100 —
650 30.6 0.773 7422
700 30.1 0.780 7401
800 29.2 0.795 7358
900 28.1 0.810 7229
1000 liquid + 15.58 6964 37.36 9.16
1100 solid 25.53 6587 32.91 7.36
1200 27.40 0.836* 6464 12.33 5.41
1300 liquid 29.71 6344 0 4.04
1400 30.80 6257 0 3.14

* — for liquid state

Table 4. Thermo-physical properties of a silica sand

Temperature, Thermal conductivity, Specific heat, Density, kg/m’

°C W/m-K kJ/kg-K

25 0.73 0.68

200 0.64 0.91

400 0.59 1.05

600 0.60 1.10 1520

800 0.64 1.13

1000 0.70 1.18

Table 5. Properties of the briquette material in the solid state *

Temperature, °C State Thermal conduc- | Specific heat, | Density, kg/m’
tivity, kJ/kg:K
W/m:K
400 64.61 0.86 8190 100
500 65.82 0.84 8169 100
600 68.82 0.78 8107 100
700 70.68 0.75 8046 90.0
800 71.21 0.72 7984 85.0
900 70.46 0.69 7922 75.0
1000 68.38 0.69 7860 56.0
1100 65.07 0.68 7797 55,8
1200 60.62 0.68 7733 54,7
1300 55.00 0.68 7665 52,6

* — for the liquid state, the properties were assumed to be the same as for the main melt

The castings shape is plate 200x100%20 mm. The height of the sprue is 700 mm, and its di-
ameter is 20 mm. The length of the horizontal runner is 145 mm with diameter of 16 mm. The total
height of the vertical part of the runner and the reaction chamber, in which the briquette is placed is
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115 mm, the height of the chamber it self is 70 mm, the diameters of the inlet and outlet holes in the
chamber are 16 mm. The following shapes of briquettes with a modifier are the next: one with a con-
ical channel whish outer diameter 40 mm, its height is 20 mm, upper bore diameter is 20 mm and low-
er bore diameter is 34 mm (hereinafter — shape-1); one with a cylindrical channel, outer diameter is
40 mm, height 20 mm and hole diameter 24 mm (hereinafter — form-2); one with a cylindrical chan-
nel, outer diameter 40 mm, height 30 mm, hole diameter 29 mm (hereinafter — form-3); one with a
cylindrical channel, outer diameter 40 mm, height 15 mm, hole diameter 18.7 mm (hereinafter —
form-4). The briquettes were placed in the middle of the reaction chamber height. The simulation was
performed for 10 % porosity level.

The temperature of the inlet metal when casting was assumed to be 1460 °C. The initial tem-
perature of the briquettes and sand was 20 °C. At the boundaries of the sections, the following heat
transfer coefficients were established:

— external surface of the mold / ambient air: 10 W/m’K;

— sand / cast iron: 800 W/m’K;

— briquette / cast iron: 5000 W/m’K;

— briquette / sand: 100 W/m’K.

Simulation was a conjugate heat and hydrodynamic calculation. The heat exchange conditions
on the surface were specified by the boundary conditions, the heat transfer in the volume was de-
scribed by the no stationary heat equation (2).

or A [0’T o°T o°T
Py "2t 22 )
or C-p \ox= oy° oz
where T — temperature, K; 7 — time, s; 1 — coefficient of thermal conductivity, W/m-K; C — heat
capacity, J/kg - K; p — density, kg/m®; x, y, z— coordinates, m.

Modeling of hydrodynamics (flow of the melt) was carried out on the basis of the Navier-
Stokes flow equation (3—6).

2)
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where: 7 — time, s; p — density, kg/m’; x, y, z are the coordinates, m; vy, v,, v. — velocity field, v —
kinematic viscosity coefficient, m?/s.

This system has an analytical solution only in certain special cases. However, the problem can
be solved numerically. To solve these differential equations, the finite element method was used. This
method, which originated from the outset as one of the methods of structural research (strength calcu-
lations), is now universally recognized as a general way of solving wide range of problems in various
fields of technology. The essence of the method is in the fact that the region (one-, two- or three-
dimensional) in which the solution of the differential equations is sought is divided into a number of
small subdomains that are finite in size. The region of each element, independently of the others, is
given its own distribution law for the unknown functions. Such a piecewise-continuous approximation
is performed using specially selected approximating functions. Outside of an element, the approximat-
ing function is equal to zero. The values of functions on the boundaries of elements (at nodes) are a
solution of the problem and are unknown in advance. The coefficients of the approximating functions
are sought from the condition that the values of the neighboring functions on the boundaries between
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the elements (at the nodes) are equal. Then these coefficients are expressed in terms of the values of
the functions at the nodes of the elements. It is directly proportional to the number of elements and is
limited only by the capabilities of the computer. Since each of the elements is associated with a limited
number of neighbors, the system of these algebraic equations has a sparse form, which greatly simpli-
fies its solution.

As initial data during modeling, the geometry and cavity of a casting was determined, the lo-
cation and shape of the briquette, initial temperatures, the direction of gravity, materials of the mold
and casted metal, the coefficients of heat transfer between all pairs of geometric elements. Level of the
briquettes porosity was set 10 %.

Results and discussion

On the figures 1—3 and 4—6 results of the modifier briquette with a conic hole melting in
reaction chamber simulation are shown. Figure 1 shows parts of solid and liquid fractions and figure 2
shows temperature fields. As a zero time was set the moment of appearance of metal in the runner.

The simulation shows the next results. The first contact of metal with the modifier briquette
occurs after 2.7 seconds from the conditional zero moment. The briquette starts to melt after 1.7 s from
the first contact of liquid iron with it and its melting finishes after 8.3 seconds from the first contact
(that is 6.6 after the beginning of melting). The filling of the casting cavity by the moment of the bri-
quette complete melting is 25 %. The cavity of the casting start filling after 4.8 seconds from the con-
ditional zero point which is 0.4 seconds from the beginning of the melting of the briquette. The filling
of the casting cavity is completed after 28.9 seconds from the conditional zero point (the period of fill-
ing is 24.1 seconds). The complete filling of the casting cavity appear after 24.5 seconds from the be-
ginning of the melting of the briquette and 17.9 seconds from the end of its melting. The period of ex-
istence of the frozen layer of iron on the briquette surface is from 3.4 to 7.8 s so it lasts 4.4 s.

The similar calculation experiments were carried out also for other shapes of the modifier bri-
quette described in the part 2 of this article. The brief of the obtained results is shown in table 6.

Table 6. Results of simulation of magnesium containing modifier briquette melting

Briquette | Start of the | End of the | Start filling | Completion of | Completion of | The period of
shape, briquette briquette the cavity of | the filling of | the filling of | the  frozen
sec melting melting the casting | the casting | the casting | layer  exis-
(from the | (from the | (from  the | cavity (from | cavity (from | tence (from
first con- | first con- | beginning of | the beginning | the end of the | the condi-
tact with | tact with | the briquette | of the bri- | briquette tional  zero
metal), sec | metal), sec | melting), quette  melt- | melting), sec | moment), sec
sec ing), sec
Shape-1 34-7.38
1.7 8,3 0.4 24.5 17.9 (4.4)
Shape-2 1.2 3.8 0.8 23.7 20.5 2'?1’1‘)"0
Shape-3 0.7 3.5 1.3 24.0 21.2 not noted
Shape-4 24-69
1.9 6.4 0.5 23.5 19.0 (4.5)

From the given data it is seen that the briquette with a conic hole (shape-1) has significantly
longer period of melting. Its melting begins at the closest moment to the casting cavity filling begin-
ning and it lasts quite long (6.6 seconds). It also has rather long term of a frozen layer existence (4.4
seconds). But simulation shows that this layer is not continuous and doesn’t cower the whole surface
during all period of its existence. The result of these facts is that the modifier comes to the iron melt
by small portions during its flowing through the reaction chamber and fulfilling of the casting cavity.
Thus the distribution of the modifier in the casting volume becomes more uniform then in other cases.
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Fraction Solid

Fraction Solid

L.

Fig. 1. lllustrations of solid and liquid fractions distribution in a reaction chamber during mod-
ifier briquette melting when iron casting during first 4 seconds: 1) after 2.5 sec; 2) after 4 sec

2)
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Fig. 2. Illustrations of solid and liquid fractions distribution in a reaction chamber during mod-
ifier briquette melting when iron casting during 5.5—6 seconds: 1) after 5.5 sec; 2) after 6 sec

2)
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Fraction Solid

Fraction Solid

L.

Fig. 3. Illustrations of solid and liquid fractions distribution in a reaction chamber during mod-
ifier briquette melting when iron casting during 8—10.5 seconds: 1) after 8 sec; 2) after 10.5 sec

2)
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Temperature [C] Time Step : 180/ 8.000e-003

Time : 2.5830 sec
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Fig. 4. Nlustrations of temperature fields in a reaction chamber and nearing parts of the mold
during modifier briquette melting when iron casting during first 4 seconds: 1) after 2.5 sec; 2) after
4 sec

2)
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Time : 5.1042 sec
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Fig. 5. Ilustrations of temperature fields in a reaction chamber and nearing parts of the mold
during modifier briquette melting when iron casting during 5.5—6 seconds: 1) after 5 sec; 2) after
6 sec
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Fig. 6. llustrations of temperature fields in a reaction chamber and nearing parts of the mold
during modifier briquette melting when iron casting during 8—11 seconds: 5) after 8 sec; 6) after
11 sec
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Thin briquette (shape-3) becomes to melt very early — after 0.7 seconds. It melts almost
without frozen layer according to the simulation. But the process of melting itself lasts rather fast. Ra-
ther long period of melting has briquette of shape-4, but it is significantly less then for shape-1. Others
of their characteristics are quite similar. The behavior of the briquette of shape-2 is rather similar to
one of shape-3: fast period of melting, start of melting very before the casting cavity filling beginning,
short period of a frozen layer existence.

The results of simulation proof and explain the obtained experimental data that the shape of
the briquette with a conic hole allows to obtain good uniform distribution of the modifier in the casting
volume.

Conclusions

Series of calculation experiments of magnesium containing modifier briquettes melting in a
reaction chamber of a casting mold were executed. Four shapes of briquettes were studied. The shapes
are the next one with a conical channel whish outer diameter 40 mm, its height is 20 mm, upper bore
diameter is 20 mm and lower bore diameter is 34 mm (hereinafter — shape-1); one with a cylindrical
channel, outer diameter is 40 mm, height 20 mm and hole diameter 24 mm (hereinafter — form-2);
one with a cylindrical channel, outer diameter 40 mm, height 30 mm, hole diameter 29 mm (hereinaf-
ter — form-3); one with a cylindrical channel, outer diameter 40 mm, height 15 mm, hole diameter
18.7 mm (hereinafter — form-4).

The simulation shows that the best shape from the investigated ones is shape-1 (briquette of
medium height and a conic hole). This is because its long term of melting and a moment of melting
start which is very close to the moment of the casting cavity filling beginning. This leads to more uni-
form distribution of the modifier in the casting volume.
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MOJEJIOBAHHA PO3ILVIABJIEHHS Mg-BMICHUX BPUKETIB, POSMIIIEHUX
VY JUBAPHIW ®OPMI B IIPIIECI JIUTTSI YABYHY
Kasepunceknii B.B., barmok I'.A,, Kyposceknii B.51.

Pedepar

MeTtonu KOMIT'FOTEPHOI'O MOJENIOBAHHA BHUKOPUCTOBYBAIMCS IJIsl aHali3y BIUIMBY (GoOpMHU
OpHKETIB MarHi€eBMiCHUX MOIH(DIKaTOPIB, IO PO3MIIICHI B JIMTHUKOBIHM CHCTEMI, Ha Yac 1X IIaBJICHHS.
MopenoBaHHS T1APOAMHAMIKH TIOTOKY PiKOTO METaNy 1 TEIUIONPOBITHOCTI MPOBOIUIA METOIOM CKi-
HYEHHHX eJIeMeHTIB. B sikocTi MaTepiany BHIUBKIB NPUHMA€EThCA JOSBTEKTUYHUN YaBYH, SIKUH pO3JIU-
Ba€THCS B MIPSAMOKYTHI IUTUTH B TIIIaHY (OpMY.

dopmu OpuKeTIB 3 MOU(IKATOPOM HACTYIIHI: 3 KOHIYHUM KaHAJIOM, SIKAH Ma€ 30BHIIIHIN 1Ti-
ametp 40 MM, BucoTy — 20 MM, JiaMeTp BepXHBHOTO 0TBOPY — 20 MM, JiaMeTp HUKHBOTO OTBOPY —
34 MM (dpopma-1); 3 MWITIHAPUIHUM KaHAJIOM, 30BHIIHINA miameTrp 40 mwm, Bucora 20 MM i miamerp
oTBOpY 24 MM ((hopma-2); 3 THIIHAPUIHUM KaHAIOM, 30BHIIIHIN miametp 40 MM, Bucota 30 MM, mia-
MeTp oTBOpY 29 MM (dopma-3); 3 IITIHAPHIHUM KaHAIIOM, 30BHILIHIN AiamMeTp 40 MM, BucoTa 15 MM,
niametp otBopy 18,7 MM (dhopma-4).

MopemtoBaHHS TTOKa3y€ HACTYITHI pe3yibTaTH. ¥ BUMAAKY OpHKETy dopMu-1, meprimii KoH-
TaKT MeTaly 3 MoAnu(IKaTOpoM OpHKETy BiOYyBaeThCs uyepe3 2,7 CEeKyHIU BiJi yMOBHOTO HYJIBOBOTO
MoMeHTy. Bpuker nounHae mmaBuTHCs depe3 1,7 ¢ BiJ MEpHIOro KOHTAKTY 3 HUM PiIKOTO 4YaByHY, a
HOro TUIaBJICHHS 3aKiHUYEThCs depe3 8,3 CeKyHIU BiX MepIIoro KOHTakTy (ToOTo 6,6 micis movaTky
1aBiIeHHs). HanmoBHEHHS NOPOXKHUHY BIJIMBKY 10 MOMEHTY IIOBHOTO PO3IUIABIEHHs OpPHUKETy CTaHO-
BUTH 25%. [lopokHHHA BUJIMBKH MOYMHAE 3aMOBHIOBATUCH Yepe3 4,8 CEeKyHAW Bil YMOBHOTO HYJIbO-
BOTO MOMEHTY, 1 yepe3 0,4 ceKyHIOH Bill MOYaTKy poO3IUIaBicHHs OpukeTy. HamoBHEHHS MOpPOXHUHU
BHJIUBKH 3aBEPINYETHCS depe3 28,9 CeKyHI Bil YMOBHOTO HYJILOBOTO MOMEHTY (4Jac 3amoBHEHHS 24,1
cekyHan). [ToBHe 3aOBHEHHS MOPOXXHUHU BiOYBaeThCs depe3 24,5 CeKyHAM Bijl MOYATKy PO3ILIAB-
neHHs Opukety i 17,9 cekyHnu micins 3akiHYeHHsS Horo posimuiaBieHHs. [lepion iCHyBaHHS HAMOPOXKe-
HOTO TIIapy 3aJi3a Ha MoBepXxHi OpukeTy Mae micte Bix 3,4 mo 7,8 ¢, To6To TpuBae 4,4 c.

Toukuii Opuker (popma-3) NOYMHAE MJIABUTHCS BiTHOCHO paHo — yepe3 0,7 cexyHau. Bin
TUIABUTHCS TPAKTHYHO 0€3 HAMOPOKEHOTO LIapy (3a pe3ysibTaTaMHi MOJEIIOBaHHs). Aje caM Hpolec
IUIABJICHHS TPUBA€E NOCUTH WBHIKO. JloBomi TpuBanmii mepiof miaBieHHs: Mae Opuker ¢opmu-4, ane
BiH 3HAYHO MeEHIe, HiK i Gopmu-1. [Hmn iX xapakTepHCTHKH AOCHTH cXoxi. [loBeminka OpukeTy
¢dopmu-2 mocuTh cxoxka 3 GOpPMOIO-3: MBUAKHUNA MEpPioJ IUIABJICHHS, MOYATOK IJIABJICHHS Ma€ MicIe
nepes caMyuM IOYaTKOM 3alIOBHEHHS IIOPOKHUHH, KOPOTKUH MEpiosl iCHYBaHHA HAMOPOKEHOTO 1Iapy.

Pe3ynbraTit MOIETIOBAHHS IMATBEPDKYIOTH 1 MOSCHIOIOTH OTPUMAaHi eKCIIEPUMEHTAIBHI JTaHi,
mo Gopma OpHKETy 3 KOHIYHHUM OTBOPOM J03BOJISIE OTPUMATH JIOBOJII PIBHOMIPHHN PO3MOALT MOJH-
¢ikaTopa B 00'eMi BUITUBKH.
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