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INFLUENCE OF THE GEOMETRIC SHAPE OF THE MOLD
ON THE CAST BILLET STRUCTURE FOR FORMING PROCESSES

Abstract. The article shows the effectiveness of system analysis based on Shubnikov-Curie symmetry
principle, in solving problems of thermal effect on the molten liquid metal when it is solidified in a mold. It has been
suggested that a binary axis, relative to the lateral surface, appears in the ingot structure. In accordance with the
generalized structure of the billet, geometric structure of crystallites and crystallographic texture are determined by
the influence of the thermal field during the crystallization of the melt. The thermal field is determined by the
geometry of the mold and the structural features of its sprue and bottom parts.

Analysis of the generalized structure of the field of physical activity allows us to optimize the properties of the
cast billet for subsequent forming processes of semi-finished products for mechanical engineering. This is important
for the performance characteristics of the finished products.

It has been experimentally proved that the structure of the cast billet (distribution of grains in the material)
undergoes changes in accordance with Shubnikov-Curie principles of symmetry, during the crystallization process in
the molds of various sections. It affects the physico-mechanical properties of the cast billet, including the plastic
deformation during further forming processes.
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Introduction. The production of metallurgical billets consists of two main technological processes:
1) obtaining a cast ingot by pouring the molten metal into the casting mold; 2) pressure treatment of the
ingot, mainly rolling. As a result, the billet acquires certain mechanical and crystallographic texture — the
predominant orientation of its internal components. The crystallographic texture determines the anisotropy
of the polycrystalline materials properties.

Formation of properties in the cast billet (i.e. casting) depends on heat removal from the melt into the
mold during its solidification. The crystallographic texture is responsible for the formation of the physico-
mechanical properties.

In the known technological metal forming processes, the results of transcrystallization have a
significant impact on the macro- and microstructure of semi-finished products, as well as their quality.
This is primarily due to the presence of both globular and axial textures in the ingot [1-3]. Consequently,
one of the promising ways to improve the physico-mechanical properties of polycrystalline materials is a
comprehensive consideration of the natural anisotropy of the polycrystalline grains properties (crystallo-
graphic texture) and their geometric shape texture at all stages of technological processing.

Researches considering texture in wrought alloys are non-systematic and are aimed at solving parti-
cular problems. For example, in 1994, an application was filed and a patent for an invention to improve
the ingot technology for the production of multilayer rolling was obtained [4]. The results did not attract
wide scientific attention, apparently due to the lack of a systematic approach.
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Possible ways to control the crystallization process in order to obtain a given crystal structure of
ingots and castings are usually limited to the analysis of the methods of grinding crystalline grains in
conventional casting molds [5,6,7].

Methods for obtaining shaped castings with a directional crystal structure (texture) are based on con-
trolling the relation of macrostructural zones in the system: peripheral fine-grained zone — columnar
crystals — equiaxed crystals.

The question concerning the microstructure of ingots of wrought alloys (texture) is not considered
properly. Here, the ingot texture will be understood as features of the structure due to crystallographic
directions and planes, related by symmetry characteristics to the structure of the thermal field (created by
the mold during the process of crystallization), as well as the structure of the melt before it is cast into the
mold.

The formulation of the research objective and the physical essence of the process. This research
is carried out with the help of the system analysis, which is based on the generalized Shubnikov-Curie
symmetry principle [8,9]. The work investigates how the thermal field structure of a casting mold
influences on the macrostructure of the cast billet.

The formation of the crystallographic texture of the castings can be studied at thermal and heat-
kinetic levels simultaneously. The study at thermal level is based on the heat-transfer process between the
boundary surface of the melt and the relatively cold wall of the mold. The basis of heat-kinetic research is
analysis of crystallization processes.

Heat-transfer processes will be determined by the generalized structure of the thermal field, which
can be identified on the basis of the Curie symmetry principle for heterogeneous systems. In this case, the
heterogeneous system is represented, on the one hand, by the symmetry characteristic of the crystallo-
graphic texture of the anisotropic metal sheet from which the wall of the mold is made. On the other hand,
it is represented by the symmetry characteristic of the thermal field structure of the melt (due to the cross-
sectional shape and geometric relations of the limiting surfaces of the mold), as well as the influence of
the pouring conditions and the difference in the heat removal conditions between the bottom and the sprue
parts of the mold.

Symmetry of the crystallographic texture of the metal sheet (which is obtained by the method of
lengthwise rolling and is used for manufacturing of the walls and bottom of the mold) can be represented
by the following formula. It includes the generating elements of symmetry of the generalized structure of
the physical field of rolling, characterized by the relation of kinematic and geometric parameters of the
dynamic system. This system determines the set of generating elements of symmetry and their relative
position:

Grp=mm?2, (D)
where G is a symmetry group; m — plane of symmetry; 2 — binary axis.

The structure of the thermal field of the melt relative to the normal of the side surface can be
represented by an expression that includes the plane of symmetry m relative to the side surface of the melt,
passing through the axis of the mold, aligned with the Z axis in an orthogonal coordinate system. It
coincides with one of the symmetry planes (which belong to the symmetry group, describing the structure
of the thermal ficld relative to the axis of the mold). In this case, the generalized structure of thermal field
for the side surface of the ‘melt-mold’ system can be represented in the following way:

Gene = Grp < Gpaen. = m. )

According to the Curie principle, the symmetry group of a system is the highest subgroup of
intersection groups of a system. Thus, the generalized structure of the side surface of the thermal field can
be described by a single symmetry plane, which is common to the structure of the thermal field and the
structure describing crystallographic texture of the anisotropic sheet.

The generalized structure of the thermal field relative to the normal, combined with the axis of the
mold, is determined by the cross-sectional shape and geometric relationships of the bounding surfaces of
the mold, as well as the influence of the pouring conditions and the difference in the heat removal condi-
tions between the bottom and the sprue parts of the mold. However, in this case, the structure of the ther-
mal field must be considered for three-dimensional space. It is necessary to take into account the structure
of the heat removal of the total lateral surface in the volume of the entire melt. The geometrically connec-
ted lateral surfaces are the system-forming elements of the generalized structure of the thermal field.
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Thermal field isotherms will be determined by the anisotropy of the mold wall. They can be described
based on the symmetry characteristics of the geometric and crystalline textures, as a response of previous
methods of processing the materials from which the wall of the mold is made.

For thin-walled molds, the temperature field can be considered like for two-dimensional space,
neglecting the direction perpendicular to the plane, which coincides with the plane of the mold wall. In
this case, the distribution pattern of the thermal field isotherms in the system “side wall of the mold -
external environment” will be determined by the temperature field of the side surface of the melt in the
system “side wall of the mold — melt”.

The physical nature of the isotherms distribution on the wall of the mold is determined by the thermal
conductivity k [V-m™K], linking the heat flux h [V/m?] with the temperature gradient dT/dZ via a well-
known formula:

=k ()
az

In case of real anisotropic materials, the heat flux is not parallel to the temperature gradient;
therefore, the thermal conductivity is described by the polar tensor of the second rank (which is considered
to be symmetric for this process). In this case, the symmetry of the polar tensor of the second rank is
expressed by Neumann’s principle (the main postulate in crystallography) and thermodynamic relations,
which describe the irreversibility of these processes for heat transfer. So, for the symmetric polar tensor of

the second rank, the following equality can be created:

k,=k,. 4)

The polar tensor of the second rank, which describes the thermal conductivity, is symmetric relative
to the main diagonal. Only six independent coefficients have to be determined for the further calculations.

The value %; is considered in two directions: the direction in which we measure the temperature
gradient, and the direction in which we measure the heat flux. In general, these directions do not coincide,
and the analytical form of the relation is:

dr
h=—k,—. 5)
dz .
The minus sign shows that the heat is always directed opposite to the direction of the temperature gradient.
Based on (1), the components of the thermal conductivity of the symmetric tensor of the second rank
are calculated as follows:

b= ©)
@
They can be presented in the following matrix form:
kll klz k13
ky=\ky kKo (7)
k31 k32 k33

Considering the influence of anisotropy on the distribution of properties, it is important to accurately
determine the measured values at the stage of designing the shape and volume of the mold.

Since metallic materials are mainly used in polycrystalline state, the mechanism of their texture
formation depends on the structure of the original billet. The distribution of the texture intensity is deter-
mined by the initial crystallographic texture, as a response of the last technological process. In the known
technological metal forming processes, during the first hot rolling of ingots, the results of crystallization
have a significant impact on the macro- and microstructure of the billet, as well as its quality. This is
primarily due to the presence of both the globular an axial texture in the ingot [1].

In determining the effect of symmetry on the physico-mechanical properties of semi-finished and
finished products, four types of symmetry are studied: the symmetry of the original billet, the symmetry of
the external field effects, the symmetry of the resulting change and the symmetry of the physical proper-
ties of the product [4].
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The definition of the symmetry of physical properties is based on the Neumann’s principle: the
symmetry group of any physical property Ge: should include all the elements of a point group (crystallo-
graphic class) of a crystal Gi. In other words, the group G either coincides with the group Ges, or is its
subgroup. This statement can be presented, using the elements of the theory of groups:

G € Ges ()
Mathematically, this condition is expressed by the equality of the tensors 7
Tik... = Tijk... )]

Nowadays the idea that the final physico-mechanical propertics of semi-finished products and
operating characteristics of finished products are formed at the process stage has become widely accepted
[15]. Thus, it is important not only to consider the initial structure of the cast billet, but also to set it when
designing the specified operational properties of the finished product.

Based on Shubnikov-Curie principle of symmetry, a technology of directional crystallization in ingots
was developed, in order to consider their physico-mechanical properties. This is possible due to the specified
temperature gradient in the considered directions of the heat flux during the ingot crystallization [16-23].

Experimental research and discussion of the results. The current paper presents the results of an
experiment to obtain a casting in a mold of a pentagonal cross section, a physical system for creating a
controlled heat flux (figure 1 a, b).

a) b)
Figure 1 — Pentagonal casting () and mold ()

The source material is an aluminum bar AD 1 (1.5 kg) and an aluminum ingot (1.5 kg). The metal
was heated in the furnace up to 820°C.

A steel plate (5 mm thick) was used as the substrate for the metal mold, in order to create directional
solidification. The lower part of the mold was filled with sandy-clay mixture and placed on a plate (figure 1, b).

Before being poured, the melt was cooled to the temperature Trn. = 700° C (controlled by the thermo-
couple). After that, the metal was poured into the prepared mold (unheated, at room temperature). The
cooling of the casting (60 min) was carried out in the open air.

The results of the metallographic study of the obtained samples are shown in figure 2.

a) | | b) c)

Magnification: @) 100x; b) 200x; ¢) 500x
Figure 2 — Microstructure of aluminum-copper alloy, pentagon casting, pouring at 700 °C,
unheated mold, cooling outdoors, etching with hydrofluoric acid solution
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Figure 2 shows that the grain boundaries are viewed weakly, due to the short duration of etching. The
shape of grains is also very remarkable. They are identical with the geometry of the casting mold.
However, as it has been mentioned, the heat transfer in different directions is not the same for each point,
and therefore the grains grow in the shape of irregular pentagons. Nevertheless, extraordinary polycrystal-
lites can also be observed. Their shape coincides almost perfectly with the geometric shape of the mold.
This fact can be explained by the Curie dyssymmetrization principle.

Figure 3 — Macrostructure of an aluminum alloy ingot with the response of the generalized structure of the thermal field

Figure 3 shows the macrostructure of the aluminum alloy ingot, with the response of the generalized
structure of the thermal field. Geometric texture is clearly expressed there, due to the geometric para-
meters of the heat removal.

Conclusion.

1. In order to study the crystallographic texture of the ingot, it is necessary to consider the generalized
structure of the thermal field as a heterogencous system. This system is formed by different relations of
geometrically connected lateral surfaces of the mold and the symmetry characteristics of the melt at heat
kinetic level.

2. The effectiveness of system analysis (based on the Shubnikov-Curie principle of symmetrization-
dissymmetrization) in solving problems of thermal effect on the molten liquid metal, is experimentally
proved.

3. Based on the system analysis, it can be argued that the billet, obtained by casting into a mold with
a pentagonal cross-sectional shape according to the presented technology, has reduced ductility and
elasticity properties and cannot be recommended for further forming processes.

4. Based on theoretical studies and experimental data, it can be argued that the management of cry-
stallographic texture in casting processes and its consideration in the design of metal forming technologies
will optimize the properties of semi-finished and finished products for mechanical engineering.

C. B. Mummnesn!, B. T. Bepesiok!, C. B. Kysem0aen?,
M. P. Cuxknimbaen®, b. H. AGcanpikos?, H. C. llemenrnenal

1Cibip denepan yuusepcureti, KpacHosapck, Pecel;
1. Yomixauos aTeiHgars! Kekimeray MeMIEKETTIK yHuBepcuteti, Kekmeray, Kazakcran;
3KastyTeiHyonarbl KaparaHabl 3KOHOMUKAJIBIK yHUBEpCcHTETI, Kaparauasl, Kazakcran;
‘0. B. BeKTYPOB aThIHAAFBI XHMMHS FRUTBIMIAPBI HECTHTY ThI, Anmatsl, Kazakcran

N3O0 XKHUNAHBIH TEOMETPUSLIBIK MINTHIHIH KbICBIMMEH
OHJAEYI'E APHAJIFAH K¥YUBLIFAH JAUBIHIAMA KYPBLJIBIMBIHA 9CEPI

AHHOTAIMS. MeTa/uy prusiIslK JalbIHIAMA KYHBIN aNbIl KeHiH KBICBIMMCH OHZCY NMPOLECiHAC Oenriim Mexa-
HHUKAIBIK JKOHE KPHCTAIIOTPAPUKAIBIK TEKCTYPAFa, SFHU OHBIH IIIKI 3JIEMEHTEPIHIH (KPUCTANIHUTTEPIHIH) aHpBIKIIA
OarpIThIHA e Oomanpl. BiprekTi MeTanablH KpuCTAaIUTTEpl Oip KPHCTANIBIK KYPHUIBICHIHA WE OOJBIT KPHCTAILIO-
rpaMAUTBIK TCKCTYPACBIMCH OaCKAlma aWTKAHAA, KPUCTALUTOTPA(HAIBIK OCTCPiHIH 63apa OarbITTapbIMCH AHBIPBI-
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namel. JIpoa OCHl KPHCTALIOTPa(ISIIBIK TEKCTYPACH (PH3HKA-MCXAHUKANBIK KACHCTTCPiHIH maiaa O0JybIHA KAy anThl
JKOHE KOITKPHCTANIBIK MATEPHAIBIH KACHETTEP1 AaHU30TPOTIHSICHIH AHBIKTAHIbL.

Tekcrypa »oHE, IeMEK, KACHETTEPiH maixa 0oy mporeci OaaKpIMa KaTaro Ke3iHAE KbUIyAbl OAIKbIMaIaH
KaJbInKa (M37I0°KHUNAFa) Oepy KyObUTbICBIHA OaimaHbICTHL. JKbLTy Oepy mpomectepi »Kbliy epiciHii Kropumin rere-
pOTEHAL >KyHenep YINIH CHMMETPHS NPUHIUIN HETI3IHAC aNKBIHIANATHIH JKAJIBUIAHFAH KYPBUIBIMBIMCH AHBIKTA-
namel. By coTTe TeTepOreHAl JKyie Oip >KarbIHAH KAJIBII KAOBIPFACHI JKACAJFAH AHU30TPONTHI MCTAJUT MAPAFBIHBIH
KPHCTAIUTOTPAQIAIBIK TEKCTY PACHIHBIH CHMMETPISUIBIK CHIIATTAMACBIMCH OimiHeni. EKiHIN jKaKTaH OaIKbIMAHBIH
SKBITY ©PiCl KYPBUIBIMBIHBIH CHMMETPHSUIBIK CHIIATTAMACHIMEH KOPCETLIeni. Al CON KyphIIbIM KAJBINTHIH KOIICHCH
KMMACHI MIMiHIMCH JKOHE OCTTCPiH MICKTCHTIH TCOMCTPHAIBIK KATHIHACTAPMCEH, COHBIMCH Oipre 0anKpIMa KYFO >KaF-
JAWIAPBIHBIH OCCPIMEH KOHE KAJBINTHIH (M3JIOKHULAHBIH) TYOl MEH KYIO ’KaKTApPBIHIAFHI XKBUIYIbI OKCTY KaFmai-
JAPBIHBIH AHBIPMAIIBUIBIFBIMCH AHBIKTAIA/IBL.

Makanama m3I0KHANAAA KaTaliFaHaa CYHBIK MeTa/uT OAaIKBIMACKIHA XKBLTy dcepi ecenmrepin memy yuriH [IIyo-
HHUKOB-KIOpH CHMMETPH3alis-THCCUMMETPH3AIM TIPUHIMII HETI3iHAC KYHETH Tamaay KOJJAHYIbIH THIMALIIT
kepcerineni. ChFpIMAAMA KYPBUIBIMBIHIA OYHIPIIIK Karbl OOMBIHINA EKIHINI PETTIK CHMMETpPHS OCi maiiga 0oy
Typamnsl 00mKaM YChIHAABL. JlaffbIHAAMAHBIH JKAIMBUIAHFAH KYPBUIBIMBIHA THICTI, KPUCTALTHTTEPALH TCOMETPHAIBIK
KYPBUIBIMBI JKOHE KPHCTAIUIOTPAPHSIIBIK TEKCTYPACchl OaNKbIMa KPHCTANIAHFAH KE31HACT1 JKBIIIy OPICIHIH dCepiMEH
aHbIKTanagbl. JKBUTy epici M3IOKHUIAHBIH TC€OMETPHICHIMEH >KOHE OHBIH KYIO MCH TYIT O6JIKTepl KYPBIIBICHIHBIH
CPCKIICTIKTCPIMCH AHBIKTAIAIBL.

ChIFBIMIAMAHBIH KPUCTALIOTPADISUIBIK KYPBUIBIMBIH 3EPTTCY YIIIH XKbULY 6PiCIHIH >KaIIbUIAHFAH KYPBHLTBIMBIH
KaJbINTHIH (M3I0KHULAHBIH) TCOMETPISUIBIK OainaHraH OyHip OCTTEpiHIH koHE OANKBIMAHBIH, MKBLIY -KHHETHUKAIIBIK
JICHTCHIHETI CHUMMETPISIBI CHIIATTAMANAPBIHBIH OPTYPIl KAaThIHACTAPBIMEH TY3LJITEH TETEPOTCHII >KYHe peTiHzae
KapacThIpy KaKeT.

QM3UKATIBIK 9CEP ETETIH OPICIHIH KANIMBUIAHFAH KYPBIIBIMBIH TAIAY MAIIMHA KAcayaa MadJalaHaTBIH >Kap-
THIJIAH OHIMIEPl KbICBIMMEH 6H/CY MPOLECTEPIMEH ajly YINiH KYHbIUIFAH JaWbIHIAMAHBIH KACHETTEPIH THIMAL €TYTC
MYMKIHAIK TY¥b13a1b1. OCBIHBI JAHBIH OYWHIMHBIH MAHJAIAHY INBLTBIK KACHETTEPIH ECEIIKE ATy YIINiH 017y KasKeT.

Kumace! opTypii W3noKHHDATApAA KPUCTAIJAHY IPOLECIHAC KYHbUIFAH JAWBIHIAMAHBIH KYPBLUIBIMBI (MaTe-
puan xeneMiHzae moHnmep Tapanybl) LlyOHmkos-Kiopm cHMMETpH3aIMSI-THCCHMMETPH3AIMS ITPHHIMITIHE COHKEC
©3TCPETIHAITL IKCIIEPUMEHTANIBI KopceTinreH. KypburbM e3repyi 63 peTinAec KyYHbUFaH JaibIHAAMAHbBIH (PH3HKa-
MCXAHUKATBIK KACHCTTCPIHS 9CeP CTCL

Tyiiin ce3aep: KbICBIMMEH OHICY, KPUCTANAAHY, CHMMCTDHS, >KbUIYy arblHBI, TEKCTypa, lly6Hmxos-Kropn
TIPHUHIIMIIL, W3T0KHHULA.
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BJIUAHUE FEOMETPPI‘IECKOfI ®OPMbI U310 KHHUTIBI
HA CTPYKTYPY JIUTOU 3AT'OTOBKH JJIs1 OBPABOTKH JABJIEHUEM

AnHOTAIMs. MeTauTypruieckasl 3aroToBka B IPOLECCE JIMTHS M MOCICAYIOMEH 0OpabOTKH €€ IaBICHHEM
MPHOOPETACT ONMPEACTICHHYI0 MEXAHHUECKYI0 M KPHUCTALIOTPA(HHUECKYIO TEKCTYPY — NMPEHMYINCCTBECHHYIO OpHCH-
TAIMIO COCTABJLIIONINX €€ BHYTPCHHUX JIECMCHTOB (KPHCTAUIMTOB). B OXHOPOAHBIX METANIAX KPUCTAIMTHI 00Ia-
JAFOT OJMHAKOBBIM KPHCTAJUIMUECKHM CTPOCHHEM, HO OTIMYAIOTCS B3aMMHOW OPHEHTAMCH KPHCTAIIOrpapuiIecKux
ocelt — KpucTayurorpadmieckoi TekcTypoii. UMeHHO KpHcTayurorpadmieckas TEKCTypa OTBETCTBEHHA 32 (JOpMHUPO-
BaHWE (PH3UKO-MEXaHHMICCKUX CBOMCTB M OIPEACIIICT AaHH30TPOITHIO CBOWCTB MOIMKPHUCTAIUIMIECKUX MATEPHAIOB.

[Iporecc GpopMUPOBAHHUS TEKCTYPHI H, COOTBETCTBECHHO, CBOMCTB 3aBUCHT OT OTBOJAA TEIIOTHI OT PACILIaBa B
(hopMy (M3ITOKHHILY) TIPH 3aTBSPACBAHHMH paciuiaBa. [Iponecchl Temonepesayn Oy ayT OMPeaciIaThCsl 0000MCHHOH
CTPYKTYPOH TEIJIOBOTO MO, KOTOPAas MOMKET OBITH BBUIBJICHA HA OCHOBE INPHHIMNA CHMMeTpmu Kropm 11
TETEPOTCHHBIX CHCTEM. B TaHHOM Ciydae reTepOreHHAs CUCTEMA MPEACTABICHA, C OMHOHW CTOPOHBI, CHMMETPHITHOM
XAPAKTCPUCTUKOW KPUCTAIIOTPAPUICCKOH TEKCTYPhl aHH30TPOIHOTO METAJUIMHMECKOTO JIICTA, M3 KOTOPOTO H3TO-
TOBJICHA CTCHKA M3MOKHHULIBL C APYTOi CTOPOHBI — CHMMETPHHHON XapaKTEPUCTHKOMN CTPYKTYPBHI TEILIOBOTO IO
paciiasa, o0yCIOBICHHON (DOPMOM MOMEPEUHOTO CEYCHHS W TEOMETPHUCCKUMH COOTHOIICHUSIMH OTPAHHIMBAFOIINX
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TIOBEPXHOCTCH H3JIOKHHUIIBI, A TAKKE BIMSHACM YCIOBHH 3aTHBKH H PA3IMUHCM YCIOBHH TEIUIOOTBOJA MEKIY JOH-
HOH M TUTHUKOBOH YACTBIO H3JI0KHULIL.

TTokazana S(I)(I)GKTI/IBHOCTB IPUMCHCHHUA CUCTCMHOTO aHAIM3a HA OCHOBC NMPUHIHIIA CHMMCTPHU3AUHA-AUCCHM-
mveTpmsanun [1lyonukoBa-Kropu mpu peImeHuH 3a1ad TCIIOBOTO BO3ACHCTBHA HA PACINIAB JKHAKOTO MCTAIIA TPH
€r0 3aTBCPACBAHUU B HU3JIOKHHIIC. BI)IZ[BI/IHYTO MPCATOTIOKCHUC O MOABJICHUH B CTPYKTYPE CIUTKA OCH CHUMMCTPHH
BTOPOTO TOPSAKA OTHOCHTEIHHO OOKOBOH MOBEPXHOCTH. B COOTBETCTBHH C OOOOIMICHHON CTPYKTYPOH 3arOTOBKH,
TEOMETPUUECKAS CTPYKTYPa KPHCTALTHTOB M KpHUCTATOrpadieckas TEKCTYpa ONPEACILIFOTCS BO3ACHCTBHEM TETI-
JOTO TMOJS NMPH KPUCTAILIHM3AIMK PACIUIaBa. TCIUIOBOE IMOIEC OMPEACILICTCS TCOMETPHEH H3JIOKHHIBI M 0COOCH-
HOCTAMH CTPOCHHA €¢ TUTHUKOBOHW U JOHHOH YaCTEH.

JUIa MCCemOBAaHUA KPHCTALIOTPAPHUCCKOH TCKCTYPHI CIHTKA HEOOXOAMMO paccMaTpuBaTh OOOOMICHHYIO
CTPYKTYpa TEIJIOBOTO TOJI1 KAK TETEPOTCHHYIO CHCTEMY, 0OPA30BAHHYIO PA3IIUHBIMH COOTHOIICHUSIME TCOMETPH-
YECKH CBS3aHHBIX OOKOBBIX IOBEPXHOCTCH HW3TOKHHIBI M CHMMETPHHHBIMH XAapPAKTCPUCTHKAMH pACIIaBa HA
TCIUIOKHHETHIECKOM YPOBHE.

Anammu3 0000ICHHONW CTPYKTYPHI TOJA (DH3HUYCCKOTO BO3ACHCTBHA TO3BOJLICT ONTHMH3HPOBATH CBOMCTBA
JATOH 3arOTOBKH I MOCICAYIOINX MPOLCCCOB 00PA0OTKH MABICHHCM MOy (DaOpHKATOB AT MAITHHOCTPOCHHS.
3T0 HEOOXOIUMO JJIS YUETa IKCILTY ATAI[HOHHBIX CBOHCTB TOTOBOTO H3ACTIHS.

DKCHEPHMEHTAIBFHO MOKA3aHO, YTO CTPYKTYPA JIMTOH 3arOTOBKH (PacTIpPeciICHIE 3€PEH B 00bEME MaTepraa) B
MPOIIECCEe KPUCTALIMRAIMK B HM3JIOXKHHIAX PA3THYHOTO CEUCHHS IPETCPIICBACT HM3MEHCHHS B COOTBETCTBHH C
npuHImIaMy cumMmerpun [lyornkosa-Kropu, 4T0, B CBOIO OUepeIb, OKA3BIBACT BIIIHHC HA (PU3UKO-MEXAHUICCKHC
CBOIICTBA JIUTOH 3aTOTOBKH, B TOM YHCJIC W HA XapaKTep IIACTHYCCKOH ncdopManuu B MpOUecce JATPHCHINCH ¢
00padOTKH AABJICHUCM.

KimoueBnbie ciioBa: 00padoTka JAaBICHHEM, KPUCTALTH3AIMS, CHMMETPHS, TEIUIOBOW MOTOK, TEKCTYpA, ITPHH-
un [TyorukoBa-Kropu, H3moxHAIA.
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