ISSN 2079-5459 (print)

CEPIA "HOBI PILIEHHA B CYYACHUX TEXHOJIOI'AX" ISSN 2413-4295 (online)

YK 004.4 doi:10.20998/2413-4295.2017.53.06

PO3POBKA ITPOI'PAMHOI'O 3ABECIIEYEHHS IUIA MOAEJIIOBAHHA
MIKPOCTPYKTYPU METAJIIB METOJOM KJIIITKOBUX ABTOMATIB

0. 1. TAHAPIHA", O. O. BOJKA

xageopa JIMM, HTY «XI1l», Xapkis, VKPAIHA
* email: alesyapanarinal(@gmail.com

AHOTALIA Mixpocmpykmypa memarnie € 0yice CKIAOHOI, ye CHPUYUHEHO MUM, W0 B0HU KPUCIATIZ3VIOMbCs 00pasy i3 0eKiIbKOX
yenmpig. 3 02130y Ha ye HeOOXIOHO 8MImu MOOe08amu MIKpOCMPYKMYpY MEmaiie, wo Modlce 0amu MONCIUGICMb nepeddaqumu
N0BEOIHKY Memanieé npu NPUKIAOeHHi 00 HUX PI3HO20 POy 308HIWIHBLO2O Hasanmavicents. Memoro pobomu € po3pobra npocpamHozo
3a0e3neyennss 0Nl WMYYHO20 MOOENIOBAHHSI MIKPOCMPYKMYPU MemoOOM KIIMKOBUX A6MOMAMIE ma NOPIGHIHHS Pe3yibmamis i3
yorce gidomumu. Y npoyeci pobomu 6yiu poseisiHymi Memoou umyuHo2o 6i0meopeHHs. MiKpOCMPYKMypu Memaris, U84eHO Menoo
KAIMKOBUX AGMOMAMIE, pO3POOIEHO NPOSPAMHE 3a0e3NeUeHHsl, WO 00380J5€ MOOCNO8AMY MIKPOCMPYKIMYpU Memaié no 3a0aHum
6UNAOKOBUM YUHOM yeHmpam 3epen. [Ipoepammne 3abe3neuenHs 6YI0 NPOMECMOBAHO MA NOPIGHAHO DPe3yIbmamu, OMPUMAHL
Memooom KIIMKOSUX agmomamie ma memooom Bopownoeo. B pesynomami 6yno po3pobreno npocpamue 3abe3neuenus 07
MOOeN0B8AHHS (POPMU KPUCIATIE MEMOOOM KIIMKOBUX A8MOMAMIE8, OMPUMAHI pe3yrivmamu 6yiu nepesipeni Ha 00CMOoGIpHICMb.
Knrouogi cnosa: mixpocmpyxkmypa memanis; wmyune 6i0meopeHHs MIKPOCMPYKMYypu, Memoo KIiMmKOGUX agmoMamis,; npospamue
3a0e3neyents; MOOENIOBANHS MIKPOCMPYKMYPU.

SOFTWARE DEVELOPMENT FOR SIMULATION OF THE MICROSTRUCTURE OF
MATERIALS BY MEANS OF CELLULAR AUTOMATA

O. D. PANARINA, O. O. VODKA
Department of DPM, NTU "KHPI", Kharkov, UKRAINE

ABSTRACT Microstructure of metals is very complex, this is because they kristallizuetsya from several centers. Given this, you
should be able to simulate the microstructure of metals that can give the possibility to predict the behavior of metals when under
different kinds of external loads. The aim of this work is to develop software for artificial simulation of the microstructure by the
method of cellular automata and comparing the results with known ones. In the process, were considered methods of artificial
reproduction of the microstructure of metals, studied by the method of cellular automata, developed sofiware for simulating
microstructure of metals according to given randomly to the centers of the grains. The software has been tested and compared
results obtained by the method of cellular automata and the method Voronogo. The result was the software developed for modelling
the shape of the crystals by the method of cellular automata, the obtained results were checked for accuracy.

Keywords: microstructure of metals; an artificial reconstruction of a microstructure; the method of cellular automata; software;
modeling of microstructure.

Beryn

PeanpHi MeTamu, [0 BHUKOPUCTOBYIOTBCS Yy
TEeXHiIli, 3a3BUYail HE SBJSIFOTHCSA YNCTUMH, a € CIUIAaBaMH,
BOHH CKJIQJIAIOTHCS 3 BEITMKOI KUTBKOCTI 3€pEH, Opi€HTAIlis
SKHX € BUIAJKOBOIO, & CaMi 3epHa MICTITh aTOMH Pi3HUX
KOMITOHEHT. [IpuunHOIO 3epHHUCTOI OyAO0BH MeTawiB i
CIUIaBIB € Te, 0 BOHM KPHUCTANI3yIOThCS Biapasy 3
JCKITBKOX IEHTPIB, IO MPHU3BOJUTH JO iX CKIAJHOL
MikpocTpyKkTypH[1].

Bepyun mo yBarm Te, IO MIKPOCTPYKTypa €
JIOCTaTHBO CKJIAJTHOI, HEOOXiMHO MOICTIOBATH (HOPMH
KpHUCTAJiB, IO MOXXE IaTH MOXJIMBICTH Nepea0adnuTH
MOBEIHKY METAJIB INPH MPUKIAZCHHI 10 HUX PI3HOTO
POy 30BHIIIHEOTO HaBaHTAXCHH:[2].

Jl1st MoienmoBaHHS BUIUIETECS ACKiIbKa METO/IB
OITY9HOTO  BIATBOPEHHA  MIKPOCTKYPTYPH  METAlIiB:
Tecuesimiss BopoHOTro, MpUHIMN KIITHHHUX aBTOMATiB,
meroa Monre-Kapiio.

Haii6inpm mpocTUM METOOM MOJENIOBaHHS €
METOJ KJIITKOBUX aBToMmariB. Came 1ieii meron Oysio
PO3TJISIHYTO B pOOOTI.

Mera po6oTun

Metoto poboTH € po3poOka  MPOrpamMHOTO
3a0e3neyeHHs UL LITYYHOTO MOJIEITIOBaHHS
MIKPOCTPYKTYPH METOAOM KIIITKOBHX aBTOMATiB. Jlis
JIOCSITHEHHS! TIOCTABJICHOI METH Y POOOTI CTaBHMJIMCS TaKi
3aBJaHHS:

- PosrnsiHyTH  MeToAM  IITYYyHOrO  BiATBOPEHHS
MIKpPOCTPYKTYPH METaJIiB;
- BuBuntn METOJ KIIITKOBUX aBTOMATiB

MO/IEITFOBaHHS MiKPOCTPYKTYD;

- PozpoOutn mporpamue 3abesneuenus (I13) mo
JIO3BOJISIE  MOJICJIIOBATH MIKPOCTPYKTYPH METaNliB MO
3aJjaHUM BUIIAJKOBUM YHHOM LIEHTPaM 3€peH;

- IlporectyBatn  poGotry II3, Ta  mopiBHATH
pe3ympTaTd i3 yXe  BIIOMHMH  pe3yJIbTaTaMu,
OTPUMaHMMH  IHIOMMH  METOJAMH  MOJCIIOBAHHS
MIKpOCTPYKTYP.

Buksaj ocHOBHOTO MaTepiajy

Tepmin «KIITKOB1 aBTOMAaTH» ouyaB
BUKOPHCTOBYBATHCh Y cepeluHi XX CT. JUIs TO3HauYCHHs
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CYKYITHOCT] 3aJIe)KHHX €JIEMEHTIB 3 3aJaHIMHU CTaHAMH i
MpaBWJ, 3TiIHO 3 SKUMH CTaHH LUX EJEeMEHTIB 1
3aJIeKHOCTI MK HUMH 3MIHIOIOTBCS B 4aci. Yac i craHu
Opd  [IbOMY JIMCKpeTHi. BHKOPHUCTaHHS  ONHMCAHUX
MoJienei Ut (hopmasbpHOTO MO/ICTFOBaHHSI
CaMOBIJITBOPIOBaHUX OPTaHi3MiB BIEpIIE 3aIPONOHOBAHO
B pobori @on Heiimana[3]. EnemeHTH KIIITKOBHX
ABTOMATIB 3alPOINIOHOBAHO MPEACTABUTH OJHOBUMIPHHUMH
a0 JBOBUMIDHMMH HECKIHUCHHUMH HPSMOKYTHHUMH
TabmuisiMu. CTaH eleMeHTa 3MIHIOETHCS B 3aJISKHOCTI
BiXl #oro cTaHy i Bin craHy ABOX (200 YOTHPHOX - JJISA
JBOBUMIPHOTO BUMAJKY) HAHOIMDKIHNX CYCiiB.

KiiTkoBHMif aBTOMAT - AWCKpPETHA MOJETbB, IO
BUBYAETHCS B MAaTeMarwulli, Teopil OOYHCIIOBAHOCTI,
¢bi3uky, TeopeTUuHOI Gionorii i MikpoMmexadiri. Brmovae
peryJsipHy CiTKy KIITHHOK, KOXXHa 3 SKUX MOXe
nepeOyBaTd B OJHOMY 3 CTaHIB CKIHYEHHOI MHOXHHH,
takux sk 1 1 0. Pemiitka Moxe OyTu Oynab-sKol
po3mipHOCTi. J[isi KOXHOT KIITHHKHA BU3HAYEHO Oe3iiy
KIITHHOK, $Ki HAa3WBalOThCS OKONHIEI. [Ipumipom,
OKOJIHIIE MOXe OyTH BHU3HAYEHA SIK BCi KIITUHKU Ha
BifcTaHi He Oimbme 2 Bim moTo4yHoi (okomuis (oH
Hetimana panry 2). ns poOOTH KIITHHHOTO aBTOMarta
MOTPiOHO 3aaHHA MOYATKOBOTO CTaHY BCiX KIITHHOK, i
MIPaBWJI TIEPEXOAY KIITHHOK 3 OJHOTO cTaHy B iHmmii. Ha
KOXHIN iTepamii, BUKOPUCTOBYIOUH IpaBHiIa MEPEXoay i
CTaHy CYCIOHIX KOMIpPOK, BH3HAYAE€ThCA HOBUH CTaH
KOXKHOI KJIITHHKH. 3a3BUYail paBHiia Mepexoay OJHAKOBI
JUIA BCIX KJIITHHOK 1 3aCTOCOBYIOTBCS Bimpa3y IO BCiel
PELIITKH.

IcHye Jekinbka METOIB IITYYHOTO CTBOPCHHS
MikpocTpyKTyp. Cepes Takux METOJiB BUALIAIOTHCS TaKi:

TecHensAniss BopoHHOro, MeTon KIITKOBUX aBTOMATIB,
metoa Monre-Kapmno[4].

Tecuensiis BopoHHOro € omHUM i3 HepIIKMX
MiIXOAIB, NPUBYEHHX TeHepaulii MIKPOCTPYKTYp IUis
HOAAJBIIOTO YHCEIBHOIO MOJETIOBaHHA. lmes Merony
OCHOBaHa Ha JOCTIMKCHHS 00JlacTi 0araTOKyTHHKIB
P={pi,...,pn}, SKI TEHEPYIOTbCS HABKPYTrd MHOXXUHU
HadaJIbHUX TOYOK S={si,...,Sn}. KoxkeH OaraTtokyTHHUK
3B’SI3aHMH TUIBKM 3 OxHOIO TouHOMO. [Ipm reneparmii
QpoBoi MIKPOCTPYKTYpPH, peaji3oBaHOl 3a IOMOMOTOI0
Merony Boponnoro, nependadaeTscs, mo BCi TOYKH 3 S
MIPEACTABISAIOTE COO0I0 SIIPO 3€peH, Y TOH 4ac, KoM yci
0araToKyTHUKH 3 P € rurorero 3epeH.

MerTon KITITKOBHX aBTOMATiB Oy/ie OMHCaHO Jalli B
po3mimi 2.

Inest meromy Monte-Kapio monirae y tomy, 1o
Ha TEPHIOMY KpOIli BiIOYBa€ThCcs TEHEpaIlisi BXITHUX
JAaHUX, 10 OIMCYIOTh IIOYaTKOBUI CTaH MaTepiany y
BUAl J1BO- a00 TPHOXMIPHOI MaTpHIi KIITHHOK MoOHTe-
Kapmo. KoxxHa KIITHHKA TPEJCTAaBICHA BHUIIAIKOBHM
cranoM Q. Ha gpyromy erami JIUCKpETH3Y€ThCS
OOYNCITIOBAIMHAN TIPOCTIp Ul OOYHMCICHHS eHepril
climyrounx KmTHHOK. Jlami JocmiKyBaHI KIIITHHKH
3a3Ha0Th 3MiHK cTa”y Q. Ilicis 3MmiHM cTaHy, eHepris
KIITHHKK y TeNepilliHii dYac mepepaxoByeThes. SIKI0
€Hepris  KIITMHKA  3MEHIIWIAcid, HOBMH  CTaH
npuiiMaeTbed. SIKIO He 3MEHIIMIIacs, TO HOBUM CTaH
BIJIKMIA€ThCS.

INpuxnangy MIiKpOCTPYKTYp, OTPUMAaHMMH BCiMa
TpbOMa METOJaMH MOXKHAa MO0a4YMTH Ha puc. 1, puc. 2,
puc. 3 [4].

Puc. 1- Memoo mecyenayii
Bopounozo[4]

Icaye nmBa THmM okomiB Toukm: Mypa Ta (oH
Heiimana [5]. B oxomi Mypa KIITHHKH Bpa)XarTbCs
CyCilaMM KOJM BOHHM MAalOTh CIJIBHY CTOPOHY a0o
BepuinHy. ToOTO KOXKHa KiIiTHHKA Mae 8 cyciniB. B okouni
¢on Heiimana cycigamMu KIITHHKA € TIIBKH Ti KIITHHKH,
SIKI MAIOTh 13 I[I€F0 KIITHHKOIO CIUIBHY CTOPOHY, TOOTO B

fi_ .
Puc.2 — Memoo knimkoeux
asmomamis[4]

Puc.3 — Memoo Moume-Kapno[4]

Po3poOka nporpamuoro 3ade3neyeHHst

Buxonsau 3 mocTaBieHOi MeTH, 0YI0 po3poOIcHO
nporpaMHe 3a0e3ledeHHs, SKe NO3BOJSE MOJCTIOBATU
MIKPOCTPYKTYPH METaJiB 10 3aJaHAM BHUIIaJKOBHM
YUHOM LICHTPaM 3€peH.

JIOKQJIBHOMY OKOJII Ii€1 KIIITHHKU € YOTUPHU KIIITHHKH. Meron KIIITKOBHX aBT(‘)MaT?B IIPOKO
BUKOPUCTOBYETHCSI B MOJCIIOBAHHI MIKpPOCTPYKTYPHU
BICHUK HTY "XIII" Ne 53 (1274) 41
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MetaniB. Ha mepmomy Kpomi anropuTMy pOCTy 3epHa
(dbopMmyeTbCs eSIKMI  IMCKPETHUH MHPOCTIP KIITKOBOTO
aBTOMAaTy, SKMH CKJIaJaeTbesl 3 KIITHMHOK KIITKOBHX
aBTOMaTiB (puc. 4).

Ha HactymHOMy erami BHNQJKOBHM UYHHOM
o0upaeThcs HabIp MOYATKOBUX KJIITHHOK, a Jajii 3MiHHA
CTaHy, II0 ONHCY€ CTaH KIITHHOK, BCTAHOBIIIOETHCS B
«Bxke BUpociam». Ll KIITHHKH TpeNcTaBISIOTH COO0I0
sIIpo 3epHa (puc. S).

Jpyruii KpoK anropuTMy OCHOBAaHHMH Ha POCTi
3epHa. [IpaBuiio nepexoqy Ha LEOMY €Talli BU3HAYAETHCS

Puc. 4 — Juckpemnuuii npocmip kaimkogo2o agmomamy

© Knerounbie asTomarss
cron [s0 ]

— nane

Puc.6 — Ilpoyec pocmy 3epna
OOroBopeHHs pe3yJbTaTiB

Y xoai po3poOKH TPOrpaMHOro 3abe3neucHHs
OyJIO PO3IIISTHYTO JAEKiIbKa MpPaBWJI MEpexoiy. 30KpeMa
po3TIsmanucs JBa BUAM OKOJIB TOYKH: OKUT (OH
Heiimana (puc.8) ta oxin Mypa (puc.9) mepmioro paHris.

Takoxx Oynu pO3TISHYTH Taki CHTyarlii, KOJH
3epHa POCTYTH 3 PpI3HOI IMIBHAKICTIO Y PI3HAX
HamnpsMKax: BIBiYi MIBHAIIE 1O X HDK mo y (puc.10) Ta
BIBiul MIBUALIE 10 Y HiX 1o X(puc.11) npu uboMy TOUKH
MaroTh OKLIT (poH HelimaHa, a TakoX BABIYI IIBUALIE 1O X
HDK mo y (puc.12) Ta BABiYl MIBHALIE 1O y HDX MO
x(puc.13) npu 11boMy TOYKH MaroTh OKi1 Mypa.

Ha puc.14 MoxeMo crioctepiraTu CUTYaIlito, KOJIU
yCi TOYKM MArOTh Pi3Hi MpaBuiia MEPexoy.

VYci pe3ynpTaTé IMpeACTaBlieHI IPH  OJHAKOBUX
LIEHTPaX 3epeH.

TaK: KOJH CyCii KOHKPETHOT KIIITHHKH Ha IONEPETHEOMY
KpOL[i 3HAXOJMBCS Yy CTaHi «BXKE BHUPOCIM», TO L
KIITHHKA MOX€ TaKOoX 3MIHUTH CBid CTaH B «BCE
BHUpOCIm» (puc.6).

3epHa MOXYTh POCTH B YCiX HampsMKax IO THX
mip, MOKM BiH HE 3yCTpiHEThCs 3 1HIMIMM 3epHOM. [licis
I[OTO PICT MPOAOBKYETHCS TINBKH y THX HAMpPAMKaX, /&
me Hemae 3epeH. Lleil mporiec BUKOHYETBCS 10 THX IIip,
TIOKH JIOCIIKYBaHUI MPOCTIp HE 3aMOBHIOETHCS 3ePHAMHU

(puc. 7) [3].

Puc.5 — Habip nouamkoux KiimuHoK

@ Knerounbic anvoms

Puc.7 — Pezynomam pospocmanus 3epen

TecTyBaHHs PO3po0IIEHOTO MpPOrPaMHOTO
3a0e3MeueHHss TMPOBOJUIOCA  METOAOM  IIOPIBHSHHS
pe3yabTaTiB, OTPUMAHUX METOZOM KIITKOBHX aBTOMATIB,
ne Touka Mana okin ¢oH Helimana (puc.15), Ta yxe
BIJIOMHX pe3yJbTaTiB, OTPUMAHUX METOJAOM BOpOHHOTrO
(puc.16).

Sk MoXxHa MOOGAYMTH HA PUCYHKAX, PE3yJbTATH,
OTpHMaHi 3a JOMOMOIOK PO3pPOOJIEHOr0 MPOrPaAMHOIO
3a0€3MeYeHHss METOJAOM  KIITKOBHMX aBTOMATiB, Ta
pe3yibTatd, OTpHMaHi MeTofoM BopoHHOTO € ayxke
MOMIOHUMH, IO MOXE CBIAYUTH PO Te, IO PE3yIbTaTH
po3pobiieroro I13 MoKHA BBOKUTH ICTHHHAMH.

[Toxubka B pe3ynbTarax MOxe OyTH CIpUYMHEHA
THM, IO B METOAi KIITKOBHX aBTOMATIB TIPaHUIl
KJIITUHOK € AUCKPETHUMH.
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Puc. 8 — okin ¢pon Hetimana

Puc.11 — lIguowe no y Higxe no x

okin ¢pon Hetimana o

Puc. 14 — Oxonu sunaokosi

BucHoBkn

Just po3poOku mporpamMHoro 3abesrnedeHHs 0ysio
BUBUCHA JiTepaTypa 3 METOAAMH IITYYHOTO BiITBOPEHHS
MIKPOCTPYKTYp  MeTajiB. Buxoasuun 3  BHBYEHOI
JiTeparypu OyB 0OpaHHii METO/] KIIITKOBUX aBTOMATIB.

B pesynbraTi, BUXOASYM 3 IOCTABICHOI MeETH,
Oyno po3poOiiecHO mporpamMHe 3a0e3MeYCHHS IS
LITYYHOTO  BIOATBOPEHHS ~ MIKPOCTPYKTYpPH  MeETaiy
METO/IOM KJIITKOBUX aBToMaTiB. OTpuUMaHi pe3yinbTaTu
Oylu TOpIBHAHI 13 yXe BIJOMHUMH pe3yJbTaTaMH,
OTpUMaHHMH MeTooM BopoHHoro.

Buxonsan 3 mocTaBiieHoi 3a1a4i Oyi0 BHKOHAHO:

- PosrsiHyTO  METOmM  INTYYHOrO  BiATBOPEHHS
MIKPOCTPYKTYPH METAJIIB;

Puc.9 — oxin Mypa

Puc.12 — lleudwe no x nisxwc no y
xin Mypa

Puc.15 — Pezynemam, ompumanuii
MemoOoM KIIMKOBUX ABMOMAMIE

Puc. 10 — Illsuoute no x Higic no y,
okin ¢hon Hetimana

Puc.13 — Llleuowe no y Higxc no x
okin Mypa

Puc.16 — Pe3ynoemam, ompumanuii
Memodom Boponnozo

- BuBueno METO], KIITKOBUX aBTOMATIB
MO/ICITFOBAHHS MIKPOCTPYKTYD;

- Po3pobneno mnporpamue 3abesmedenHs (I13) 1o
JIO3BOJISIE  MOJICJIIOBATH MIKPOCTPYKTYPH METalliB MO

3aJlaHUM BUITIAIKOBUM YMHOM LICHTPaM 3€PCH;

- [IpotectyBano  pobory II3, Ta  mOpiBHAHO
pe3ympTaTd i3 yXe  BIIOMHMH  pe3ylIbTaTaMu,
OTPUMAaHMMH  IHIIAMH  METOJaMH  MOJETIOBaHHS
MIKpOCTPYKTYP.
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AHOTALIHA Mukpocmpykmypa Memanios A818emcs O4eHb CI0HCHOU, 3MO0 Gbl36AHO MeM, YUMo OHU KPUCMATAUZYVIOMCA CPA3y U3
HeCKONbKUX YeHmpos. Yuumuleas 5mo, HeobOXo0umo ymemb MOOeIUpo8ams MUKPOCHMPYKMYPY Memdannos, 4mo Modcem Odmb
603MOJICHOCIb NPEOCKA3ams NnogeoeHue Memanios npu NpuiodCeHuy K HUM pasHozo poda eHewHel naepysku. Llenvio pabomovi
ABIAIEMCA PA3PAOOMKA NPOSPAMMHO20 0becheyenus OISl UCKYCCMBEHHO20 MOOENUPOSAHUS MUKDOCIIPYKIYPbL MEMOOOM KIIeMOUHbIX
aA6MOMAmMo8 u CpasHeHue pe3yabmamos c yice useecmuvimu. B npoyecce pabomul 6viiu paccmompensl Memoobl UCKYCCMEEHHO20
60CNPOU3BEOCHU MUKPOCPYKIYPbL MEMAILN08, U3YHeH Memoo0 KIemOYHbIX dGmomManos, papabomaro npozpammHoe obecneuenue,
nosgonaujee MoO0eIUpo8ams MUKpPOCMPYKMypsl Memaniog no 3a0aHHbIM CIAYHAUHBIM 00pasom yewmpam 3epeH. lIpocpammuoe
obecneuenue ObLIO NPOMECMUPOBAHO U CPABHEHbL PE3VIbIMAMbl, HOJYYEHHble MemOoOOM KIeMOUHLIX A6MOMAMO8 U MenmoooM
Boponnoeo. B pesyromame 6v110 paspabomano npozpammuoe odecneuyeHue 0 MOOEIUPOBAHUsL hopMbl KPUCMALIO8 MEMOOOM
KAeMOYHbIX asmomamos, nonyuenHvie pe3yabmamol ovinu nposepenl Ha 00CcmosepHOCHTb.
Knrouegvie cnoea: mukpocmpykmypa Memaiios; UCKyCCMBEHHOe 60CCO30aHUe MUKPOCIPYKIMYPbL, MeMOoO KIemOYHbIX a8MOMAmos;
npozpammmoe obecneuenue; MOOEIUPOBAHUE MUKPOCIPYKIMYPb.
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