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MATEMATUYHE MOAEJIIOBAHHA MIKPOCTPYKTYPHUX ®A30BUX
NEPETBOPEHbD MNMiA YAC 3BAPIOBAJIbHOIO HAIPIBY HA MNMPUKIALI
HAMMNABJEHHA 3AXUCHOTIO LWAPY KOPMYCY PEAKTOPA BBEP-1000

3a 00moMm02010 PO3POOACHUX CKIHUEHHO-esemMeHMHUX Mmo0eretl HuceavHo 0ocaiddice-
HO HeCMAYIOHAPHI MmemMnepamypHi nNoas 1 KIHemuKy MIKPOCMPYKMYPHUL
asosux mepemeopensv 8 OCHOBHOMY mamepiaai xopnycy peaxmopa BBEP-1000
(cmaav 15X2HM®PA) 3a 0yz08020 HanaasrerHs Ni0 HA0COM 3AXUCHO20 AHMU-
KOPO3IUHO20 WAPY 13 AYCMeHIMHO020 mamepiary. Bukonano NOpieHAIbHUL aHAN13
pe3yabmamis Mooeat08aHHs MIKPOCMPYKMYPHUX Pa308ux nepemseopens 3a 080ma
Mmemodamu MPozHo3ysarHs po3nady aycmenimy nid uac oxoaoddcernus. ITepuiuil
3aCHOBAHUL HA 3ACMOCYBAHHI Pe2PecitiHUX PIBHAHD i XAPAKMePHO20 UACY 0X0N00-
scenns Atg 5. Jpyeutdt — mna Oiaepamax 130mepmiuioz0 posnady aycmewnimy i
pishannaxr Aspami ma Kolcminena—Mapbypeepa. B pesyavmami modearo8anns
MIKPOCPYKMYPHUX NepemsoperHd 30 HANAABAEHHSA OMPUMAHO OellHIMHO-Map-
mencumHnull cxaad Y 30HI MePMIYHOZ0 6NAUBY OCHOBHOZO MaAMepiany KoOpnycy
peaxmopa, w0 nidmeepoxucyromsv pe3ysvmamu OULAMOMEMPULHOZ0 AHANIZY MA
memanozpaghii.

Katouoei caosa: peaxmop BBEP-1000, awmuxopositihe Hanaaerenns, Oiazpama APA,
MIKPOCMPYKMYPHI (Pa308i nepemeoperns, Kinemura nepemaeopers, PidHAHHL Aspami.

Beryn. IIporHo3yBaHHA KIHETUMKM 1 3aJIMIIIKOBOrO MIKPOCTPYKTYPHOTrO (pa3o-
BOTO CKJIAZY JJIA OIJIBIIIOCTI CydYacHMX KOHCTPYKLIMHMX cTaJjell — oJHa 3 Haii-
BaXKJIMBIIINMX 3a7a9 MOJIEJIIOBaHHA 3BaplOBaJIbHUX mpouecis [1, 10, 24, 28, 31—
33, 38], OCKITBKM BAAETHCA BU3HAYUTM PO3MOMJIJT MEXaHIYHUX BJACTUBOCTEN Ta
00’eMHMX e(PeKTIiB y MeTaJi 3BapHOro IIBa (HAILIABJIEHH:) i 30HM TEPMIiUHOTO
BBy (3TB). Taka indopmarisa Bkpaii HeoOXifHa A PO3POOKYM HOBUX TEXHO-
JIOTiVi 3BapIOBAHHA (HAIlJIaBJIEHHA), & TAKOYK MOJIEJIIOBAHHA HAIIPYKeHO-Iedpop-
MOBaHOT'O CTaHy 3BapHUX BY3JIB.

Ximiunnii ckyaj, po3mip 3epHa craji abo TEeXHOJOriuHI napamerpn (IIOTyK-
HICTb 1 po3monin HarpiBy) mifi Wac 3BaplOBaHH:A (HAIJIaBJEHH:), TeMIlepaTypa
IIOIIEPEIHBOTO 1 CYIIyTHBOTO MiAirpiBy, IpaHMYHI yMOBM TeNJIOOOMIHY 3 HaBKO-
JIMIIHIM CEPEeJIOBUIIEM MOYKYTh CYTTEBO BILIMBATH Ha Pe3yJIbTATV IIPOTHO3YBAH-
HA KIHEeTUKM 1 3aJMIIKOBOI 00’€MHOI YaCTKM MIKPOCTPYKTYPHUX pas.

Huxge Ba mpuxmani nyroBoro HalJlaBJIEHHA 3aXJCHOI'O aHTMKOPO3iMfHOTO
mapy kopiycy peakropa BBEP-1000 mpoanasizoBaHo pisHI miaxonu o mMaTe-
MaTHYHOTO MOJEJIOBAaHHA MIKPOCTPYKTYPHUX (Pa30BUX II€pPETBOPEHb y MeTaJi
3BapHOro mBa (HamjaBiyieHHA) i 3TB /A mporHo3yBaHHA MeXaHIYHMX BJACTU-
BocTell Ta 00’emHux edperris [9, 22, 23, 29, 36, 40].

3apas y cBiTi ekcrryaryerbea bigbire 30, a B YKpaini — 13 eHepreTMyHMx
aToMHNX peakTopis BBEP-1000. Y 3B’A3Ky 3 IPOJOBKEHHAM IIPOEKTHOI'O TEPMi-
HY ekKciuryarailii eHeprod6sokiB (30 pokiB) HeOOXiZHO OIIHUTM 3aJIUIIKOBUI
pecypc OCHOBHOTO O0JIaJlHAHHS aTOMHUX PEeaKTOpiB. BHYTpIIlIHA ITOBEpXHA KOp-
IIyCcy peaxTopa HaIlJaBJeHa 3aXMCHYM aHTMKOPO3IHMM HIapoM 3 ayCTeHiTHOI
craJji. Ilix gac po3paxyHKOBOro OOrPYHTYBaHHSA I0r0 pecypcy HeoOXimTHO BpaXo-
ByBaTM B3aJIMIIKOBI HAINPY’KEHHA 1 MOMKJIMBY 3MIiHYy MeXaHIYHUX BJIACTMBOCTEN
MaTepiaJy IMicJid aHTUMKOPO3iiiHOro HamjaBJieHHA [14, 26, 37].

1. KoHCcTPYKIisA KOPIyCy peakTopa Ta TEXHOJIOTisI HamjaBJeHHA. Kopryc
peakTopa 3 BHYTpImIHIM giameTpoMm 4134 MM BUTOTOBJIEHUII i3 TOBCTOCTIHHMX
KOBaHMX 00MYaiioK TOBIMHOW 192...285 MM, AKi 3’€qHaHi 3BapHUMM KiJbIIEBUMU
mBamu. Marepian koprycy — cranb 15X2HM®PA, nna HansaBJIeHHA BUKOPUC-
TOBYBaJMI AayCTeHITHI MaTepiaym: mepiumii Iap — 3BaploBajJbHa CTPiYKa
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CB-07X25H13, npyruit — CB-04X20H10I'2B. [lyroBe HamaBJeHHS BUKOHYBaJM
CcTpiukol0 mupuHOI 35..60 MM y J[Ba IIapyM 3arajbHOI TOBIIMHOIO 9 MM 3
ronepenHiM i cymyTtHiM mifirpiBom o 250°C 3a TakMX PEKMMIB: Cuya CTPyMY
I = 600—650 A, manpyra U = 32—36 B, mBuakicTp HalaBJeHHA vy = 2 MM/C
[11, 15, 27].

2. Mopeas TemoBux mponecis. Ilig yac TemmnepaTypHOro JyroBoro HallJaB-
JIEHHA 3aXVCHUX LIapPiB Ha BHYTPIIIHINM ITOBEPXHI KOPIIyCYy PeaKTOpa BBasKAJIM, 1110
MOJIeJIb IIIBUIKOPYXOMOTO (MMUTTEBOrO) J[sKepesia HAarpiBy 3HIUKYE IIPOCTOPOBY
OaraTOBUMMIpHICTh IMMiJi Yac BMB3HAUEHHA KIHETUKM TEeMIIePaTypPHOrO CTaHy, 10
YaCTO 3aCTOCOBYIOTh, MOJEJIOIYM KiJbIlEeBl 3BapHI IIBM Ta HAIUIABJIEHHA Ha
JJIAHIN, Jle IIpollec MOXKHA BBa’KaTy BCTAHOBJEHMM, Ha BIiIJaJi Bi KiHI[EBUX
edekrTiB [17, 25, 39], a TeMnepaTypHe IoJie — HE3aJEKHUM BiJl KiJIbIIeBOI KOOPAV-
HaTy B 1 3a71a4y 3 TPUBUMIPHOI TpPaHC(OPMYIOTH ¥ JBOBUMIPHY;

— BMKOPMCTOBYBAJIM OCbOBY CMMETPII0 BiTHOCHO II€HTPAJIbHOI OCi KOpIIyCy

peaxTopa IiJi Yac HallJIaBJIEHHS;

— MOJIeJIIOBaJIM IIOCJIiIOBHE HAHECEHHA IIPOXOJIiB HAIlJIaBJIEHHA 3 IIOKPOKO-

BMM IIPOCTEKYBAHHAM Yy 4dYaci Biff MOYaTKy HArpiBy MeTajsy KOYKHOIO

[IPOXONY 10 OXOJIOIMKEHH:A OO0 TeMIlepaTypu cymyTHboro migirpiBy 250°C.

Buxopucramu BignoBimHi mapameTpm JyKepesia HarpiBy i TemsodismuHi

BJIACTMBOCTI OCHOBHOIO MaTepiajly ¥ MaTepiajsly HaIlJaBJIEHHS KOPIIyCYy

peakTopa 3aJjeskHO Binm Temmepatypu [6, 30]. Beaskasm, 1mo mpu Temme-

patypi 1200°C i Buile ByiacTMBOCTI MaTepiaJiB He 3MIHIOIOTBCH;

— Ha BIJIbBHMX IIOBEPXHAX MOJEJIi 3aaBaJjii TPaHMYHI YMOBU KOHBEKIIIJIHOTO

TeII000MiHy 3 JIOBKILIAM 3a 3akoHOM Hbiorona. IIpu 1pomMy AJis BiJIBHOTO

OXOJIOJI)KEHHA y MOBITPI KoeillieHT KOHBEKIINHOro OOMIHY 0 MIPUIMaJI

piBauM 20BT/(M2-°C).

Iudepenriline piBHAHHA TEIJIONPOBIAHOCTI y [ABOBMMIpHIM ITOCTaHOBII B
LMJIHAPUYHIN cucTeMi KoopamHart (r, z), Oe r, z — KoopauHaTH (pajgiajibHa Ta
0CBbOBa) PO3IJIAHYTOI TOYKM KOPIIyCY peakTopa, Ma€ BUIJIAL:

0 (4 T\, 8 [, oT _oT
§(A§)+E(K§)+W(7,Z,t)—cy o’ (1)

Jle cy Ta A — BiANOBiZHO 00’€MHA TENJIOEMHICTH i TEIJIONPOBIAHICTL MaTepiaiy
npu temneparypi T; W(r, z, t) — HOTy»KHICTb PO3MOJIJIEHOrO AyKepeJsa HarpiBy.

Posnonin tensoBoi mory:kHOCTI mykepesia y piBHAHHI (1) MoskHa ommcaTy
3aJieskHicTIO (puc. 1)

qn'v'2’ KT'KZ

TVt 1+1/£ob
T

ne D,=(z — z,); D,=(r — 1,), 7, 2 — KOOPAMHATH PO3IVIALYBAHOI TOUKN; T, Z,
KOOPAVHATY ILIEHTpa PYXOMOIO JsKepeja HarpiBy; t — yac HarpiBy; v — IIBUI-
KicTh HamaBseHHA; K., K, — KoedilieHTN 30CcepeisKeH0CTi MMTOMOI0 TEILJIOBOTO
IIOTOKY, 3aJaHi BIAIOBITHO 1O TEOMETPUUYHNMX PO3MIpiB CMYroBOTO Kepesa
HarpiBy: rambuua a = 4 MM, mmpusa b = 40 mm. PospaxyHKoBa ITOrOHHA €Heprid
(gn) y Bupasi (2) 3 ypaxyBaHHAM 3MEHIIIEHHA 3araJjbHOI MOTYKHOCTI JKepeJa
Ha BUTPATH, IIOB’A3aH] 3 PO3NJABJIEHHAM IIPMCAJIKOBOIO MaTepiasy, Ta IpuitHA-
TOro KoedirieHTa eeKTMBHOCTI JKepeJsa HarpiBy 3a AYyroBOro HaIlJaBJIEHHA IIif
¢urocom n = 0.9 cranosuia 7800 Ik /mm.

Jl1s MOJZeJIIOBaHHA CMYTOBOTO JKepeJsia IIiJi Jac HaIUIaBJEHHA CTPiYKOBUM
€JIEKTPOJOM BMKOPMCTOBYBaJIM TaKi TOJATKOBI yMOBU:

W (r,2,t) = -exp[-K, -D,* -K,-D.? |, (2)

(= 9) <=2 <= (2 + ) = D =(z ~ 2) = ;

b

b
Z>(Zo+§)_’Dz=(Z_Zo_§

)s
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2<(20= 2) oDz -2+ 2.

l CTPidKOBHIT

EJIeKTPO]
IHKepeTio k P —Ke[z—zojz
“AKMBJIEHHA e

? OyHkep ans MexaHiaM nojgadi

Ga chattocy, eJIeKTpoaa z
CTpyMOIBin

HaILIaBHMI
aoe pyak Meren OCHOBHMI
MeTan

HaNpPAMOK
HalllaBJIeHHA 2

a) 0)

Puc. 1. CmyroBe mxepeno HarpiBy: a — TEXHOJIONYHA cXxema AyroBOro CMyroBOro HarmaBfieHHs!
nig dprtocom; 6 — NPUNHATUI Y MoAeni pO3MNOAIN NOTY>XHOCTi CMYroBOro A)xepena Harpisy
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Puc. 2. 3anexHocTi MexaHiYyHMX Ta Tennogi3MyHMX BNAcTMBOCTE/ OCHOBHOro Marepiany i
martepiany HannaeneHHs Bif TemnepaTtypu

IITo6 3abesmeunTy TOUHICTH pel3yJsbTaTiB, HiAOMpPaM PO3MIp CKIHYEHHO-
eJeMeHTHOI ciTkn. JIJ1a 1boro NOpIBHIOBAJM OTPMMaHI PO3PaxyHKOBI maHI Ipo
PO3MOIiNT MaKCUMaJbHIX TeMIIepaTyp, AKi BUHMKAIOTh y MeTaJi ITiJi Jac HaljaB-
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JIeHH, 1 XapaKkTepHuil gac oxomnopKrenna Atg,s Big 800 mo 500°C xoprycy peak-
Topa 3a pidHMX BapiaHTiB po3Mipy ciTkm 4x4; 2x2; 1x1 i 0.5X0.5 mm.

Busasnan (puc. 3), 1110 HaiO1IbIT ONTUMAJIBHOIO € ciTKa 1X1 MM, 1110 MiCTUTH
90484 Bysmie i 89832 emementiB. BukopmcroByBaTH npibHimry TyT Hepario-
HaJIbHO, 00 OJIA IIbOro HeoOXimHi 3Ha4HI 00UYMCIIIOBAJIBHI pecypcu, a IMOxXmOKa
OTPMMAaHMX 3HAa4YeHb MAaKCUMYMIB TeMIepaTyp 1 IIBUAKOCTEN OXOJOMIYKEHHA Ha

citrkax 0.5%0.5MM i 1X1 MM cTaHOBUTE MeHIIe 5%.

1800 & —— 4x 4 140 i
—— 2x2 :
D(.J —_ 1x1 :
g 1500 —— 05x05 120 | |
B i
m© | m
g’ 1200 3 s
@ 3100 'g
3 900 = 1=
g 4«4 i
» I
g ; 80 - —— 242 i
5 600 —— 1x1
= | —— 05x05
300 | 1 i 1 PR ] 1 60 —_ i i n | i L i i 1 i L L
0 0.01 0.02 0.03 0.04 0 0.005 0.01 0.015
BiftTaHb B300BX TOBLMHW OCHOBHOTO MaTepiany, M BincTass B3g0EX TOBLMHKW OCHOBHOMO Matepiany, M
a) 6)

Puc. 3. MopiBHsIHHA pe3ynbTaTiB po3noiny MakcuMarnbHUX TeMnepartyp (a) i xapakTepHOro
Yyacy oxonomkeHHs Atgs (6) y Todkax 3TB B340BX TOBLUMHM OCHOBHOrO MaTepiany,
OTPMMaHMX 3a Pi3HUX PO3MIPiB CKIHYEHHO-ENEMEHTHOI CiTKK

Ilona makcuMaJbHMX TeMIepaTyp i MeMKi XapaKTepHMX 30H ILJIABJIEHHA i
TEPMIYHOTO BIJIMBY 33 BMKOPMCTAHHS CKIHUYEHHO-eJIeMeHTHOI ciTkm 1X1 MM 30-
Opaskeni Ha puc. 4 3 ypaxyBaHHAM JBOX IIapiB HAILJIABJIEHHA 3araJibHOI0 TOB-
myHo 9 MMm. I'simbuua 30HM mponsasieHHaA (3II) ocHoBHOro marepiatxy 1 M,
rambuaa 3TB, npe BigmOyBaioTbca MIKPOCTPYKTYPHI (pas3oBi IMepeTBOpEHH:,
8...10 MM, 110 BIiAIIOBifla€ TEXHOJIOTIYHMM YMOBaM IIiJl 9aC JYTOBOT'O CTPIYKOBOIO
HaIJIaBJIeHHA [27].

3TB

>1500
1500
800
20

Puc. 4. 3M i 3TB nicna HannaBneHHs ABOX WapiB

3. KimeTukn mMikpocTpyKTYypHIUX (pazoBuUX mepeTBOpeHb. JJisd BU3HAYECHHS
MaKCUMaJIbHIX MIKPOCTPYKTYPHUX (Pa30BMX YaCTOK 1 KiHeTmkm ix 3miH y 3TB
I 4Yac HAIJIAaBOYHOTO HArpiBy 1 OXOJIOMKEHH: BMKOPMCTOBYBAJIM JBa Pi3HI
T TXOTNA.

3rigHo 3 mepIuM, 3aCHOBAaHMM Ha ITapaMeTPUYHUX (perpeciiiHnx) piBHAH-
HAX [9, 32], pe3yapTaT po3paxyHKy MacoBOi 4aCTKM KOKHOI (pa3u (MapTEeHCUT,
OeriHiT, (pepuTO-IIEPJIT, ayCTeHIT) y KiHI[eBilI MIKpPOCTPYKTypi IicJd O0XO0JIOn-
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SKEHHs 3aJIeKaTh BiJl XapaKTePHOTO 4Yacy OXOJOJKeHHA Atg;, €, Ta XIMI4HOTO
CKJIANy MaTepiay:

In Aty 5 —In At}

— VX =0,5|1—erf ;
LI MapTEeHCUTY f , er nS. ;

(3)

In At8/5 —1n Atfb(i1
In Sy,

s peputo-nepaity — Vid* =0,5( 1+ erf

; (4)

A Oernity — Vgia* =1- Vo - Vax, (5)

Bemuman ALY, Aty), Sy, Sgn BUSHAYAIM BaJEXKHO Bij XiMi4HOrO CKamy

HU3BbKOJIETOBaHUX cTajern [9] 3 Takum BMmicToM esieMeHTiB, %: 0.05 < C < 04,
Mn < 2, Si £ 08, Cr < 2, Mo <1, Ni £ 15, V < 02, Ti < 0.03,
Al < 0.05, Nb < 0.03. Kinetury sminu Besmunan V;(T) B iHTepBasi temuepaTyp

Bix TS(]) (mouatok moABU j-0i pasdm) 10 Te(]) (ximenp ii moABM mim wac posmagy
ayCTEHITY) PO3PaxXxoByBaJIM 32 CIIiBBiTHOLIEHHAMN

T,-T
sj ej
V,(T)=1- 3 Vy(T), (7)
M, 11,6

ne V. (T) — BmicT 3aJMIIKOBOrO ayCTeHiTy npu Temmnepatypi T.

3a Bigomumnu [3, 9] 3HaUEeHHAMM TeMIIepaTyp IOYATKY 1 KiHI|A IepeTBOPEHb
j-ol asm Ta TepMoOKiHeTMuHMMM aiarpamamy abo giarpamamyu aHizoTepMidHOTrO
posmany aycreHity (APA) BuaBmm, 1o A KopirycHoi crasi [8, 16]

To@m = 720°C; Ty = 600°C; Ty = 475°C;  T,q) = 325°C; Ty, = 325°C;
Te(M) = 2000(:,

r AMapreuncur -
200 | [
[

[ 0.15/¢10.04 /¢
0_ e daaad b b badiand il IS BN

10' 10 10° 10* tc
Puc. 5. fiarpama APA ctani 15X2HM®A kn.1 [8]: 1 — kpuTMYHa WBUAKICTb 3arapTyBaHHS

ctani 1I5X2HM®A kn.1, 2 — kpuTMYHa WBMAKICTb 3arapTyBaHHA cTani 15X2MPA-A
moa.A i moa.b

Jl1s KOpPITyCcHOiI cTaJi IMOYaTKOBMUII MIKPOCTPYKTYpPHMII pasoBuiti criayn (y
4JacTKax Bix omuuumuy) npmiimamu takum: V,=0, V=1, V=0, V,=0. 3riguo 3
pes3yJsbTaTaMy PO3PaxyHKy 3a 3aJaHUX PEKMMIB HaIlJaBJIEHHS, IIOIEPeIHbOTO
Ta cymyTHbOro mimirpiy mo 250°C, orpumani IIBUAKOCTI OXOJIONYKEHHA METaJy
COPUAITH 3MiHI ITiCJIA HAMJIABJIEHHA IOYaTKOBOI'O MIKPOCTPYKTYPHOTO (Pas3oBOTO
CKJIaNy, 30KpeMa, YTBOPEHHIO MapTeHCcuTy i dpeputo-niepity (puc. 6). Hactra
Oeitaity mpu 1pomy ckiaagae 0.80..0.90 (80..90%), wmaprencuty 0.10...0.20
(10...20%), a BmicT peputo-nepJity He nepesutye 0.05 (5%).
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Puc. 6. MporHosyBaHHS KIHETUKM MIKPOCTPYKTYPHUX (ha30BUX NepeTBOpEHb Mif Yac 0Xonoa-
XeHHs1 B Touui 3TB Ha OCHOBI napameTpuyHuX (PerpecinHmnx) piBHsAHb:
1 — mapTeHcuT, 2 — 6enHit, 3 — cepuTo-nepnit, 4 —aycTeHiT

Jpyruit minxin posrasgae KiHETUKY MIKPOCTPYKTYPHMX (Pa30BUX IIEPETBO-
PeHb B i30TepMIYHMX yMOBax, Jie JJIA OMNCY i30TepMIYHOTO IIePEeXOAy ayCTEeHITY
y dpepuTo-tIepJiiT i 6eliHIT BUKOPUCTOBYIOTh PiBHAHHA ABpami [21]:

V =1-exp(-bt"). (8)
Tyt V — BMicT MIKpOCTPYKTypHOI (pasm; t — yac i30TepMidHOrO IIepPEeTBOPEHH;
b, n — KoedpinienTN, 1110 3HAXOAATH 3 AiarpaM i30TepMiYHOr0 Po3mazy ayCTEHITY

[35]:
In1-V))
1 S

: s, (9)
In [ts} ts
te

ne V, ta V, — moyaTkoBuit i KiHIleBui1 BmicT dhasy, 3a3BMYail NpuiiMaloThb, 1[0
V,=001 ra V,=099; t, Ta t, — BiAIOBIHO Yac IOYATKy i KiHI|A IIepeTBO-
PEHHsI 3a CTaJIOl TeMIIepaTypIu.

Y Hamomy BUIIANIKy KoeilieHT n i3 Bupasdy (9) HECYTTEBO 3aJIEKUTH Bif
TeMmnepatypu (puc. 7).

b-10°

N
T

P TS SRS S SR RS IR SR |

O T
380 400 420 440 460 480 500 5207, °C

Puc. 7. 3anexHicTb koediuieHTa b Big TemMnepatypu

IITo6 momesroBaTM MIKPOCTPYKTYPHI (pas30Bi ITIepeTBOPEHHA 3a HEIepPEpPBHO-
IO OXOJIOMI?KEHHdA, 3aCTOCYBaJIM IIpaBMUJIA aUTUBHOCTI NJIA KiHETHMKM i30TepMidu-
HUX IepeTBopeHb [23, 24, 36]. Hac i Temmeparypy 3apojKeHHA OelHITHOI i
depuro-niepsiTHOI pa3 3HaAXOAMJIM 3a NEPEeTUHY aiarpaMy i30TepMiYHOrO PO3-
Iagy ayCTeHITYy 3 PO3PaxXyHKOBOIO KPMBOKI OXOJOMKEHHA (puc. 8), Koan

m At.
Y s, (10)
j=1 Y
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Zie T; T 4Yac 130TE€pMIYHOrO IEPETBOPEHH: 3a JAaHOI TeMmieparypu. Busnadexi

arigao 3 (10) TemmepaTypu TOYaTKy Ta KIHIA IepeTBOpeHb Taki: Ty
= 423_4330(:; TE(M) = 300°C, TS(6) = 486_5000(:; TE(5) = 423-433°C.

800
— KpUBa OXOJIOJPKEHHS
—— KPMBa TEPMIYHOIO [ePETBOPEHHS
© 700 (yTBOpeHHA 1Y GeiiniTy)
&
5
2600 |-
<
& Lk
)
E s00 [ 42
= L
H L
400 Atj—l Atj+1
[ At
— 1/ *
L t,
300 Lo o TR 0 e 1 T
0 40 80 120 160 Yac, ¢

Puc. 8. BusHaueHHst yacy 3apofxeHHs 6eliHiTy. (Kpusa giarpamu posnagy
nobynoBaHa Ans po3mipy 3epHa 30 MKM)

Tak AK KpuUBI i30TepMIYHOTO IIepeTBOPEHHA ayCTEHITy B pepuT i nepJirt He
[IEPEeTUHAIOTLCA 3 KPUBOIO OXOJOMKeHHA Touky B 3TB, To BM3HAYaM TiBKMU
MaKCUMaJIbHy 4YacTka OeliHiTy. JIJiA 1IbOrOo KPUBY OXOJIOAKEHHA po30uBasm Ha
cepiio HeBeJIMKUX KPOKIB 3a dacoM. Ha KOMKHOMY i-My KpOIli TeMIlepaTypy BBa-
SKaJIy TIOCTIiHO 1 3Haxommym BMicT OeriniTHOI dpasm [40]:

V; =1-exp(-b(t;)"), (11)

ne t; — (ixruBHWII 9ac i3 Bupasy (11), Ko mUTOMa YacTKa HOBOI MIKPOCTPYK-

Typu AocdArae 3Ha4eHHdA, 1110 BiATIOBinae€ NoIepeqHbOMY KPOKY 3a TeMIIepaTypu
LILOT'O 130T€PMIYHOIO IIEPETBOPEHH:

1/n
In(l-V.
(= AH[_MJ . (12)

b;

Hdnsa 6e3nudpysiifHOr0 (MapTEHCUTHOTO) MEPETBOPEHH: MNPUIAHAIN MOJEJb
Koricrinena—Mapbyprepa [29]:

V =1-exp(-b(Ts,), —T)"), (13)

ne Tgsuy — TemIepaTypa I09aTKy MapTeHCUTHOro IepersopenHs; b = 0.011;
n = 1. 3rigHo 3 mparneto [24] Ta Bupasom (13) dpazoBmii BMICT MapTEHCUTY

[1 — exp(=b(Tgy — T))]
[1 —exp(—b(Tsy) — TE(M)))] 7

ne Tpyy — TeMmmeparypa KiHIsI MapTEHCUTHOTO IePeTBOPEHHS; Vg gn — CyMapHa
dazoBa yacTka OelHITY Ta (PepUTO-IIepPJITy.

Y pe3ysabpTaTi MOAEJIIOBAaHHA MIKPOCTPYKTYPHOIO (pa30BOro CTaHy Ha OCHOBI
piBHAHHA ABpami oTpumasm  OeMHITHO-MapTEHCUTHY CTPYKTYPY  CTaJi
15X2HM®PA micia marmmaBienus (40..50% — gacrtra Oeinity, 50..60% — map-
TeHCUTy) (puc. 9). @epurto-nepJiiT He yTBOPIOBABCH.

JI1s mOpiBHAHHA MaKCUMMAJBHUX YaCTOK MIKPOCTPYKTYPHUX (pa3 BMUKOpPUC-
ToByBasm niarpamu APA, mobGynoBaHi 3a JOIOMOrOI0 IIporpaMHOro 3abesrie-
gyenHa (I113) JMatPro [34]. 3acTocoByrouM pe3ysbTaTy IPO XIMIYHMIA CKJA[ CTaJi
15X2HMPA [TY 108.765—78], po3paxyHKOBY HUIBUIKICTE OXOJOIKEHHSA, 30Kpe-
Ma XapakTepHe 3HadeHHA Atg,;s = 60 ¢, Ta pisHi BuXigHi JaHi Ipo posMmip 3epHa
craJi, orpuMasm pisHi miarpamu APA, a oTyKe, pidHI MacoBi YacTKM MiKpo-
CTPYKTypHUX (pas (Tabi. 1).

(14)

V=(1-Vygn)
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Puc. 9. MporHo3yBaHHS KIHETUKMU MIKPOCTPYKTYPHUX (Da30BUX NEPETBOPEHL Mif Yac 0Xo-
nopxeHHs B Touui 3TB Ha ocHoBI piBHAHE ABpami Ta KorcTiHeHa—Mapbyprepa:
1 — mapTeHcuT; 2 — BeiiHIT; 3 — ayCTeHiIT.

Tabnuusa 1
Poawmip 3epna crami, mm (156X2HMPA,
15X2HM®PA &1, 15X2HM®PA-A, |lireparypHe MaxkcumanbHa dyactra as
15X2M®PA, 15X2MDA-A Moz, A, JpKepesio [II3 JMatPro]
moz. B, 15X2HM®PA-A ki.1)
0.45 [7] Vs = 99%, Vgu = 1%, Vi = 0%
3.6...5.2 [20] Vs = 86%, Vgn = 0%, Vi = 14%
20...40 [13] Vs = 4.5%, Vgn = 0%, Vy, = 95.5%
35 [12], [19] | V5 = 3%, Vgu = 0%, Vi = 97%
40...80 [5] Vs = 0.9%, Vgn = 0%, V= 99.1%
95 [4] Vs = 0.3%, Vgn = 0%, Vy = 99.7%

Buasnim cyrreBmii BIIMB PO3MIpy 3epHa Ha MaKCUMaJIbHY YacTKy MeTa-
Jyprivianx das, Bu3HaueHMxX 3a gmiarpamamu APA. MosxksamBa Bapiallis oTpu-
MaHUX Pel3yJbTAaTiB 3a MOCTIHMX IIBUAKOCTI oxoJsomKkenHs (5b°C/c) i ximiunoro
CKJANy MOMKe CcTaHOBUTM, Hanpursaan, Bim 0.3 mo 99% OGenuity. ¥Y crani
IIOCTaYaHHA cepefHiil posmip 3epHa craji craHoBuTb 30 MM [12, 13, 19], mo
BUKOPHUCTAJIN NIJIA MOPIBHAJBHOI OLIHKM 3HAYEHb MAKCUMAJIbBHUX YaCTOK MIKpO-
CTPYKTyp Ha (puc. 10).

T°C
800
700
600
500
400
300
200
100

0
107 1 10’
C Si Mn Cr Ni Mo Cu S P \%
0.16 0.25 0.45 2.0 1.25 0.6 0.3 0.02 0.02 0.11

Puc. 10. Jiarpama APA ctani 15X2HM®A 3a pesynbtatamu M3 JMatPro [34] 3a 3agaHoro
po3mipy 3epHa 30 MKM 3 pOo3paxyHKOBOI KPUBOKO OXOMOMKEHHS Nif, 4ac HannaBneHHs:
1 — depuT, 2 — nepnit, 3 — BeHIT, 4 — ayCTeHiIT, 5 — mapTeHcuT 1%,
6 — mapTeHcuT 50%, 7 — mapTeHcuT 90%, 8 — KprBa OXOSTO4XKEHHS

Baginariro pesysnpTaTiB po3paxyHKIB MaTeMaTHYHOTO MOJEJTIOBaHHA MIiKpO-
CTPYKTYPHOro (ha30BOI0 CKJALY KOPIIYCHOI cCTaJli BMKOHAJM 32 JOIIOMOIOIO
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eKCIlepMMeHTaJ bHOI aumaToMmerpii Ta metasorpadii B IE3 im. €. O. Ilatona.
Excriepumenrasnbai  faHi, OTpMMaHI [IA [BOX XapaKTEepPHMX HAIJIABOYHUX
TEPMIYHMX IMKJIB 3a IIBUAKOCTEN 0xoJosKkeHHA b Ta 3°C/c B iHTepBaJi Temme-
patyp Bim 800 mo 500°C, BKasywoTb Ha (popMyBaHHA OeliHITHO-MapPTEHCUTHOI
MikpocTpykTypu. Ilim wac HaAIIIOBAJBHOIO IMKJIY 31 INBUAKICTIO OXOJIOIYKEHHS
5°C/c (Atgss = 60 c) B ocHoBHOMy MaTepiasi KP yTBOproeTbcA IepeBaskHO
MapTeHCUTHa CTPYKTypa 3 BMicToM OelHiTy no 20% (puc. 1la), a mpu 3°C/c
(Atgs = 100 c) — mosuicTio OeitniTHa (puc. 116). IIi excnepumeHTaJsbHI AaHi
KOPEJIIOIOTh 3 PO3PaXyHKOBUMIY, OJIEPIKAHVMI IIiJT Yac BMUB3HAUEHHS MIKPOCTPYK-
TYPHUX CKJIAJHMKIB Ha OCcHOBI piBHAHHA ABpawmi Ta 113 JMatPro.

6)

Puc. 11. MapTteHcutHo-6eliHiTHa (a) Ta GelHiTHa (6) MIKpOCTPYKTYpU 3paskiB 3a XapakTepHUX
wBMaKocTen oxonomkeHHs 5 Ta 3°C/c sianosigHo; x500

PospaxynroBi Ta excriepuMeHTaJIbHI 3HAUEHHA MACOBUX YaCTOK MIKPOCTPYK-
TypHux a3 y 3TB ropmycy peakropa HaBeneHi B TaOJL. 2.

Tabnuus 2

Meronnuka BusHaueHHA Maxkcumasnbhi yacTku as

1. Perpeciiini piBaaAHHA [9, 32] Vs = 80-90%, Vg = 5%, Vyy = 10-20%

2. PiBuanua ABpami Ta Koricrinena—Mapbyp-
repa [24, 29, 36, 40] Vs = 40-50%, Vg = 0%, Vyy = 50—-60%

3. Miarpama APA (II3 JMatPro [34] (puc. 10) Vs = 4.5%, Vgu = 0%, Vy = 95.5%

4. EXCrIepuMeHTaIbHI AMJIaTOMETPUIHII
aHaJi3 i MeTaJsorpadisa 3paskiB 3i crasi Vs = 20%, Vgn = 0%, Vi = 80%
15X2HM®PA (IE3 im. €. O. ITaTona)

fAx GaumMo, pPO3pPaxyHKOBI HaHi, oepskaHi 3a MeTOAMKOIO 2, mobpe y3roi-
JKYIOTBCA 3 iCHylOUMMM NJIA KOpIlycHol ctaJji [2, 18] PesysnbraTu, orpumani sa
niarpamamy APA, BKa3ylooTh Ha 3HAYHMI BMICT MapTeHCUTY (HaBIiTb BUILNIM, HisK
3TiIHO 3 eKCIEepPMMEHTOM) 33 3aJlaHMX PEYKVMIB HAIUIABJEHHHA 1 € Jelo Habum-
SKEHVMM, OCKIJIbKM I JiarpaMy CyTTEBO 3aJesKaTh Bifl po3Mipy 3epHa ayCTeHITYy
i mobymoBaHi AJiA CTAaHZAPTHUX TEPMIUHUX IMKJIIB OXOJOMYKEHHS, AKI MOYKYThb
3HAYHO BifpisHATHMCA Bif 3BapioBaybHMX. OCTaHHE TBEPJYKEHHA TAKOMK CTOCY-
€TbCA MEeTONMKM 1, 3acHOBaHOI Ha MapaMeTPUUYHMX PIBHAHHAX 1 AKa BPaxoBYE
TINMbKM XapaKTepHuil 9ac oxosomsxeHHa Atg s. Jlo TOro K TyT iCHYIOTb oOMeskeH-
HA LIONO0 XIMIYHOTO ckJjaany craJgi. IlepeBaroro I1iel MeTOOVKM € MOMKJIMBICTH
BpaxyBaTH 3MiHy XiMmiuHOro ckJsany B 3lI, BUKOPMCTOBYIOUM IIPMUCATKOBI MaTe-
pianu 3 BiZMIHHMM Bif OCHOBHOro MaTepiajsy ckJmaazoM. Metonmka 2 (piBHAHHA
ABpami) mae MOMKJMBICTH Kpallle BPaXOBYBaTM OCOOJIMBOCTI 3BapiOBaJIbLHOTO
LIVIKJIY OXOJIOMPKEHHSA 1 IOCTaTHBO KOPEJIOE 3 eKCIIePMMEHTAJIbHNMY JaHVIMIAL

MikpocTpyKTypHi (ha30oBi IepeTBOPeHHA 3MIHIOIOTb MeXaHiuHi 1 Teryodi-
3UMYHI BJIACTMBOCTI MeTaJIy IIiJi Yyac HarpiBaHH:A 1 OXOJIOMYKEHHs, II[0 BIIMBAE Ha
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pe3yJsbTaTy IIPOrHO3YBAaHHA HANPY)KEHO-IePOPMOBAHOTO CTaHy IICJIA HaIlJIaB-
JIeHHA. ¥Y TOJaJIBIINX PO3paxyHKaxX HaIPYsKeHb 1 edopMallill KopIycy peakTo-
pa BBEP-1000 BuKOpUCTOBYBaTMMEMO OOMABI METOAVMKIM — perpeciiiHi piBHAHHA
(1) i piBuanua Aspami ta Koiicrinena—Mapbyprepa (2) — nJA OLIHKM BIJIMBY
KIHETUKM MIKPOCTPYKTYPHUX I[I€PETBOPEHb Ha PO3IMOALT 3aJMUIIKOBUX HAIPY-
SKEHb.

BucnoBkn. IIporHo3yBaHHA KiHETMKM MIKPOCTPYKTYPHMUX (Pa30BUX Ilepe-
TBOPEHb y KOHCTPYKIIHNX CTAJIAX — OFHA 3 OCHOBHMX 3aJa4 MOJIEJIIOBAaHHA Me-
XaHIYHNMX BJACTMBOCTEN 1 HaNpysKeHO-71e(pOPMOBAHOIO CTaHy 3BapHUX 3 €HAHb.
Ha npuxmani nyroBoro HamnsaBJeHHS 3aXVMCHOTO aHTMKOPOS3IMHOIO Iapy KOPILy-
cy peakropa BBEP-1000 mpoanaJizoBaHo pis3Hi migxoam MaTeMaTUYHOTO MOJie-
JIIOBaHHA KIHETVKM MIKPOCTPYKTYPHUX (Pa30BUX IIepeTBOpeHb y meTasi 3TB.

Merogammn guiatomerpii i wmetasorpadii 3paskiB crami 15X2HMDA,
HarpiTMX 1 OXOJIOMYKEHVX BIAIIOBIHO MO XapaKTepHMUX IIiJ Yac HaIJIaBJIEHHSA
TEePMIYHNX IMKJIB 3i mBuAkKicTioO oxosomxenusa 5 ta 3°C/c B iHTepBati Bifg
800...500°C, sadircyBasmu BmicT mapreHcuty 80% OJiA IIBUOKOCTI OXOJIOMYKEHHSA
5°C/c Ta moBHicTIO GeliHITHY CcTpyKRTypy — Ausa 3°C/c. Tobro iHTepBas mBum-
KOCTeJl OXOJIOJKEHHdA, B SKOMY B3aJIMIIIKOBa MIKPOCTPYKTypa 3MIHIOETBCA Bif
MapTEHCUTHOI 10 ITOBHICTIO OEfHITHOI, JOCTATHBO BY3bKMUIA.

3a MEeTOQMKOIO, 3aCHOBAHOI0 HA PErpeciiiHMX PiBHAHHAX, IIiJ Yac JYTrOBOTO
HaIIaBJIEHHA aHTMKOPO3iiiHoro 1mapy min dgparocom 3 migirpisom mo 250°C y 3TB
OCHOBHOTO MaTepiajy KOpPIIyCy peakKTopa B3a IIBUIKOCTI oxojomskeHHsa 5°C/c
OTpMMaHa 3aJMIIKOBA MIKPOCTPYKTypa 3 IlepeBaKaJibHMM BMicTOM OeifHiTy 3a
He3Ha4yHOro MapTeHcuty (7o 20%).

PospaxynkoBi pesysnbraTy, onepskaHi 3a METOAMKOIO, SKa BUKOPMCTOBYE
piBasAuHA ABpami Ta Koiicrinena—MapOyprepa, 3acBimgumim, 110 3a IIBUIKOCTI
oxosomekeHHA H°C/c y 3TB ocHOBHOro MeTaJsly yTBOPIOETHCA MIKPOCTPYKTYpa 3
IIepeBasKHNM BMICTOM MapTEHCUTY, II[0 J0Ope Y3TOIKYEThCA 3 pel3yJbTaTaMu
excriepumeHTiB. TakuMm umHOM, ii 3aCcTOCYBaHHA JJIA BM3HAYEHHA MAaKCUMAJIbHIX
YaCTOK MIKpPOCTPYKTypHUX a3 y 3TB HusbroseroBanoi crasmai 15X2HMDPA mixg
4Jac 3BaplOBAJIbHOTO HATPIBaHHA JIOIIJIbHE Ta OOI'PYHTOBaHE.
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MATEMATWUYECKOE MOAENIMPOBAHUE MUKPOCTPYKTYPHbIX ®A30BbIX MPEBPALLEHUN
NPU CBAPOYHOM HAIPEBE HA NMPUMEPE HAMJNABKU 3ALLIUTHOI O CJ10A KOPMYCA
PEAKTOPA BB3P-1000

C nomowybio pazpaboOmMaHHbLL KOHEUHO-3NeMEHMHBLL Mmo0enell YUCAeHHO UCCAeO08AHDL
HECNAYUOHAPHDLE MeMNePaAmypHble NOAL U KUHEMUKAL MUKPOCMPYKMYPHBLL Pa308bLr
npespaweHull 8 OCHO8HOM Mmamepuane xopnyca peakmopa BBOP-1000 (cmaas
15X2HM®A) npu 0yzoeoll nHanaaske nod PHA0COM 3AUWUMHOZ0 AHMUKOPPOZUOHHOO CAOS
u3 aycmenumuozo mamepuasa. Ocyuecmenen CPABHUMEAbHDBIT AHAAU3 Pe3YAbMaAmos
MOOCAUPOBAHUSL  MUKPOCTIPYKMYPHBLL Ha308blx mpespaweHuti. mo 0sym memodam
npozHo3uposarus pacnada aycmerwuma npu oxaaxcOenuu. ITepewviti ocnosan Ha npume-
HeHUU DeZPecCUOHHBIT YPasHeHrull U TapaKmepHozo epemenu oxaaxcdenus Atg,s;
8mopoltl — Ha OuAZPAMMAX UOMEPMULECKO20 Ppacnada aycmeHuma U YpPaeHeHUSLT
Asgpamu u Koucmunena—Mapbypzepa. B pesyavmame mo0eauposarHus muxpocmpyr-
MYPHBLL NPEBPAUeHUT NPU HANAABKE MNOAYUEH OeUHUMHO-MAPMEHCUMHDBIL COCTMA8
OCHOBHOZO MAMEPUAAL KOPNYCA PeaKmopa, 4mo nodmeepioerHo aKCNePpuMeHmarbHo ¢
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nomouwyvto npogedenuvir 8 MIC um. E. O. I[Iamona Ousamomempuueckozo aHaiudad u
memannozpaPuu 04 08Yxr rapaKmepHslr MepMULecKuUr HanAd80UHBLL YUKAOE.

Katoueswvie caosa: peaxkmop BBIP-1000, anmukxopposuortas Hanaasxka, ouazpamma APA,
MUKPOCMPYKMYPHDBle Pa3o8ble NPespaeHus, KUHemuKa npespawerHutl, ypasHerue
Aspamu.

MATHEMATICAL SIMULATION OF MICROSTRUCTURE PHASE TRANSFORMATIONS AT
WELDING HEATING BY EXAMPLE CORROSION RESISTANT CLADDING OF THE REACTOR
VESSEL VVER-1000

Using the developed finite element models the mnumerical research of unsteady
temperature fields and kinetic of microstructure phase transformations of the base
2.5Cr—Mo—V steel (15 H2ZNMFA) of the reactor vessel VVER-1000 at arc cladding of the
corrosion resistant layer under flux were simulated. A comparative analysis of the
results of simulation of microstructural transformations using two wmethods for
predicting the decomposition of austenite by cooling was done. The first method is
based on the application of regression equations and the characteristic cooling time
Atg ;5. The second — on the basis of isothermal diagrams and of the Avrami and
Koistinen—Marburger equations. As a result of modeling of the microstructural transfor-
mations during cladding, the bainite-martensitic composition of the base material of the
reactor vessel was obtained. These results were confirmed experimentally using
dilatometric analysis and metallography for two characteristic thermal cladding cycles,
carried out at the Paton Welding Institute.

Key words: reactor pressure vessel WWER-1000, anticorrosion cladding, CCT diagram,
microstructural phase transformations, phase transformation kinetics, Avrami
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