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MEXAHIKA TA MATEPIAJIO3HABCTBO

VIIK620.192.7
B. I'ynaiimoxk, kang. Texs. nayk; L. Oxinnuii; O. Scuii
Teproninscoxuil deporcasnuii mexuiunuii ynisepcumem imeni leana Iymon

BILIMB NIONEPEAHBOT O KOMBIHOBAHOI'O PO3TATY HA
HAIIPYXKEHHS CKOJXOBAHHS

Hocnioxceno ennue nonepednvozo Oedopmyeanns xombinosanum POIMAZOM  HQA  HANPYICEHHA
ckomosanns cmani 1 5X2M®A nicas mepmoobpobru, axa modemoe padiayiiine OKDUXNENHA MAmepiany Kopnycy
peaxmopa muny BBEP-440 nio kineyb mepminy excnryamayii.

Bixomo, mo nonepenne npyxnonnactiune nedhopMyBanHs (ITILY) 3minroe He TiNnbKkH
XapaKTEPHCTHKM MEXaHIYHMX BIACTABOCTeH MaTepianis, a i icTOTHO BmiEBac Ha omip
KpHXKOMY pyHHyBamuio [1, 2], ymapuy B’sskicts [3], TemmepaTypy B’S3KO-KpPHXKOro
nepexony [4]. B’siskicth pyliHyBaHHs B yMOBaX CTATMYHOIO HaBaRTaxeHHs micns T moxe
36UIBUIYBATHCh, 3MEHIITYBATHCh, 3MIHIOBATHCh HENIHIMHO y 3aNEXHOCTI Bia TeMIeparypH,
aMIULITY/IH DONEPEeHHOr0 IPY)KHOIIACTHYHOTO AeOpMyBAHHS Ta IHIIE,

Ockinbkm omip KpEXKOMy pyiiHyeaHHIO B 3anexsocri sin ITIJ] i TEMIIEPATYPH
OMUCYIOTE 32 IONOMOTOIO JIOKAIHHX KPHTEpiiB pyHHYBaHHSA, TO Y AKOCTI TAKOTO KPHTEPIIO
MOXHA BWKODHCTATH HAIIPYXCHHS CKOJIOBAHHA O, K€ BH3HAYAIOTh 33 DPE3YAbTATAMH
BANPOOYBaHHS IHIHAPHIHMX 3Pa3KiB.

Aramis pesyneratis mocnimkens cBimumte, mo IIIIJI Moxe 3Gizbmysaru abo
SMEHIIYBATH HANPYXEHH{ CKOJIOBAHHA Oc B 3aNCKHOCTI BiJ BHAY HABAHTAXCHHS
(kBasicraruane, nukiiae) i cnocoby nedopmysanns (posTsr, cTuck) [S5-7].

OpmHak He 0CTaTREO BHCBITIICHE NHUTAHHA BIUIABY HAa HANPYXKEHHS CKOIIOBaHHS
0MepeNEBOro AehOPMYBaHHS, AKE MOENHYE CTATHYHY Ta HKIIIHY CKIAA0BY.

Metolo namoi pofoTH € JOCHUKEHHA BIUIMBY [apaMeTpiB  NONEPEIHBOIO
AepopMyBaHHS KOMGIHOBaHMM PpO3TAroM (TEMIICPAaTYPH Ta aMIUNTYA) HAa HANpPYXKEHH:A
CKOJIFOBAHHS G cx KOPILYCHOT TEMIOCTIHKOI cTaU.

Metoauka xociimpxenns

XapakTepuCTHKH MEXaHIYHHX BIACTUBOCTEH Ta HATIPYXKEHHS CKOJIOBAHHS BH3HAYATH
3a OJHOBICHOTO PO3TATY IJIANKMX WHITIHAPHYHMX 3pa3KiB JBOX THIIOPO3MIpiB: JiaMeTpoM
poboyoi ginsaxu 8MM Ta JOBKHHOIO poGodol yacTrM 20 MM Ta 5 MM i 10 MM Biamosiago.

BunpobysaHHS IpOBOXMIIA Ha CEPBOTiApaBNivniii Bunpobysansaiil Marumai CTM-100
supobuunTea  AHTK imMeni O.K. AnroHoBa (M. KniB), 3 xepyBanmaM BiI mepcoHaNbHOrO
KoMm’1oTepa tTuny IBM PC/AT.

3paskd nonepeaHbs0 AehopMyBanH KOMGIHOBAHAM PO3TATOM (PO3TAT 3 HAKIAJAHHIM
OMKIIYTHOI CKIafoBoi) A0 piBHA IUacTayHO! Aedopmanii g = 0,5%; 1,0% 1a 3,0% B
nianasoHi temoeparyp 423...623K. ‘

3pa3ok Harpisaim 10 33[aHO1 TEMIIEpaTypH 3a JOMOMOIOIO eNeKTPOIedi, HarpiBaHus
AKol perymoBya.noic;i' 3a JIOIIOMOIOK0 CTAHAAPTHOIO BHCOKOTOUHOTO PEryIsTopa TeMIepaTrypu
Tuny BPT-2. TemmepaTypa HarpiBaHHA 3paska KOHTPOJIOBANACE XPOMETb-aMIOMETEBOIO
TepMONapolo, ska MpuBaploBalack O 3paska. [loxubka BHMIpIOBaHHS TAa MiITpEMAaHHS
TeMIIEpaTypH 3pa3Ka He nepepuiryBana + 1K. ,

Jlna BuneceHHs TEH3OMETPMYHOrO JaBaya 3 30HM il BHCOKOI TeMueparypu Gyna
pearizoBana BEMipIOBANbHA CXEMa, fiKa NOJIAHA Ha pHC. 1.

‘CxeME HaBaHTaXyBaHHS 3paskiB mojami Ha puc.2. Jledopmaiio BHMIipIOBaIH
TEH30METPHYHHMM JlaBadeM, poOodi eNeMEHTH $KOro YBIMKHYTO 33 MOCTOBOIO CXEMOIO.
Ioxubka .B:nMip}oname nepopmanii He mepebumysana 4-10° mm/mMm. PoaMax muKTiIHOI
CKJIaJIOBO1 HANPYXKEHHs IpH KoMGiHoBaHOMY po3Tsasi ciiagaB Ac =50, 90, 110, 180 i 220
MIlla, yactora HaBanTaxeHHs =25 ', n6 AG=AGmau-AGmin; ACmax 1 ACmin. — Halbineme i
HaliMeHLIe HanpyXeHH LHKITY.
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Puc. 1. Cxema sumipropanns nedopmauii npu ITIJL y manasoni Temneparyp 423...623K.
1 — Tensonanad, 2 — Hix, 3 — moxoBXKyBay, 4 — iy, 5 — 3pa3ok, 6 — 6nok, 7 — 1poc, 8 — BanTax, 9 — 3aXOIUEOBAY

Puc. 2. CxeMH HaBaHTAXYBaHHS,
1 —-po3rar, 2 — kombiHoBanwmit poaTar
(posTar 3 HaxyanaHHAM UMKITIYHOT CKNanoBOT)

3ycmmis P ta mosjoBxHIO JedopMamiio JHCKPETHO peecTpyBal yepe3z 55 Mcexk,
3araibHa KUIBKICTh TOY0K BHMIPIOBAHHSA 3aJ1aBANACE IO NMOYATKY exkcoepuMenTy. Pesyantati
ROCHIIKEHb 3aNHCYBAIMCA Ha MarHiToHociii i o6po6nsmck y MatemaTausii o6osoHIi
MathCad. Ilapanensno IS Bi3yaNbHOrO KOHTPOMO 3MiMCHIOBABCS 3AITAC JiarpaMH Ha
ABOXKOOPJHHATHHI CaMONHCELb B KOOPAMHATAX "3yCHILIA - HO3A0BKHA Aedopmartis’.

Hanpyxennss cxomoBaHHA Oc A€OPMOBAHOrO MaTepiay Bu3HAYAIH npu
TeMneparypi 77K y TepMoizonsoBaHiii kaMepi, 3anoBREHIH PiIKAM a30TOM.

3pasok BCTAHORINOBABCH Y 3aXOIUNOBAY, OJMH 3 sKMX (BepXHil) Yepes KymnoBHI
LIApHIp 3'€HaHAH 3 JUHAMOMETPOM, a iHMIMN HEPYXOMO 3aKpillleHHH Ha i KaMepH, AKa
TaKHM 9MHOM KPiIMNachk X0 pyXOMOro HITOKA.

Ilig wac BunpoOymaws peectpyBamu 3ycuiuis P Ta mepemimenss mroxa S ma
MarHiTOHOCIH Ta BHBOJMJIOCH Ha JBOXKOODIAMHATHHI CAMO3AIHCYBATHHHI NOTEHLIOMETP.
IlpH BH3HAYEHHI G JjarpaMa 3yCHILIS — nepeMillicHHA INTOKA y BCix BHOaakax 6yma
nidiiHoko. Ilonepeuna 3amumkoBa Makpockomiuga nedopMauis micns pyHHyBaHHS 3pasKiB
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byna Bincyrns. KopexTHMMM BBaXanuch pesynbTaTH BHAOpOOYBaHb, OTpHMaHi Ha THX
3pa3KaX, KpHXKEe pyHHYBAHHS AKUX BiAOYBaNOCEH Y MEXax poGoYoi ALIAHKH 3pa3ka.
HanpyxeHHS CKOIIOBaHHS O, BA3HAYANHA 32 (GOPMYIIOL0:
o =P /5,
ck Kk Tk
ze Px - 3ycmmﬂ pyHHyBaHHS;
S=n-d%/4 - oma MONEPEYHOr0 Nepepisy 3paska nicnd pyHHyBaHRS;
D - niameTp 3pa3ka micis pyHHyBaHHS.

Pezym;ra'm noc.rmmcemm Ta ix o6roBopenns - ' i

Ximianmii cknaf i pexuamu TepmooGpobka crami 15X2MOA HaBenem y npaui {8].

XapaKTepHCTHKH MEXaHIdHUX BIACTHBOCTeM ctani 15X2M®A 8 gianasomi
Temmneparyp 77...623 K [8] monani B TaGmumi 1.

Tabnumns 1
XapakTepUCTHKH MEXaHiYHMX BHACTHBOCTEH crani 15X2MdA
T, K Go2, MIla Oa, MIla 3, % vy, %
77 1440 1590 3,10 2,90
293 1100 1160 16,6 67,2
423 956 1020 15,6 65,8
623 880 970 15,2 65,2

TlapameTpn nONEpeAHLOTO IUTACTHYHOTO Ae(OPMYBAHHS Ta HATPYKEHHS CKOMIOBAHHA
TipUBeJicH] B Tabmumi 2.

Tabaunsg 2
[TapameTpH nonepeaHROro NIaCTHIHOTO AeOPMYBAHHS Ta HAIPYKEHHS CKOMIOBAHHS
cram 15X2MODA

Ne 3/m Temmeparypa, K | g,,% | Ao, MIla Omax, MIla O, MI1a
1 623 1,0 - 1019 1746
623 1,0 110 956,3 1618
3 623 0,5 - 936,8 1701
4 623 0,5 110 948.5 1504
5 423 1,0 - 1107 1706
6 423 0,5 - 1040 1680
7 423 1,0 90,0 1016 1565
8 423 05 | 900 1031 1602
9 623 3 - 1048 1789 - |3
VI 10 623 V3 110 1081 1686 é
v 11 - 423 /3 90,0 1062 1725
12 ' 77 - - - 1632
13 ‘ 623 1 220 1124 1712
14 423 1 180 1126 1676
15 - 423 1 50,0 1150 1672

Ha pue. 3 npencrasneso otorpadii 3namis mwIiHAPHYHUX 3pasKiB, AKi NONEPETHLO
AedOopMyBaIIH PO3TATOM i KoMGiHOBaHEM poaTsarom a0 1,0 % npu 623 K.
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i ' 2
Puc. 3. 3namu 3paskis nicna nonepeansoro negopmysanns poararom (1) i komBinoBanuM postarom (2)

3aleXHICTh HAUPY)XEHHS CKONIOBaHHS BiJl pIBHS [OHEPEAHBOI TNACTHYHOI
netopmarnii HaBeaeHO B puc. 4.

G, MlIla

1800

1
17507

1700 7
1650 1

1600

1550

1500

1450 T T T — 7 T
00 05 1,0 15 2,0 2,5 3,0

Epr, Y0

Puc. 4. 3aneXHICTh HANPYXKEHHA CKOMOBaHHA O, CTali 15X2M®A Bin nonepearbol naacTHaHOT fedopmauii
postarom (1, 3) i komGinoBarum postarom (2, 4) npn 423 K (1,2) 1623 K (3, 4) i Ao = 90,0 MIa (2),
Ac =110 MI1a (4)

3 puc. 4 BMIUIMBAE, WO MONEPEJHE HAACTHYHE Ae(hOPMYBAHHA DO3TATOM [pH
temnepatypi 423K...623K 30inplrye HampyXeHHS CKOMIOBaHHA Oy cram 15X2MOA vy
NOPIBHAHHI 3 NepBICHUM MatepiajioM. TpebGa 3aswaumrn, mo Oinbix iCTOTHE 30LIBIICHHS
HAPYKEHHSA CKOJIOBAHHA CIIOCTEIracThes micns nedopMyBaHHsa NpH TeMmieparypi 623K.
Ipote ByiAB TIONEpEeaHLOro KoMG1HOBAHOrO HaBaHTaXeHHA npu Temnepatypi 423K 1 623K
Ha HANpY)XeHHs CKOJIOBAHHA 3aJIEKHTH BLI BEeNWYHHH TlacTHuYHOI aedopmamnii. [Ipn
aedopMyBarHi KOMOIHOBaHHM PO3TATOM 0 €,,=0,5 % (623K) i 1,0 % (423K) nanpyxeHss
CKOJIIOBAHHS O« 3MEHIIYETHCH Y MOPIBHAHHI 3 HepehopMoOBaHUM MartepiasioM. MiniMaiibHe
3HAYEHHA O JOCATAE Y TOUKAX, A€ €5=0,5%; T=623K Ta £,~1,0%; T=423K (pnc. 4). [lpn
361ibineHds monepexHpol Aedopmanii komOiHOBaHMM po3taroM a0 3,0 % HanpyXcHHS
CKOJIOBAHHS 3POCTAE [ULA 000X TeMrieparyp.

3ajieKHICTh HAUPYXEHHS CKOJHOBAaHHA BiJl pO3Maxy [HKIYHOI CKIaJ0BOi
HANpyXeHHa AC T Yac [onepe Hboro KoM6iHOBAHOTO PO3TATY HaBEACHA Ha PHC. 5.
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Puc. 5. 3aseRHICTh HANPYXXEHHS CKOMOBAHHA BiJl PO3MaXy HANPYXEHHSA ONEPEAHROTO TIACTHUHOIO

nedopMysanus 210 €, = 1,0 % npu 423K (1) i 623K (2)

36iibieHAS po3Maxy Hanpyxenus no 90,0 MIla i 110 MIla simmosizao mnpu
temuepatypi 423K i 623K amenmye Ha 8...10 % HaupyXkeHHS CKOJFOBAHHH MOPIBHSHO 3
HepedopmoBanuM MarepianioM. Ilopamsme 3pocranas Ao go 180 Mlla i 220 MIla
BigmosixHo mpa 423K i 623K 36inbMIye Ocy, ONHAK BOHO 3ANHINACTHECS MEHIMHEM Y [OPiBHSHHI
3 O HEZSHOPMOBAHOTQ MaTepiany.

Ha pmc. 6 nokasaHa 3alieXxHiCTh Gp; Bl po3Maxy HanpyxeHs upm 623 i 423K
BusBjeHO 3MEHINEHES YMOBHOI I'PaHHIL TEKYYOCTi Goz i3 3pOCTAHHAM PO3MAaxy HalpyXeHb

Ac  npm x0M6iHOBaHomy po3Ta3i

33 TEMIEPaTypH MONEPE/HEOro

MIacTAYHOI O

- frepopmysanns 623K (1) i 423K (2). Tpeba 3asHa4uTH, MO i3 30LIBIICHHSIM TEMIICPATYpH
HHlI TpaHuIL Telcytloc'n G0z cTani 15X2MO®A 3menryerscs.

T.K | tm%
o | a2 1,0
v | 423 05
v | 423 3.0
. | 623 1,0
s |63 05
Go.2, MIIa s 1623 3.0
lom- -1
] —e— .2
10007
980-_
960-_
940 ]
9201
. 9001 1
© 8801
860
840 +—— : e :
0 50 100 150 200 250
Ao, MIla

Puc. 6. 3anexHICTs Gy, BiZl po3Maxy Haopy#eHb [IPH TEMIIEPaTypi NONEPERRLOIO

nedopmysanna 623K (1) 1 423K (2)
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M onmcy npouecy imrencHikamii mmacTHumOi AedopMainii 3a KOMGIHOBAHOTO
PO3TATY HAMH 3aNpOHOHOBAHO Napamerp AZ =Ac¢/g,, Tyr As=¢£,-¢€,, &g i g -
NpyRHOIIACTHYHA JedopMalis BixnosinHo npw Kepopmauii KOMGIHOBaHMM poaTsroM i
PO3TArOM NPH PiBHAX HaUPyXeHHAX (pHc. 2).

AHam3 eXCHEPEMEHTATLHAX JAHHX CBIIYMTb, MO KOMOGIHOBAHMI POSTAr iCTOTHO
36inbIIye wacTayHy aedopManio A€ 3a OJHAKOBHX HAIPYKEHb (puc. 7a). IlpuaoMy 6inem
icrotHe 3pocTaHBs Ae Wil Hi€F0 KOMGIHOBAHOIO HABAHTAXEHHS CIIOCTEPIracThCS npH
Temneparypi 623K nopisasmo i3 423K,

I3 3binbmenHsM HanpyxerEs komGinosamum UIITJ[ napamerp AZ 3poctae sk npa
T = 623K (2), tak i npu T = 423K (1) (puc. 76).

Ag, % Az
087 | =15 0.61
0,74 .
0,51
0,67
0,5] 0.4
0,41 0,31
0.3 0,21
0,24
0,11 0,1
0,04 sa— \ \ ; . 0,04 v~
800 840 880 920 960 1000 T ——— T —r—
800 840 880 920 960 1000
o, Mlla c, Mlla
a 6
Puc. 7. 3anexunicts A& (a)i AZ (6) Bix Hanpyxeuns xomGinosasoro TITJ
npu T = 423K, €, = 1,0 % (1) Ta mpu T = 623K, £, = 3,0 % (2)
BucnoBxH

1. Tonepenus nmnactudEa nepopmaitis posrsrom mpu 423K i 623K 36imeiiye manpyxenns
cxomopanua crati 15X2M®A nopisrano 3 memedopmoBanam matepianom. IIpote
XapaxkTep BIUIMBY NONEPENHROro KOMOIHOBAHOIO PO3TArY HA HANPYXKEHHS CKONIOBAHHS
3AIEXUTE BiJ, PiBHA INacTHIHOI fedopmanii. [Tpn xoMGiHoBaHOMY po3TA3i 1O €5 = 1,0%
upu T = 423K 1a 0,5% mpu T = 623K HalpyXeHHs CKOIOBAaHHS 3MEHITYETHCA TIOPiBHAHO
3 nepsicHuM Matepianom. [Topamsme 36insmenns II1J] DprBOAKTE N0 3POCTaHHS Gy Y
NOpiBEAHHI 3 NIEPBICHAM MaTepialloM, ane y BCiX BHIAAKaX HANPYXEHHS CKONOBAHHH
npA  KOMOIHOBAHOMY PO3TA3i 3AMANIACTRCS MEHIIHMM, HDK MicIf [IONEpeaHsoro
AchOpPMYBaHHS PO3TATOM.

2. SIx B yMOBax NouepemHBLOrO PO3TArY, TakK i KOMOIHOBAHOrO PO3TArY Binbine 3pOoCTaHHS
HaTpyXeHHs. CKOJIOBAHHAS CIIOCTEPIracTecs nicns AeopMyBaHus IpH Temueparypi 623K
B popieHsHHI 3 423K. 36inbmenns posMaxy HanpykeHb jo Ac = 90,0...110 MIla
sMenimnye Ha 8...10% manpyxenHs ckomoBanHs cram 15X2M®A npopisrsHO 3
HemedopmoBaHaM MarepianoM. Tlonansine 30inburenasM posmaxy 10 Ac = 180 (220)
MITa npu Temneparypi 423 (623)K 36inbmye Gg.

3. Ilpu 3pocramyi Hanpyxenrs I nmpu Temneparypi 423K ta 623K pizemus Mix
IUIACTHYROO Jedopmariicto 1ipi koMOIHOBaHOMY po3Ta3i i po3tasi 36inemyerscs no 0,3%
1 0,7% BizmoBigHO.

The influence of preliminary combined tensile deformation on cleavage stress of steel 15Ch2MFA in a
condition which simulates radiating embrittle of a material of the case reactor such as WWER-440 by the end of
the reactor vessel operating life is investigated.

Poboma euxonana 3a paxynox 6wdxcemuux Kowsmie [epiucasnozo @ondy dyndamenmanvrux
oocnidscens no memi D7/348-2001.
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lTepuonuzbczarcuu Oepoicasnuti mexxiunuil ynisepcumem imeni leana Iynios,
Tepuonwabxuu HayioHaneHu nedazozivHul ynieepcumem imeni Boarodumupa

Tnamioxa

ABI OCECHMETPUYHI 3AJAYI TEPMOMNPYXHOCTI
3 KPYTOBAMM JIHISIMM PO3/LTY TPAHHYHHX YMOB
JIJISI TPAHCBEPCAJIBHO I30TPOIIHOI'O HIAPY

Po3spobineno  anzopumm OOGCRIONCEHHR HANPYXNCEHOZO CMAHY, WO GUHUKAE 6 MPAHCEEPCaNbHO
BomponnoMmy wapi & pesyaemami mennoobminy 3a 3axonom Hviomona Mixnc wapom ma 306HiwNiMU
cepedoguuamu npu HanerOCmi ninilk po3oiny 2pANUYHUX YMO8 Mpembozo pody O meMnepamypu, aK Ha oOKil,
max i Ha 060X ZPAHUNRUX NIOWUHAX WaDY.

Beryn. B cyyachift Texmimi 6arato cnopyn, xeraieil ManmH Ta By3JIB NpHIajiB
NpamioloTh B yMOBaX 3HAYHHX TEIUIOBMX HABAHTAXKEHH. BHHUKAIOYW I[IpH  HbOMY
TEMIIEPATYPHi HANPYKCHHS MOXYTb HaOyBaTH XDHTMMHUMX 3HAYeHL i BifirpasaTd
BHpIIIANbHY POJs NPH PO3paxyHKax Ha MilfHicTs. B 3B’a3Ky 3 nuM 3ajaqi TepMONpyXHOCTI,
AKki HabymH 0OCOGIMBOTO PO3BHTKY B CepeJMHI MHHYNOTO cTOmTTA [1,2], HWe BTpadaroTh
aKTyanpHOCTi i B Bami jHi. Merolo 3amponoHoBaHoi po6oTH i € po3pobGka anropurmy
JOCTIUKEHHS HANIPYXXEHOTO CTaHy B 3a/jauaX TEPMONPYXHOCTI NPH HAABHOCTI JIHIA po3miny
TPaHMYHEX YMOB 'TPETBOTO PpOAY JUIA TEMOEPATypH Ha TIPAaHMYHHX IUIONHHAX
TPAHCBEPCAIBHO i30TPOMHOrO wWapy.

HocranoBka 3anau. Po3risHeMo NIocKoNapanefbHAH, TPAHCBEPCANBHO i30TPONHUA
map CKiH4eHHOi TOBIIMHM 2% . ByaeMo BBaXarH, IO rPaHM4YHI TUIOIMHY Mapy napaneibHi
JO MJIOWMH i30Tpomii i BinbHI BiX 30BHIIUHIX HaBaHTaXeHB. MiX TOYKAMH rpaHHYHHX
JIOIOMH IMApy i 3OBHIIIHIMHA CEpPENOBHINAMM 3[AIMCHIOETHCA TEIIOOOMIH 32 3aKOHOM
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