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BCTYII

Jlnsa 3abe3nedeHHst HaAIiHOI poOOTH KOHCTPYKLIMHUX MaTepiaiB, MiABUIICHHS
X JIOBFOBIYHOCTI Ta MOMEPEIKEHHSI PaliTOBOTO KPUXKOTO PYHHYBaHHS HEOOXITHO MaTh
giTke (I3UYHO OOTPYHTOBAHE PO3YMIHHS MPOIECIB, IO BIAOYBAIOThCA B CIAOKHUX
JaHKaxX OyJb-IKO1 KOHCTPYKIIi, a caMe B MICHSIX KOHIIEHTpallii Halpy>KeHb — y BICTPi
HAJPi31B YK TOCTPUX TPIMIUH, OCKUIBKH 3JaTHICTh METAJIB YUHHUTH OMIpP KPUXKOMY
pyWHYBaHHIO B YMOBaX HEOJHOPIIHUX CHJIOBUX TMOJIB, IO CTBOPIOIOTHCSA
KOHIIEHTpaTOpaMH HaIpyKeHb, XapaKTepU3y€e MeTal Ik KOHCTPYKIIHHUN MaTepiall.

Hayka mpo MIIHICTh pO3BHBA€ETHCS B)KE 0araTo poOKiB, IMPOTE JABa JAECATHIITTS
TOMY CTaJO 3pO3yMUIO, IO JJIsl PO3B’S3aHHS ICHYIOUMX 337a4 BHUKOPUCTAHHS JIMILE
METO/IB MEXaHIKM PYWHYBaHHsS HEAOCTAaTHbO, TOMY I 3a/ayl MOYald PO3IISAATH C
TOYKM 30py (DI3UYHUX TPOLECIB, HIO0 BIAOYBAIOTBCA Yy BICTPl KOHIIEHTPATOPIB
HaIpYy>K€Hb, TaK OyB CTBOPEHUI HOBUI HaNpAMOK — JIoKanbHUHM NiAX11 10 pyiHHYBaHHS.
['onoBHa ixest JlokanpHOrO WIAXOAYy — 1HILIIOBAaHHA KPHUXKOrO pPYyWHYBAHHS
JIOKaJIi30BaHe B HAJ3BHUYANHO MajoMy 00’eMi “process zone” y BICTpl KOHIIEHTpaTopa
V,, =0.001 _1MM, MPUYUHOIO JIOKaJi3alli B TPAHUYHO MaJIMX 3 MaKPOCKOMIYHOT TOYKHU
30py 00’eMax € CHJIBHO HEOJHOPIAHI CHUJIOBI TOJIS, SIKI BUHUKAIOTH B OKOJII
KOHIIEHTPATOPIB HAIpPY>KE€Hb. TOMYy pYWHYBAHHS IHIIIIOETBCS JIOKANbHUMU A HE

HomiHanvHumy (CepeHIMU) XapaKTEPUCTUKAMHU — HANPYKEHHSIM o, Ta JedopMarii€ero
e, . B TOI ke yac mpu arecTtarlii METaliB Ta CIUIaBl iX 3JJaTHICTh YUHUTHU OMIP KPUXKOMY

PYWHYBAaHHIO OLIHIOETHCS 3 JIONOMOTOK HOMIHANIBHUX (CEpEIHIX) XapaKTEPUCTHK, SIKI
BHU3HAYAIOTHCSA 3a pe3yJibTaTaMd BUIPOOYBaHb HA OJHOBICHUM pO3TAr, AUHAMIYHUUN
3ruH, Toio. KpiM Toro, came 1i XapakTepUCTUKU BUKOPUCTOBYIOTHCS MPU PO3PAXYHKAX
Ha MIIHICTh €JIEMEHTIB KOHCTPYKIM. Y 3B’A3Ky 3 UMM BCTAHOBJIEHHS 3B S3KYy MIXK

JIOKaJbHUMH Ta HOMIHAJbHUMH XapaKTCPUCTUKAMHU € aKTYaJIbHOIO HpO6J’ICMOIO.

3B's130K po00TH 3 HAYKOBMMH NPOrpaMamMu, IVIAHAMH, TEMAMH

PesynbraTu, mo yBIANUIM B AMCEpTaliiiHy poOOTy, Oyiau OTpuMaHI B pamKax
HAYKOBHMX TeMAaTUK BiIAUTy DI3UKH MIHOCTI Ta pyHHYBaHHS [HCTUTYTY MeTano(i3uku
im. I'. B. KypatomoBa HAH VYkpainu, a came:
1. Bigomuoi TemaTuku «®i3udHa npupoja MexanigyHoi craduibHocTi OLIK — meTaniB Ha

HaHOpiBH1», 2013-2015pp., Ne nepxpeectpanii 0111U002084
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2. llinboBoi HaykoBOi TeMaTuku «Po3poOka METOAMKM Ta BU3HAYEHHS KPUTUYHUX
PIBHIB KPUXKOi MIITHOCTI ONPOMIHEHOr0 KopiycHoro merany peaktopie BBEP-1000
IIpU Meperpu3HaueHHi ix pecypcy», 2013p., Ne nepxpeectparii 0113U004838

Merta i 3apa4i JOCJTIZKeHHSA

Merta poOOTH — BCTAaHOBUTH 3aKOHOMIPHOCTI IPOIIECY IHIIIFOBAHHS KPUXKOIO
pyHHYBaHHS B JIOKQJIbHIH 00JACTI y BICTPl KOHIIEHTPATOPIB HAIpPYKEHb (KUIBLIEBUX
HAJpI3iB YU TPILIIMH) 1 HA L1 OCHOBI BIJHAWTH OCHOBHI (haKTOpPHU, AKI BU3HAUYAIOTH
pPiBEHb JIOKAJIbHUX XapaKTEPUCTHK pPYWHYBaHHS Ta BCTAHOBUTHU 3B'S30K MIXK
JIOKAIbHUMU 1 HOMIHANbHUMYU  XAPAKTEPUCTUKAMH B KOHCTPYKIIIMHHX  CTajsX.
JlocATHEHHS TOCTaBJICHOI METH MOTPeOy€e BUPIIICHHS HACTYITHUX 3a/1a4:

1. Po3poOuTH METONMKY BU3HAYEHHS MIHIMAJIBHOIO PIBHS KpPUXKOI MIITHOCTI

R.. KOHCTPVKIIIWHHUX CTaJIEH.

MC

2. BimHaWiTH KpUTUYHI 3HAYCHHs JOKAJIBHUX HANpYXeHb Ta JedopMaliiii mpu
pYWHYBAaHHS KOHCTPYKLIMHUX cCTajedl B yYMOBAaX KOHLEHTpAlii Hampy>eHb.
BcTaHOBUTH 3aKOHOMIPHOCTI iX 3MIHM Ta OCHOBHI (DaKTOpH, SIKI BU3HAYAIOTh
PIBEHb LIMX BEJTUYHH.

3. BignaiiTu ymMoBH 3a SKHX ICHY€ 3B'A30K MIDXK JIOKAJIbHUM HaNpyKEHHSIM
pYWHYBAaHHS o, 1 KPUTHYHHUM PIBHEM MIIHOCTI METAy o,. Ta pO3poOUTH
METOJIMKY E€KCIIEPHUMEHTAJIbHOIO BU3HAYEHHS KPUTWUYHOI TeMIlepaTypu T,
IIpH SIK1H 1€ 3B'SI30K peaizyeThCsl.

4. BcTaHOBUTH 3B'A30K MIXK JIOKQIbHUMHU T4 HOMIHAJBHUMHU XapaKTEPUCTUKAMHU
OKPHUXYYIOYOi J11i KOHLIEHTPATOPIB HANPYKEHb.

5. BcraHoBUTH 3B’A30K MIXK JIOKQJIbHUM HANpYy>KEHHSM pPYHHYBaHHS o, Ta
pPIBHEM KPHMXKOI MIITHOCTI R,. KOHCTPYKLIMHHUX CTajei.

06 ’exm Oocniodcenna — TUMOBI KOHCTPYKUIMHI CTall, MIiCHsl TEPMIYHUX 0OPOOOK, SIKi

3a0€3MeuyI0Th IUPOKUI THTEPBAJI BEJIMUUHHM 1X 3MIHHM MIITHOCTI o,, =372 — 1530 MI]a.

Ilpeomem  Oocnioxcennss —  JlokanbHI XapaKTEPUCTHKU 1HIIIIOBAHHS KPHUXKOTO
pylHHYBaHHSI B HEOJHOPITHUX CHJIOBHX TIOJSX, CTBOPIOBAaHHMX KOHIICHTPATOpaMu
HaIPY>KEHb 1 3B'SI30K I[UX BEJIWYUH 3 HOMIHAJILHUMHU (CEpEHIMM) XapaKTepUCTUKAMU
pyHHYBaHHS 3pa3KiB 3 KOHLIEHTPATOpaMU HaMpy>KeHb Ta MEXaHIYHUMH BIIACTUBOCTSIMU

MeTaly.



MeTtoau a0CaisKeHHA

1. HusbkoremmepaTypHi cepiajibHi BUIPOOYBaHHS Ha OJHOBICHMM pPO3TAT
TTIAJKAX MATITHAPUIHAX 3pa3KiB Ta 3pa3KiB 3 KOHIIEHTPATOpaMU HAMpPyKEHb.

2. ®pakrorpadiudi JOCIIHKCHHS TOBEPXHI 371aMy.

3. MetanorpadiuHi TOCTIHKEHHS MIKPOCTPYKTYPHU KOHCTPYKIIMHUX CTAJICH.

4. Bu3HaueHHS JIOKAJIBHUX XapaKTePUCTHK pPYWHYBaHHS 3 BUKOPHCTAHHSIM
METOAY CKIHUCHHX €JICMCHTIB.

5. Komm’toTepHe MOJAENIOBaHHS MPOLECIB YTBOPEHHSI Ta BTPAaTH CTaOIBHOCTI

3apOJIKOBUX TPILIUH B MOJIKPUCTATIIYHOMY arperari.

HayKOBa HOBM3HA OTPUMAaHHUX pezyanaTiB

1.

BcTaHOBIIEHO 3B'I30K MK BEJIMYMHOIO JIOKAIBHOTO HAIPYKEHHS 1HILIFOBAHHS

KPUXKOIO PYWHYBAHHS o, B OKOJI KOHIEHTPATOPIB HAaIPyKEHb Ta PIBHEM
MIHIMaJbHOI'O HAPYKEHHsI KPUXKOTO PYyIHYBaHHS METaly R, .

Po3pobnena 1 ampoboBana ¢i3M4HO OOTpYHTOBaHA METOJIMKA BHU3HAYCHHS

KPUTUYHOI TeMIEpaTypu KpPUXKOCTI T., IPH SKIi ICHy€e OJIHO3HAYHUMN 3B'A30K
BEJIMYMHU JIOKAJBbHOTO HANpYXKEHHS PYHHYBaHHA o, Ta KPUTUYHUM pIBHEM
MIIHOCTI o,, METay.

BcTanoBieHO 3B'130K MIXK MAPAMETPOM q_ , SIKMI XapaKTEPU3y€e OKPUXUYIOUY JIH0

KOHIIEHTpaTopa HAaINpYy>KEeHb, Ta KPUTUYHUM PIBHEM MEXAHIYHOI CTaOIIBHOCTI

K,. MeTamy.

s
BcranoBneno, 1m0 KJIOYOBUM  €(PEKTOM, SKHM  KOHTPOJIOE  3/IaTHICTh
KOHCTPYKIIMHUX MaTepialiB YHMHUTH OMIp KPUXKOMY PYHHYBaHHIO B yMOBax
KOHIIEHTpaLli HalpyKeHb € MEPEBUIICHHS BEIUYMHU JOKAJIBHOTO HAIPYXEHHS
pyWHYBaHHS o, HaJ pIBHEM KPUXKOi MINHOCTI R,. Metainy. Lleil edekr
O0OYMOBJIEHHI 3MEHIIEHHSAM KUJIBKOCTI 3apOJAKOBUX TPIIIMH KPUTUYHUX PO3MIpPIB
B pe3yJbTaTi JIOKaJi3alli MPoIecy 1HIIIIOBAaHHS PYWHYBaHHS B TPAHUYHO MaJIOMy
00’eMi «Process zoney.

JInsi TUMIOBMX KOHCTPYKIIMHUX CTajedl B IIMPOKOMY IHTEpBajl 3HAYEHb iX

MIITHOCT1 OTpUMaHI KUTBKICHI JIaH1 MIOJ0 iX CTIMKOCTI A0 OKPUXYEHHS BHACIIIOK

11T KOHIIEHTPATOP1B HAIIPYKEHb.
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6. BcraHOBIIEHHI 3aKOHOMIPHOCTI BIUIMBY CTPYKTYPHOTO CTaHY KOHCTPYKIIIMHHX
CTaJie Ha I1X 3JaTHICTh YWUHUTU ONIp KPUXKOMY pYHHYBaHHIO B yMOBax
KOHIIEHTpAIlli HallPY>KEHb.
I[IpakTHYHe 3HAYEHHS OTPUMAHUX Pe3yJIbTATIB

1. Po3poOieHa MeTOauKa EKCHEPUMEHTAIILHOIO BHU3HAYEHHS PIBHS KPUXKOI
MIIIHOCTI KOHCTPYKLIMHUX CcTajneil, ska He noTpedye NPOBEICHHS 3aTPaTHUX
cepiaJbHUX HU3BKOTEMIIEpAaTYpHUX BHUIPOOYBaHb 1 MOXKe OyTH peaji3oBaHa B yMOBax
3aBOJICHKOI JJabopaTopii.

2. 3anpornoHOBaHa HOBA XapaKTEPUCTUKA k, , IKa HA KUIBKICHOMY PiBHI JO3BOJISIE
OLIIHUTH SIKICTh CTajl, K KOHCTPYKIIAHOTO Martepiany. Po3poOiena meroauka ii
€KCIIEPUMEHTAJIbHOIO BU3HAUYCHHSI. OTpHUMaHI €KCIEPUMEHTalIbHI 3HAYEHHSA L€l
XapaKTEPUCTUKU B LIMPOKOMY 1HTEpBaJIl 3HAUEHb MIITHOCTI KOHCTPYKLIMHHUX CTaJEH.
Oco0ucTuii BHECOK 3100yBaya

[locTanoBka 3agad, OOrOBOpPEHHS Ta IHTEpIIpETAIlisl OTPHUMAaHUX pe3yJIbTaTiB
MPOBEJICHI 3 HAYKOBUM KepiBHUKOM 1.(p-m.H, mpodecopom Kortpeuko C.O. ABTop
poboTu OpaB y4yacTh y HalMCaHHI CTaTe€i Ta 3BITIB HA OCHOBI OTPUMAaHUX PE3yJIbTaTiB
pa3oM 13 ciBaBTopamu. OCHOBHUI 00CAT MPOBEJIEHUX TEPMIUHUX 00POOOK, cepiaTbHUX
HU3bKOTEMIIEPATYPHUX BUIIPOOYBaHb Ha OJHOBICHUM PO3TAT, a TAaKOX KOMII FOTEpHUX
pPO3paxyHKIB Ta 00pOOKa eKCIIEPUMEHTAIBHUX 1 PO3PAXYHKOBUX JAaHUX OyJId BUKOHAHH1
ocobucto 3m00yBadueM. Komm’roTepHi po3paxyHKH MPOBEIEHI y CHiBOpaii 3 K.(h-M.H.
M.H.c MamenoBum C.O., ¢ppakrorpadiuni JOCTIIHKEHHS HA €JIEKTPOHHOMY PacCTPOBOMY
MIKPOCKOIIl MPOBE/ICHI B CIIBIIpaIli 3 M.H.c. Cuntokom B.C. (Incturyr
enekrpo3BaproBanns iM. €. O. [Tatona HAHY).

Anpo0auis pe3yJbTaTiB AUCePTALIHOI po00TH

Pe3ynpTaTu auceprauiifHoi poOOTH TOMOBIJAINCH HA HACTYITHUX KOH(MEPEHIIAX:

1. MuixuaponHa HaykoBo-TexHiuHa KoH(epenuis DFMN 2011  «/lebopmamus u
paspylieHue MaTepuaioB 1 HaHoMaTepuanoBy, Mocksa, Pocis, 22-25 sxoBtHs 201 1p.;
2. MixnapogHa koHdepeniis «OauHroBckue urtenus’», Mocksa, Pocis, 13-16
BepecHs 2012p.;

3. MixHaponHa HaykoBo-TexHIYHa KoHbepeHIiss «KoHcTpykuilina MinHicTh

MarepiaJiB i pecypc o0snagnannsa AEC», Kuis, Ykpaina, 15-19 xxoBtas 2012.;
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4, Cwpoma wMbKHapoaHa koHdepenmiss MSMF-7 «Materials structure &
micromechanics of fracture», bpuo, Uecbka PecniyoOuika, 1-5 mumas 2013p.;
5. MixHapoaHa HaykoBo-TexHiuHa KoHpepeniis DFMN 2013  «/lepopmanms u
paspylieHre MaTeprajioB 1 HaHoMaTepuanoBy, Mocksa, Pocis, 22-25 sxoBtHs 2013p.;
6. [I’sata Mmi>kHapoHA HAYKOBO-TeXHIYHA KOH(pepeHIia «MexaHika pyiiHyBaHHS
MartepiaiiB i MinHicTh KOHCTpPYKUii», JIbBIB, YKpaina, 24-27 uepsus 2014p.;
7. MixkxHapoiHa HayKoBO-TexHIYHa KoH(pepentis «[lomkomkeHHs: MaTepiaaiB mix yac
eKcIIyaTanii, MeToIu HOro JiarHOCTyBaHHS Ta MPOTHO3YBaHHS», TepHOMIIb,
VYkpaina, 21-24 Bepecns 2015p.
Hyoaikamii

PesynpraTu nucepranii omy0OmikoBaHl B 6 podoTax, 13 HUX 4 CTaTTi B HAYKOBOMY
daxoBomy BuaaHHI «MeTanodizuka Ta HOBITHI TEXHOJIOTi(», OJHA CTaTTS B
MDKHapOHOMY HaykoBo (haxoBomy BuaanHi «Key Engineering Materials», 1 crarts B
301pHUKY MaTepianiB KoHpepeHIi, Ta 6 Te3 TomoBiAeH.
Crpykrypa Ta 00csar aucepramii

HucepraiiiiiHa poOoTa CKIATAETHCS 13 BCTYIy, 6 pO3JALUIIB, BUCHOBKIB, CIIUCKY
BUKOPHUCTAHUX JpKepen 13 65 HaiimeHnyBaHb. [loBHUI 00csr mucepTarlii cTaHOBUTH 122

CTOPIHKM MAIIMHOMMCHOTO TEKCTY 13 BpaxyBaHHsSIM 60 puCyHKIB Ta 8 TaOauIIb.
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PO3J1JI 1
JITEPATYPHMUII OI JISA/T

3a s 3a0e3medyeHHs HaaiHOT poOOTHM Ta JOBIOBIYHOCTI METaJIYHUX
KOHCTPYKIINA B panTOBOrO0 KPUXKOTO PYWHYBaHHS HEOOXITHO MaTH sicHE, (i3UYHO
OOTpyHTOBaHE PO3YMIHHS SIBHIIA KPUXKOCTI Ta (PAKTOPiB, sIKI OKPUXUYIOTh MaTepial.

Bigomo, 1o KpuXKIiCTh UM IJIACTUYHICTh HE BJIACTHUBOCTI Marepially, a JIWIIe
XapaKTEPUCTUKNA CTaHy B SKOMY MaTepiall MOXE 3HAXOAWTHCh B 3aJICKHOCTI BiJl
(dhakTOpiB TaKMX SIK: TeMIepaTypa, MBHUAKICTh Jeopmallii, HasSBHICTh KOHIIEHTPATOPIB
HANpPYXE€Hb, UM CTPYKTYPHUX OCOOIUBOCTEH.

Kpuxke  pyiiHyBaHHs  3a3BM4Yail  BIAOyBae€Tbcs  NpU  HECTaOUIbHOMY,
JABUHOMONIOHOMY POCTI TPIIIMH, HOMY XapaKTepHa MIBHJKICTh CIIIBpO3MipHa 13
MIBUIKICTIO 3BYKY B MeTami. JloCHimKeHHS SBUIA KPUXKOTO PYHHYBaHHS 3a3BHYal
MPOBOJISATh 3 BUKOPUCTAHHSIM OJHOTO 3 KPUTEpIiB, SIKI YMOBHO MO>KHA TMOJUIMTH Ha
CWJIOBI Ta €HEpPreTUyHl. 3TiTHO 13 CWJIOBUMH KPHUTEPIIMH JIOKaJbHE HANPYXKEHHS B
MICLI 3apOJKEHHS TPIIIMHA MAa€ MEPEBUIYBATH KPUTUUHUI PIBEHb. 32 €HEPreTUUHHUX
KpUTEpIiB TpoOLIEC 3apO/PKEHHS Ta BTPAaTH CTAaOUIBHOCTI TPIIMHU Mae OyTH
€HEpPreTMYHO BHUTIJHUM. B 1IJI0My, €HepreTMYHuil KpuTepid - HeoOXiJHa yMoBa
pPYHHYBaHHs, CUJIOBUU - IOCTATHS.

Ha mpaxTtuiii Metanu pyWHYIOTHCS 32 HalpyEHb Ha KUIbKa MOPSAKIB HIKYUX
TEOPETUYHO PO3PaxOBaHUX, MPUUYMHA TAKOT HEBIAMOBIIHOCTI — AE(EKTHU KPUCTATIYHOI
OynoBu. Ilpu kpuxkoMy pyiHYBaHHI OCHOBHY POJb BIAIrparOTh 3apOJIKOBI TPIIIHMHU
(3T), ui gedekT B Mpoleci KPUXKOIO Ta KBAa3IKPUXKOTO pyHHYBaHHS BIAITPAIOTH TAKy

K KJIIFOYOBY POJIb SIK TUCJIOKAIIli B MPOIEC IJIACTUYHOI Aedopmaitii.

1.1 3apoakoBi TPilIMHU Ta MiKpOMeXaHI3MHU iX YTBOPEHHSI B MeTAJIaX i CIUIaBax

B ocHOBI MexaHi3My YTBOPEHHS 3apOJKOBUX TPIIIMH JIEKUTh IJIACTUYHA
nedopmaitis, TOOTO pyx AUCIOKaIlii. Sk BBakatoTh aBTOpH [1] BCi BioMi AuCIOKaITiHHI
MEXaH13MH MO>KHA TIOJIIJIUTH HA TpU rpynu. J{o mepiioi rpynu BIJHOCATHCS MOJENI, SIK
0a3yroThCA Ha KOHIIEMI[li CKYMYEHHS JUCIOKAI[li B aKTUBHUX IUIOIIMHAX KOB3AaHHS,
BOHU BUHHMKAIOTHh KOJIM PyXOMI JTUCIOKAIlT 3yCTPIHarOThCA 3 6ap’epamu, SIKUMUA MOXKYTh

BHUCTYIIATU BEJIMKOKYTOBI T'paHUIl 3€pEH, BKIIOYEHHS IHIIUX (a3, ABIMHUKH, CUASYI
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JUCIIOKAIlli, TOIIO0. 3apOAKOBI TPIIIMHNA BUHUKAIOTh B PE3YJIbTATI B3aEMOJII1 JUCIOKAIIH
B TUIOIIMHI KOB3aHHS 3aBJSKH HAsBHOCTI IOJIB HAlpYyXEHb B TojioBi ckymyeHHs. [lo
i€l rpynu BigHOCATHCS Mojeni 3inepa-Ctpo [2], bemnada-I'inmana [3], OpoBana-Ctpo
[4] 3rimHO [5] MOOJNM3Y TOJIOBHM CKYIMYeHHS N KpaHOBHX IWCIIOKAIMA, SIKI CTHCHYTI
JOTUYHUM HAMpY>KEHHAM T, BUHUKAE PO3TATYIOUYE HAINPYKEHHS BEJIMYHUHOIO
npomnopiiiiHoro NT . OCKUIBKK pyXy AMCIOKALIM MEepPEenIKoKae HaAMpY>KEHHS TepTs
TpaTku t,, TO pE3yJabTyloue e(EeKTHUBHE HANpYy>KEHHS, IO Ji€ Ha CKYMYEHHS
JUCIIOKAIlid piBHE PI3HUIl t-t,, a PO3TATYIOUE HAMPYXKEHHsS, IO BHUHUKAE, Mae
NOPSZIOK n(t—t,). YTBOPEHHS 3apOJIKOBUX TPIIIMH € PE3YyJNbTAaTOM LI€1 KOHIEHTPALIl
HaTPYKCHb.

Jlo napyroi rpynu BIJIHOCSTBCS MOJAENI, $AKI TIOB’SI3YIOTh BUHUKHEHHS
3apOJKOBUX TPIIIMH 3 YTBOPEHHSAM JAHMCIOKAUIMHUX CKYIMYEHb B IPOLIECI PO3BUTKY
IJIaCTUYHO1 JedopMallii Ta B3a€EMOJIIEI0 JAUCIOKAIllM, IO pO3TalloBaHI B CHUCTEMax
KOB3aHHS sIKi epeTuHatoThes [6]. Kimacuunuit npuknan miel rpynu — moaens Korpera
[7]

Tpers rpyma 1e wmozeni 0e30ap’€pHUX MeEXaHI3MIB 3apOJKEHHSI TPIIIUH:
BaKaHCIMHUN MeXaHi3M — 00’ € JHaHHS JIAHITIO’KKIB BaKaHCIH, K1 yTBOPHJIMCH B TPOIIECi
pyXy IHUCIOKallid, MEXaHI3M 3apOJPKEHHsS TPIIIMH B PE3yJIbTaTl 3JIUTTS JUCIOKAI[iN
MPOTUIICKHUX 3HAKIB, TOIIO.

AHani3 MikpoMmexaHi3mMiB yTBOopeHHS 3T [103BoJsie 3pOOMTH BUCHOBOK PO
HEOJHOPIAHUM  XapaKTep MIKPOIUIACTUYHUX JAedopMalliif, M0 NPU3BOJAUTH JI0
HECYMICHOCTEH TUIacTU4YHOI AedopMallii Ha TPAHUIAX 3€PEH 1 € OCHOBHOIO NMPUYNHOIO
yrBopeHHss 3T B kpucramiunux TBepaux Tutax. LI HecyMmicHOCTI MNpPU3BOASTH 0
YTBOPEHHSI TOTY)KHUX TMOJIB MIKPOHAINPY>KEHb, TOCTATHIX JJIsi TOSBU 3apOJKOBUX
TpimuH Ja0BXxuHOK 0.05-0.5MxMm. YTBOpeHHs 3T € eneMeHTapHHM aKTOM IpOIecy
pyHHYBaHHs.

[Ipote BupiIaAIbHUM € HE CXeMa 3apOJKCHHSI TPIIIMHU, a XapakTep ii MOBEIIHKH
B Ipolleci IUIACTUYHOI JAedopmallii, TOJIOBHE MUTAHHS YW 3aJMIIUTHCA TpPIIIMHA
CTabUIbHOIO, YU TIOYHE KaTacTpOo(diuHO POCTH MPHU3BOIMYM 10 pyHHyBaHHS. HaitOumbIn

MOBHO MaTeMaTUYHO OOTPYHTOBaHA TEOpis, MO0 I[HOTO MHUTAaHHS Oyia po3pobieHa
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Crtpo [2]. 3rizHO 3 HOro KOHIIEMII€I0 KPUTHUYHUM MOMEHTOM PYHHYBaHHS € CTajis
3apOJKEHHS TPIIIMHY, TOSBa SKOI OApa3zy MPHU3BOAMUTH 10 pyhWHyBaHHS. HampyxeHHs
pyiiHyBaHHS J00pe CIIIBCTaBISAEThCA 3 €MIIpUYHOIO0 3anexHicTio Iletya [8] s

HaANpPY>KEHHS KPUXKOTO CKOJy MajOBYTJICIIEBOT CTaJIi:

c =GO+Kp'd7%, (11)

p

1-v

67/ j%

I€ o, - ONp I'PaTKH PyXy AUCIOKALiM, d - Po3Mip ()EPUTHOTrO 3€pHA, K, =(

KOoeQIII€HT MPOTOPIIHHOCTI.

PesynpraTu ¢dpakrorpadiyHoro aHaiizy MOBEPXOHb 37aMy MIATBEPIKYIOTh peai3alliio
MexaHi3My CTpo y BHUIAJKy KBa3iCKOJIBHOTO PYWHYBaHHSI KPUCTAJiB, OJHAK CTaBJISATh
MiJT CyMHIB MOJJIMUBICTh HOTrO0 BHKOPUCTAHHS Ha BCIA JOBXKHHI TEMIIEPATYPHOTO
1HTEepBaly KpuxkocTi. He 3HaXonWTh TMOSCHEHHS HASBHICTh Yy 3J1aMaxX HaCHiJKiB
IUIACTUYHOI AedopMallii, a TakoX Ti OOCTaBUHHU, IO 3pPa3KU MAaJOBYIJIELIEBOI CTajl
MICTATh 3HAYHY KUIbKICTh CTAOUTbHUX TPILIMH, K1 HE IPUAMAIOTh Y4acTl B pyHHYBaHH1
[2]. Po3BuBatoun momenb Ctpo, Kotpemn [7] ta Iletu [8] He3anexHO OIUH BiJl OAHOTO
3alpONOHYBAIM JUCIOKAI[IMHUNA MEXaHI3M pYHHYBaHHSA, B SKOMY JOIYCKA€ThCS
cTabUIbHE MIAPOCTAHHS TPIIIMHU IO PO3MIPIB C 3 HACTYIHUM ii MIJIPOCTAHHAM IPHU

30UTBIIIEHH] PO3TATYIOUOTO HANIPYXKEHHS 0 TPU(PITCOBCHKOTO 3HAYCHHS:

L (. (1.2)

n(l-v)oc 2
Jie ¢ — JJOKaJIbHE HOPMaIbHE HAPYKEHHS 3apOKCHHS TPIITUHU
HeBu3HaueHIiCTh 1IbOTO BHpa3y y PO3PAXyHKY vy - MOBEPXHEBOI €HEprii, ska B
3HAYHIA Mipl 3aJI€KUTh B MIacTU4YHOI Aedopmartii y BicTpi Tpimuau. Opoan [9] BBiB

3aMICTh BENMYMHM y 1i €QEeKTHBHHI CKBIBaJeHT - vy, , SKAd BpPaxoBye poOOTY

IJIACTUYHOI AedopMalrii, TOAI:

Y (1.3)

OcHoBHa mpoOiemMa Teopli B’S3KOr0 Ta KPUXKOrO pPYHHYBaHHS TWOJSTaE y

BM3HAYEHHI YMCENBHOTO 3HAYEHHS v, . Oposan [9] 3amponoHyBaB Tinoresy 3rifHo 3

KOO IIPY NEPETUHI TPIIIMHOIO IPAHUIIb BUBUILHIOETHCS NPY’KHA €HEPrid v, , AKa Oyna
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HAaKOMHMYEHA Ha TpaHUIX 3epeH. Ll eHepris MOBHICTIO TacuUTh 3aTpaTd Ha POOOTY
IUIACTHYHOI Aedopmanii, ToMy y,, =y +v, 800 y=v,, -7, .
Benuunna icTUHHOI TOBEpXHEBOI eHeprii y Moxe OyTH OTpuUMaHa
oesmocepennbo 3 gocmigiB  [10,11] abo po3paxoBaHa 3a TEPMOIUHAMIYHIMHU

napamerpamu [12]. PospaxyHOK €()eKTMBHOI MOBEPXHEBOI €HEPril y,., 3BOJUTHCH, B

OCHOBHOMY, JI0 KUJIbKICHOTO aHaji3y yMOB pyiHyBaHHS 3a MexaHi3MoM Opoana-Ctpo-

Korpenna-Iletya 4yepe3 eKCIepHMMEHTabHE 3HAYEHHS o, 3 ypaxyBaHHAM pPO3MIPY

TPILIMHHU:

E

W["i"’ J (L4)

ITigcraBnsiroun XapakTepHi I « - Fe BenuuuHH B Bupas (1.4):s,=0,5 I'Tla (50

kre/Mm), d=14-10"° M (0,14 mMm), E = 2.10°'Tla (210 * kre/MM?) OTpHMAEMO 3HAUYCHHS
ed)eKTHBHOT MOBEPXHEBOI eHepril v, =1,75 -10° oK/Me (1,75 10 Zkrc -ww/vm 2),  TIO

MIEPEBUIIYE 3HAYEHHS y =2 ok/M? (210 kre MM/MM?) Ha f1Ba TIOPSJIKY.

1.2 ExcnepumeHTAaJIbHi 10Kka3u icHyBanHs 3T

BianoBigHo 10 iICHYIOUMX YSBJICHb Yac I1CHYBaHHS 3apOJKOBHUX TPIIIMH B METa
HE TIepPEeBUINYE JeCiITHX Joyied cekyHau. lle oO0yMoBIEeHO [ABOMa OCHOBHUMH
dbakTopamu, BUOYXOMoAiI0OHUM MEXaHI3MOM BUBEP)KEHHS HAKOIMUYEHOT MIPYKHOT eHeprii
B pe3yabTari yrBopeHHs 3T y BepInHi AUCIOKAIIMHOTO CKYMUeHHs, a00 B pe3yJbTari
CKOJIy 4acTOK APYyroi (pa3u Ta MOXKIMBICTIO peslakcalii Harpy>keHb B BepiuuHi 3T sika
synuHunack. lle o3navae, mo skmo B MOMeHT yTBOpeHHs 3T piBeHb PO3TATYIOUUX
HaIpy>keHb HWXYMl 3a ['pidiTCCOBCHKI, TOOTO HEAOCTATHIA ISl KaTacTpo(piuHOTO
pocty 3T, BoHa 3ynuHs€Tbca. B Meramax e Moke MNPU3BECTH [0 perakcariii
HaIpy>KeHb B ii BepIIMHI (HAIPUKJIIA, TUISIXOM BUITYCKAaHHSI TUCIIOKAIlii) B pe3yabTaTl
4Oro Taka 3apOJKOBa TpPIIIMHA HE MOXE B MOAAIBIIOMY KOHKYPYBaTH 3 IIOWHO
YTBOPEHUMH TOCTPUMH TPIMIMHAMH, $KI HEMEPEPBHO TEHEPYIOThCS B MPOIIEC]
mwiacTuuHoi  gedopmaii. B 3amexHOCTI Bl yMOB HaBaHTaXEHHS (TeMIlepaTypH,

IIBUJKOCTI, TPUBICHOCTI HAMpPY>KEHOTO CTaHy TOIIO) Taki TPINIMHA MOXYTh
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3axJIOMYBAaTHUCA, TIEPETBOPIOIOYHNCH B MOPH, a00 MOBUIBHO MIAPOCTATH, MEPEXOASIUN B
PO3pAI APYTOTo Kiacy e(eKTiB — MIKPOTPILIHUH.

VYV uncrux ['IK MertaniB piBeHb PO3TATYIOUMX HAMNpyKeHb HEAOCTATHINA IS
karactpodiuynoro mormupeHHs 3T. lle mo3Boise ekcrepuMEHTaTbHO IOCHTIKYBaTH
PO3MIpH Ta IIIIBHICTh «BIIOUTKIB» 3T, TOOTO MOPOKHUH, K1 YTBOPUIIUCS B pE3yJIbTaTI
3ynUHKU Ta po3kputts 3T. TuUmoBl po3Mipu Takux BIIOUTKIB, 110 OyJud OTpUMaHI B
HOJIKPUCTAITYHOMY aTFOMiHi1, Hikenl Ta Miai ckiaanaTs 80-500uM [13].

Howxuna 3T € CTpyKTYypHO IETEpMIHOBAHOIO, TOOTO 3aJa€ThCsl MapaMeTpaMu
MIKpOCTPYKTYpH (po3MipoM 3epHa B OAHOGA3HUX TMOJIKpHUCTajaX, A1aMEeTpOM
MapTEHCUTHOTO (OCMHITHOTO) MaKeTy, MEPIITHOI KOJIOHIT a00 TOBIIUHOIO IIEMEHTUTHOI
IJTACTUHU B CTAJISX).

g BnactuBicte 3T Mae NpPUHIMIOBE 3HAYEHHS I MaTeplajo3HABCTBA,
OCKUIbKM J03BOJISIE KepyBaTh JOBXHMHOIO 3T, a oTke 1 BEIMYMHOIO KPUTUYHOIO
HAlPY>KEHHS KPUXKOTO pYyHHYBaHHS, M[UISXOM IIJIECIIPIMOBAaHOI BIUIMBY Ha
MIKPOCTPYKTYPY METaly Ta KOHCTPYKUIMHOIO CILJIaBY.

3apoAKOBl  TPIIMHU  YTBOPIOIOTHCA Yy  BHU3HAYEHUX  KpHUCTaNOrpadiaHux
IUTOIIMHAX, [0 MPHU3BOAWTH A0 AaHI30TPOMil BEIWYMHH KPUTUYHOTO HANpyKEHHS
KPUXKOTO pyHHYBaHHS B MeTajl, SIKIi Mae KpUCTalIorpadiuHy TEKCTYpy, a TaKOXK €
OJIHIEI0 3 MPUYMH 3MIHM KPUXKOI MIITHOCTI METajly MiCIs TMOMEepPeaHbOl MIACTUYHOI
nedopmarrii.

Konnentpamis 3T B ogunuill 00’€éMy CYTTEBO 3aJeXHUTh BiJ BETUYHHH
mIacTu4yHO1 Jedopmaiiii. B OUIBIIOCTI BUTIAJIKIB, MPY 3HAYEHHI MUIACTUYHOI Aedopmartii
1-30% xonnenTpartis 3T Taka, mo cepeans Biactanb Mixk 3T OUTbII HIXK HA 2 TIOPSIKA
NEPEBUILYE iX JOBXKHUHY, 11 JO3BOJISIE B IEPIIOMY HAOIMKEHHI 3HEXTYBAaTH B3a€MOIIEI0
Mk 3T, TOOTO mpu MOAENIOBaHHI po3misaaTH aHcamOnb 3T SK po3piKeHHM ras
YaCTOK SIK1 HE B3a€EMOJIIIOTb.

3apoJIKOB1 TPILUIMHM - 1€ TPIIIMHU HAHOPIBHA, TOMY BOHU UyTT€BI1 10 (QIayKTyarii
MIKpOHAIPY>KE€Hb, SKI BHUHHUKAIOTh NpPH TMPYXKHIX Ta IUIACTUYHUX Jedopmarisax

MOJTIKPUCTAIIYHUX METAJIIB Ta CIUIABIB.
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3rigno konmemnii /x.Horra [14] 3apoakoBi TpilIMHU MOKHA PO3TIIATH, SK
['piddiTcoBchki TpIlIMHKM HAHOPIBHSA, SIKI Yy BUIAAKY JOCTATHIX MIKpPOHANpPY>KEHb B

MOMEHT YTBOPEHHS BTPA4yarOTh CTAOUIBbHICTb, 110 TPU3BOAUTH JI0 pyHHYBaHHS.

1.3 ®dizuyHa MoaeIb X0J1010JI0MKOCTI METAJIIB TAa CILIABIB

Ha choroanimHii AeHs HalOIBII MOMKUPEHOIO XapaKTEPUCTUKOIO, sIKa J103BOJISIE
pamKyBaTH CTalli 3a iX CTIHKICTIO J0 POOOTH MpU HU3BKUX TEeMIEparypax €
TeMIriepaTypa xojononoMkocti T, . Ha Bigminy Big I'LIK meraniB, metanu 3 006’€MHO
[EHTPOBAHOIO KYOIYHOIO TPaTKOIO0 CXWJIbHI JO XOJIOJAHOJAMKOCTI, 1€ SIBUILE CYTTEBO
oOMexye ImHpoKe 3acTtocyBaHHs MarepiamiB 3 OIIK rparkoro B SIKOCTI
KOHCTpYKIIiiHOTO Matepiany. Jliteparypui mani [15] cBigyaTth, 1m0 TemmepaTypa
nepexoay M0 KPUXKOTO PYWHYBaHHS T, CYTTEBO B3aJCKUTh BiJl CTPYKTYPHHX
0COOJIMBOCTEN CTalll, TaK 3MIHA XapakTepy 3€pEeHHOI YM JUCIOKAUIAHOI CTPYKTYpH
MOK€ 3MICTUTU 3HAYEHHS T, Ha JCKUIbKa JeCATKIB rpaayciB. B pamkax moxem Ctpo
[16,17] Bmamocst JOCTaTHbO MPHUIE3IHHO MPOAHATI3YBAaTH PSII CTPYKTYPHUX (HaKTOPIB,
NpoTe TEBHI MapaMeTpu, IO BPaxXOBYIOThCSI B MOJIEJNI, Taki SIK 00JIacTh BIUIUBY
JUCIIOKAIIIHHOTO JKepesa, HE MaloTh JIOCTaTHBOTO (DI3UYHOTO TPAKTYBaHHS.

VY Bumajky, AKIMIO BijoMa TEMIIEpAaTypHA 3aJIeKHICTh HAMPYXKEHHS OMOPY PyXy

TUCIOKaIil o, TO BHpa3 oTpumaHuii KoTTpemaoMm, 00 XapakTepu3ye MOMEHT

0
Nepexo/ly TUCIIOKAIlii KOB3aHHS B PO3KPUTTS Ma€ BUTJISII
(O'Odl/2+Ky)Ky2,b’G)/, (15)
1€ f — Koe(IlLi€eHT, 1110 BPaxOBYye XapaKTep HAIPYXKEHOro CTaHy; G — MOJIYJIb 3CYBY;
d — pO3MIp 3€pHa; K, — KOe(]iLi€HT.
Benuuuna HanpyXeHHSI -, BU3HAYAETHCA PSAAOM (DAKTOpIB Ta HAOIIIKEHO MOXKE
OyTH MpeACTaBlieHa Y BUTJIAJl CYMU CKIIQJOBHX:
c,=0,+ anGb\/;+ o, +to, +0,,, (16)
1€ o, — HalpyXEeHHsI CIIPOTUBY KPUCTAIIYHOI T'PATKU PYXy AUCIOKaLiN (Moxe OyTH

1HTEppeToBaHo K HarnpyxxeHHs [laepca-Habappo).
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Metanmu 3 OLK rpatkoio xapakTepu3yrThCS BHUCOKHM pIBHEM HaIpPaBIIEHOL
CKJIa/I0BOi B MID)KATOMHOMY 3B’SI3KYy, TOMY o, Jl1a€ OCHOBHHI BKJaJ B TeMIEpaTypHY

3aJIOKHICTh &,. Y BIINOBiIHOCTI 0 [17] TemmepaTypHa 3aJeKHICTh o, MOXE OyTH

omnucaHa eKCIOHEHITIAIbHOK (YHKIIEIO:
o, = C/é exp( H /3KT) (1.7)
Jie C — KOHCTaHTa Matepiaiy; ¢ — IMBHIKICTb qedopMallii; H — eHepris aKTUBAIlil pyxXy
JTUCITOKAIIIH.
B pamkax Takoro migxoay BHpa3 IS TeMIIEMIIEpaTypu XOJOJHOJAMKOCTI T, Mae

BUTJIS

. = H /3k{In[( ﬁKG—y)d oS e 1= ciey, (1.8)

T

y

e ZO'i = anGb\/;+ c,+to,+0,.,

3anexHicth (1.8) 1M03BoJsiE B SBHOMY BHUIVISAI BCTAHOBHTH 3B'S30K MIX
TEMIEPATYPOIO XOJOTHOIOMKOCTI T, Ta CKJIaJ0BHMH, IO XapaKTEPHU3YIOTh OMIP PyXy

JUCIIOKAIIH, pO3Mip 3€pHA MOJIKPUCTAITY Ta MIBUJAKICTH JAepopMaliii.

1.4 KpuTtH4Ha TeMnepaTypa KPUXKOCTi B YMOBaX KOHIEHTPAaIlil HANIPY’KeHb
[IpyHuun BHU3HAYEHHS KPUTUYHOI TEMIIEpAaTypd KPHUXKOCTI  3pa3KiB 3
KOHLIEHTpaTOpaMU HANpyXeHb, K MEXI Mepexo/ly MareplaiiB i3 B’SI3KOr0 B KPUXKHUI
cTaH 300paXkeHnii B KiacHuHii cxemi A.D.Modde (puc. 1.1) [18].
Ha wmiii cxemi CHIBCTaBISIOTBCS TEMIIEPATypHI 3aJIEKHOCTI HaIpPY>KEHHS

HEOOXITHOTO JIA TMOYaTKy IUTacTHYHOi Jedopmariii — Mexa IUIMHHOCTI o,,, Ta
HAIIPY)KEHHS KPUXKOI MII[HOCTI — ICTHMHHOIO HANpPYKEHHS DPYHHYBAHHI S oy

Bemuuuna S ., 3riaHO yaBieHb Modde npakTUUHO HE 3aIeKUTh Bil TeMIeparypH, a

BEITMYMHA o,, MAa€ TEHJCHIIIIO /IO 301IBIICHHS PY 3HIKEHHI TEMITepaTypHU.
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Temneparypa, T

Pucynok 1.1 — Knacuuna cxema Nodde, 110 nosicHioe nepexij i3 IIacTUHYHOTO CTaHy
MaTepianiB B Kpuxkuii [18].
Kputnuna rtemmepaTypa KpPUXKOCTI T. BHU3HAYAETHCA TOYKOIO MEPETHHY ILMX
y c y

KpUBHX. [3 cxemMHu BHIIHO, II0 IpH T >T, pyHHYBaHHS BIAOYBA€TbCS B’SI3KE, OCKUIBKU
nepea pyMHyBaHHAM MaTepial Mae 3MOry IUIaCTUYHO Je(pOpMyBaTUCh, MPU T < T,

pyliHyBaHHS — Kpuxke. 3aBmsiku cxemi A.D.Modde Brepme Gyno 3pobiicHO crpoby
NOSICHUTHU SIBUILE XOJIOAOJIOMKOCTI MeTaliB. [0 XOJ0J0JIOMKUX METaliB, 3JaTHUX IpU
HU3BKUX TEMIEpaTypax pyHUHYBaTUCh KPUXKO, BIIHOCSTHCS OuIbIIicTh MeTamB 3 OLIK-
rpaTKkol (3a1i30 Ta CIUIaBM Ha OCHOBI 3ajli3a, XpoM, MoiiOaeH, Bojabppam) Ta T'TIY-
rpatkoro (IMHK, Kaamid, marauii). Metamu 13 I'LIK-rpatkoro (Mizib, antoMiHii, HIKEIb)
PYHHYIOTBCS B’S3KO HaBITh TMpH TeMIeparypax OJM3bKUX [0 TeMIlepaTypu

.. 0
abcomotHoro HyJsa (T, amomiHiio 4,3°K). Lle mosicCHIOETECS BHUCOKMMH 3HAYCHHSIMU

S sopue T CITAOKOIO TEMIIEPATYPHOIO 3AJIEKHICTIO MEXKI IUNTHHHOCTI.

3a nonmomororw cxemu Modde MoxHa OIIHUTH 3AaTHICTh METAJIIB MEPEXOIUTH B

KPUXKHUWA CTaH HE TUIbKH BHACIHIJOK 3HM)KCHHS TEMIIepaTypH, ajie W Hia JI€I0 1HIIHUX
(akTopiB, IO BIUVIMBAIOTH HA BEIWYHUHH S, Ta o,,, L€ HacaMIEPe]

KOHYEHMPAamopu Hanpylcersb, weuoKicme oegpopmayii, MikpocmpykmypHi napamempu
(po3Mip 3epHa, MEPIITHOI KOJIOHII, KOJMIMHBLOTO AayCTCHITHOIO 3€pHa Ta 1HIIL).

Kpurepiit T, 103BOJIsI€ MPOBOAUTH SIKICHE MOPIBHSIHHS 34aTHOCTI METaly YHHUTH OIIp

KPUXKOMY PYHHYBAaHHIO.
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Pucynok 1.2 — Cxema Hodde, 110 TOSICHIOE 3MiIICHHS KPUXKOCTI B HACIIIOK BILIUBY
KOHIICHTpAIIii HapyXeHb( j - OPCTKICTh HAMPYKEHOTO CTaHy, a00 KoedilieHT
nepeHanpyxeHHs 3a Horrom)
3pa30ok 3 HaAJAPI30M YU TPIIIMHOIO Ma€ OUIbII BUCOKE 3HAYECHHS KPUTUYHOI

TEeMIepaTypu T., OCKUIBKM Yy BIAMOBIAHOCTI JO ysBieHb MeHaxke-JIroasika [19]

HasIBHICTh TPHUBICHOTO PpO3TATY B OKOJI BEPUIMHM KOHIIEHTpaTOpa € MPUYUHOIO
3MEHILECHHS PIBHA AIIOYMX JOTUYHUX HAIMpPYXKEHb, 1 K PE3ynbTar, 301IbIICHHS
BEJIMUMHU PO3TATYIOUMX HAMpPYXKEeHb, MPU SKUX MMOYUHAETHCS TUTAaCTUYHA Aedopmarris.
TakuM caMUM YHHOM Ha TPaHUIIO IUIMHHOCTI BIUIMBA€E 30UIBIICHHS IIBUIAKOCTI
nedopmairii. 3MiHa po3MIpy 3€pHA B CBOIO Yepry BIUIMBA€ HAa ICTUHHE HANPYKEHHS
BIJIPUBY, JAPIOHOKO3EPHUCTUM CTPYKTypaM BIJIACTUBE BUIIE 3HAYEHHS HAMPYKCHHS
BiZpMBY HDK JUI KPYITHO3EPHHCTHX CTPYKTyp. Tomy cxema Hobde mis 3paskis 3
KOoHIIeHTpaTtopamu (puc. 1.2) mokasye, mo: mpu T <T,, BIIOYBa€TbCS KpPUXKE
pyWHYBaHHs, ipu T > T, ,- B’SI3Ke, a B IHTEPBAJl TeMIEpaTyp Mix T, , Ta T, , 3pa3Ku
0€e3 KOHILIEHTpaTopa pyHHYIOTHCS B’SI3KO, a 3 KOHIIEHTPATOPOM — KPHUXKO.

3 vacip A.D.Modde po3yMiHHS TPHPOAM B’A3KO-KPUXKOTO MEPEXOAy 3HAYHO
NOTMOMIIOCh, BYEHI PO3POOMIM JECATKM KpPUTEPIiB BU3HAYEHHS KPUTHUYHUX

TeMIiepaTyp. buUTbITicTh METO/IIB BUSHAUYCHHS T, YMOBHO MOJKHA MOJUIMTU Ha 3 TPYIIH:
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1. Enepretuuni
2. ®paxTorpadiuni
3. Jedopmarriiini
Jlo eHepreTUYHUX METO/I1B BU3HAUCHHS KPUTUYHOI TEMIIEPATypH BiTHOCATD:

1.1 rpymy mMeTo/iB, IO 0a3yIOThCS HA 33J]aHOMY 3HAUYEHHIO pOOOTU pYyHHYBaHHS A, , B
3aJIeKHOCTI BiJl Marepialy Ta TpU3HAUYEHHS KOHCTPYKIii. BenmuumHa KpUTHYHOTO
3HAYEHHS A, 3a AKOIO BU3HAYAIOTH T, SK MPABUIIO JIGKHUTH B Mexax 20-40 [ /en?].
1.2 rpyna MeTOlIB OCHOBaHMX Ha BIAHOCHOMY 3MEHILIEHHI pOOOTH pyHHYBaHHA A, ,
3a3Buuai 10 50%

1.3 MeToIM OCHOBaHI Ha BIJHOCHIN e€Heprii pyWHyBaHHs, CyTh SIKHX IIOJISITaE B
HOPMYBaHHI yaapHOi B’SA3KOCTI pPyHHYBaHHS KCV  a00 KCU Ha MaKCHUMalIbHy

BEIMYMHY I[l€1 BEJIMYMHUA KCV  uyu  Kcu . [locTymioerbes, 10 KPUTUYHIN

max

TEeMIIepaTypi BIAMOBIIa€ yMOBa KCV /KCV = 0.55 .

HaiiBimomimmii cepen dpaktorpa@iyHuX KpUTEpiiB BHU3HAYEHHS KPUTUYHOI
TeMIepaTypu T, Oe3nepeyHo — 3MEHILEHHS 01 B A3K01 cki1afoBoi 10 50%.

HedopmariitHi kputepii ocHoBaHI Ha (ikcarlii MeBHOI BeTUYMHU nedopmarii —
BIJIHOCHOTO 3BYKEHHS y B IIMAII UWJIIHAPUYHOIO 3pa3ka YU MONEPEYHOIo
PO3LIMPEHHS A Ha MPOTHJIEKHOMY 001l HaIp13y Npu3MaTuyHuX 3pa3kiB [apmi.

[cHy!OTh 1 Takli METOIM SIKI CKJIQJHO Kiacu(piKyBaTH N0 OJHIET 3 TPYyI, SK
HaTpuKiIad, Kputepii 3anpornonoBanuii A. 5. KpacoBcekuMm Ta FO.A.Kamranom [20], sxi

IIPOITIOHYIOTh BU3HAYATH KPUTHYHY TEMIIEPATYPY T, , IK MAKCUMAJIbHY TEMIIEpATypy 1€

1116 BUKOHYEThCA YMOBA TII0CKoi Aedopmarii B >= 2.5(K,. /oy, )*. ABTopu podotu [21]
I'.A.Bommie Ta K.K.Psi60i#1 nponoHyOTh BU3HAYATH KPUTUYHY TEMIEpaTypu 3a BUJIOM
Jiarpam, sIKIO OTPUMaHI JiarpaMu «3yCUJUISI-BUIOBKEHH» BIJ0OpaxaroTh Npsami JiH11
TO 1€ KpUXKe PYHHYBaHHS, SIKIIO K MEPEHIIIN MEXY IUIMHHOCTI — B A3Ke pyHHYBaHHS.
Kputnuny temmeparypy T. BBaXalOTh YCEPEIHEHOI MIXK OCTAaHHBOIO KPUXKOIO Ta
MEPUIOKO B’ A3KOIO.

Kosken 13 Buille 3rafjaHuX KpUTEpiiB Mae CBOI MepeBaru Ta HEMOJIIKU, 30KpeMa

BI3yaJIbHUM oOrjsig (paktorpadiuHuX KpUTEpIiB HE BHUKIIOYAE 3HAYHUX MOXHOOK Ta
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Cy0’eKTHBHOCTI [22]; eHepreTHuH1 KpUTepili OCHOBaHI Ha POOOTI PyHHYBAHHS CHUIBHO
3aJeXaTh BiJ TOBIIMHHU 3pa3ka [23]; MOKa3HMKH IIACTHYHOCTI B JedopMaiiiHuX

METOJaX CWJIBHO 3ajekaTh BIJI MIIHOCTI o,, MaTepiagy Ta HOro 3JaTHOCTI M0

0.2
nedopMaliitHoro 3MIITHEHHS n, 1 TOMY HaJlIi{HO iX MOXHa BUKOPHUCTOBYBATH JIUIIIE IO

., =700 MITa [24].

Astopu pobotu [25] I.M.Ilyp ta C.A. Illmak mpoBenu MOpiBHAHHA TEMIIEPaTyp
(puc.1.3) oTpuMaHUX 3a PI3HUX KPHUTEPIiB 1 3pOOUIIM BUCHOBOK IPO JOCUTHh YMOBHHUM

XapaKTep CaMoro MOHATTS KPUTUYHOI TEMIEepaTypH T.. .

= ] "
2 58] [t50]4] tigso |69

rACEE =)
‘1 . 1 P AN T

0 }! 10 20
ele

kil 0 O 1 R 7

4 an

D vwncmh KOUMUESECKUX MEMIEIATYD txdap =L ug is
Pucynok 1.3 — [TopiBHSHHS KpUTUYHUX TEMIEPATyp KPUXKOCTI OTPUMAHUX 32 PI3HUX
kputepiiB. lani podotu J[.M.I1lypa ta C.A.Illmaka [25]
AHanizyroun eleMEeHTapHl €Taly YTBOPEHHS Ta PO3MOBCIOJKEHHS TPIIIUH B

MeTanax, po3BUHYBIIM i7ei CTpo (¢ BCTAHOBJEHO AaHAJITUYHA 3aJCXKHICTh T, BiJ

CTPYKTYpHUX Ta cyOcTpykrypHux (akrtopiB), B.L.TpedinoB orpumas ¢PizuuHo
OOIPYHTOBaHMI BUPA3 ISl PO3PAXYHKY KPUTHYHOI TeMIIEpaTypH MpU pyWHYBaHHI B
YMOBax OJHOBICHOTO PO3TSITY.:
200—0.75Kf|*°'5’ (1.9)
N T s
AIn(—()7)
e d

Cc

e o,- CyMapHHil Omip pyxXy [AMCIOKalii Mpu Temreparypi aOCONIOTHOTO HYJIS
(T=0°k), I- po3mip OJIOKIB CYyOCTpYKTYpH, B, K, Ta N KOHCTAHTH IS JTaHOTO
Marepiany, ¢ - nedopmaris.

JlitepaTypHuil OrJs] MOKazye, IO BEJIMYMHA T, HE MOXE 0e3MoCcepeHbO

BUKOPUCTOBYBATUCh [JIsl KUIBKICHOI OIIIHKM 3JaTHOCTI Marepiajdly YWHUTH OHip
KPUXKOMY pYWHYBaHHIO, IO € ii OCHOBHMM HeAOJdiKoM. Taka oOliHKa mependayae

BUKOPHCTAHHS CY9aCHUX METOIB TAKPUTEPIIB KPUXKOTO PYHHYBaHHS.
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1.5 JlokaJpHMi MiAXiA 10 pyHHYBaHHS

Jlokaneuuit miaxin (JII1) no pyiiHyBaHHA 11e HANPSIMOK HAyKW NP0 pyHHYBaHHS,
akuil OyB cTBOpeHMil B 80-X pOKax MHUHYJIOIO CTOJITTS Ta AKTUBHO PO3BUBAETHCS
norenep. B HbOMY BHUKOPHCTOBYIOTHCS METOJIM MIKPOMEXaHIKH Ta BpPaxOBYIOTHCSA
¢13u4HI  0COOJMBOCTI TMpolieciB YTBOpeHHsT Ta BTpatu cradinbHOoCcTi 3T B OKOmII
MaricTpajbHOi TPIMIMHK, ab0 Oyab-SKOro IHIIOTO0 KOHIIGHTpAaTopa HaIpy>KEHb.
JlokanpHU#M MTAX1J B MIMPOKOMY PO3YMIiHHI Nependadae omuc pyWHYBaHHS METaly B
yMOBaXxX KOHIIEHTpaIlii HanpyKeHb Ha MiJCTaBl aHaJ13y JIOKAJIbHOI KAPTUHU PYHHYBaHHS
MeTaJdy B OKOJi BEpIIMHU KOHICHTparopa. lleHTpambHOIO TpOoOIEMOI0 y TaKkoMy
NIOXO0JA1 € Po3poOKa KpUTEpII0 pyHHYBaHHA METally B YMOBax KOHLEHTparii
HarmpykeHb. ['0JloBHa BUMOra JI0 SKOTO — 1HBAaplaHTHICTH JI0 TapaMeTpiB Ta THITY
KOHIIEHTpaTopa. 3aBlskd po3BuTKy JIII B Mexkax e€auHOro HAOMMKEHHS MOXKHA
aHaI3yBaTU TMpOIEC PYyWHYBaHHS 3pa3KiB OyAb-sKOi TeoMeTpii, 3 JOBUIBHUM
KOHIIEHTPaTOPOM HamnpykeHb. ['oJloBHA 0coOMUBICTh JIOKaTbHOTO MiAXOAY MOJISATAE B
TOMY, IO KpUTEpii pyHHYBaHHS BKIIIOYAIOTh SIK JIOKAJIbHI (o ,,e, ) TaK 1 HOMIHAJIbHI
(cepenHi) o, , K,. XapaKTEpUCTUKH PyHUHYBAHHS.
1.5.1. lerepminictuuna Bepcisa JlokaiabHOro miaxoxy

Po3BuToKk ysBIEHHL TPO pyWHYBaHHS MarepiaidiB TICHO TIOB'3aHUN 3
JOCIIJKEHHSMA ~ MIITHOCTI 'y  HEOJHOPIAHMX CHJIOBUX TIOJIAX, CTBOPIOBAHUX
KOHIICHTpAaTOpaMu HampyXeHb. Bimomo, 1m0 3MiHIOIOUM TMapaMeTpu KOHIICHTPATOPY
HaIpYy>KeHb MOXHa BapillOBaTH CIIBBIIHOIICHHSIM MIXK MaKCUMAaJIbHHUMH JTOTUIYHUMU

T Ta HOPpMAJIbHUMU o

max

HaIpPY>KEHHSAMH, 110 3TAHO 3 3aMPOINIOHOBAHOIO JI1arpamMoro

1max

MexaHiyHoro crtany S.b.®pigmana (puc.l1.4) no3Boiigse mnepelTH Bl pyWUHYBaHHS
3CYBOM JI0 PYWHYBaHHS BIJPUBOM, TOOTO 3MIHIOIOYHM BHUJI HAINPY>KEHOTO CTaHy MOHA

3MIHUTH XapakTep pyHHYBaHHS BiJI KPUXKOTO JIO B’SI3KOTO.
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Pucynok 1.4 — Jliarpama ®pinmana

Brnepmie 1iero ocobmuBicTio 3amikaBuBcs ['.B.Vikuk [26], m0 BUKOpPHCTOBYBaB

KOHIIEHTPaTOpU SIK I1HCTPYMEHT HJisi JOCH/DKeHHS omopy BiapuBy R, . lla

o

XapaKTEepUCTUKa R, SBJISIE COOOIO0 CHJIOBHM KpHUTEpId KPUXKOTO PyWHYBaHHS Ta

XapaKTepu3y€e 3/IaTHICTh MaTeplajy YHHUTH OIMip KPUXKOMY PYHHYBAHHIO il JI€IO
HOpPMAJIbHUX HampykeHb. [.B.Ykuk Bhepiie 3BepHYB yBary Ha TOM (akT, IO
MOBE/IHKA MaTepiaay I HaBaHTAKCHHSIM BHU3HAYAETHCS JIOKATLHUMA HApPYKECHHIMUA
y BICTpsI KOHIICHTPATOpPAa, a HE CEPEIHIMH HANPYXKEHHSMHU, SIK1 JIIIOTh B MOMEPEUYHOMY
nepepizi 3paszka. Came Toal Bmepiie OyJio TMOKa3aHO, L0 KPUXKE pPYWHYBaHHS
IJJACTUYHUX MaTepialliB BiIOYBA€ThCS, KOJU JIOKAJIBHUN 00’€M Yy BEPIIMHI HAJPI3y
miggaeTbcsl 0araToBICHOMY HEPIBHOMIPHOMY pPO3TATY. MareMaTuyHuil KpuTepii
KPUXKOTO pyWHYBaHHS CPOPMOBAHUM SIK:

1. Kpuxxke pyitHyBaHHs 6€3 aedopmarii:

=R (1.10)

o, <0

Ne o, — MeXa IUIMHHOCTI;

o, 0, — IHTEHCUBHICTb HalpPy>KE€Hb Ta MAKCUMAJIbHE PO3TATYIOUE HAIPYKECHHS;
R, - Omip BigpuBy HeaehOpMOBAHOTO MaTepiamy.

2. Kpuxke pyitHyBaHHS Ticis nedopmartii:

o, >0, =R (111)

e R, - Omip BIAPUBY MICHs MIACTUYHOI Aedopmarlii, M0 30UIBIIYETHCS 3 POCTOM

CTYIICHIO HAKIJICITY.
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Omip BiIpUBY R, PO3YMIEThCA SIK MaKCHMajbHa MIIHICTh PEAbHOTO MaTepiany,

IO XapaKTepU3y€e CEPEIHI0 BEIMYUHY CHJI 3YETUICHHS Ul BCHOTO TMOMIKPHUCTATy, 3a

aHalloTi€l0, SK MeXa IUIMHHOCTI o, XapaKTepu3ye CepefHiil omip 3IBHUTY
MOIKPUCTAIIIYHOTO 3pa3Ka.

BaxxuBuii BKJIal B pO3BUTOK YSIBIIEHB, II0JI0 MPOIECY KPUXKOTO PyHHYBaHHS B

YMOBaxX HEOJHOPIAHMX CHJIOBUX ToniB OyB 3poOsenuit JI.A.Komenbmanom, BiH

IHTEpIIPEeTyBaB OMip BIAPUBY S, ~AK MiHIMaJdbHE HAMPY>KEHHS KPUXKOTO PyHHYBaHHS

omp

Ipy TEeMIlepaTypi B’S3KO-KPUXKOTO MEPEeXoay B YMOBaxX OJHOBICHOTO po3tary. Ilpu

nboMy Oyna 3poOJjieHa crnpoOa BCTAHOBUTU 3B'A30K MK S, , BHU3HAYEHUM TPH
omp

OJIHOBICHOMY pO3Tsi3l, 1 MaKCUMaJIbHUM JIOKAJIbHUM HAIMpY>KEHHSIM Yy BICTp1
koHieHTparopa. JI.A.KonenbMaH J0BIB, 110 B NEPIIOMY HAOIMKEHI 3aJIEKHICTh OMOPY
BiZIpUBY Bix Aedopmariii iHBapiaHTHA 710 BUIY HAIIPYXKEHOTO cTany [27].

Ha Toif wac cdopmyBanack cucteMa YsBJICHb 3TAHO 3 SKOK MaKCUMallbHE

TOJIOBHE HANpPYXEHHS o, B MOMEHT PyWHYBaHHS PO3TJISAQIOCH K (PyHIaMeHTaabHa

XapaKTEepPUCTHKA MaTepiaiy, 110 BiJ0Opa)xkae MOro 3JaTHICTh YHAHUTU OMIP KPUXKOMY

pyliHyBaHHIO. ['0JJOBHUI HEJOJIIK BUKOPUCTAHHS o, B AKOCTI MIPH MILIHOCTI Martepiaity

NoJIATae B TOMY, IIO O€3MOCEepPeHbO 3 EKCHEPUMEHTY JOKAIbHe HaNpyKeHHS
pYWHYBaHHS BU3HAYUTH HEMOXJIMBO, HOTO MOXHA JIUIIE PO3PaXyBaTH PO3B’SI3yIOUYU
KpaeBy 3a7ady. Bia cmocoOy BupillieHHs KpaeBoOi 3a/1aul 3aJIeKUTh HE TUIBKU TOYHICTD
OTPUMaHUX PO3PaxXyHKIB, a ¥ (PI3MUHMUI CEHC M€l XapaKTepUCTUKU. Tak YUCIEHHI
JOCIiTHUKY Ha voui 3 [». HoTTomM BUKOpHCTOBYBaIM TEOPiro JiHINA KOB3aHHs [28], 110

JIO3BOJISUIO  BU3HAYUTH o, JIMIIE 3a OJHIE] TeMIepaTrypH, KOJIU pPyHHYBaHHS

B1I0YBAa€ThCS B MOMEHT 3arajibHO1 TUIMHHOCTI 3pa3ka 3 KOHIEHTPATOPOM. 3MIHIOIOUH
KyT po3KputTs KoHueHTparopa [x.Hort BapitoBaB koedillieHTOM nepeHanpyKeHHS,
TUM CaMHUM 3MIIIYIOUd TeMIepaTypy 3arajbHOl IUIMHHOCTI. TOYHICTH PO3B’S3aHHS
Kpa€BOi 3a/aul HE J03BOJIMJIA MOMY BCTAaHOBUTH MEBHY TEMIEPAaTypHY 3aJI€XHICTh

JIOKQJIbHOTO HaIpyKEHHS PYWHYBaHHA o , . 1100 moscHUTH 11 epexTH, HEe BUXOASIUH 3a

pamku konueruii HMoggpe-OpoBana, 6yno 3anpoNOHOBAHO yMOBY pYHHYBaHHS B
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HEOJHOPIAHUX CUJIOBUX MOJSX SK JOCATHEHHS 3HAYEHHS o, HE B TOYIl, a B MeXax
esaKol 00J1acTi
Crmax (X)) =04 (112)
Jie x, - XapaKTePUCTHUYHA BiJICTaHb.
3 pucynky 1.5 BuIHO, IO x, TIOBHHHO MATH TaKy BEJIMYWHY, 100 3a0€3MeUnTH
CTAJIICTh PIBHS HANPYKEHHS PYWHYBaHHS o, JJIS Haapi3iB pi3HUX pajiyciB. biasiiicTh

JOCIIITHUKIB PO3MJISIAANIA  XapaKTEPUCTUUHY BIJCTaHb, SK CTPYKTYpHY KOHCTAHTY

Mmatepiany. Tomy Oymm 3poOsieHi cripoOW BCTAaHOBHUTH 3B'SI30K MK x, Ta PO3MIpOM

AiKcHOTO 3epHa. J{14 O1IBIIOCTI KOHCTPYKIIMHUX CTaJIed x, JICKUTh B MeKax 2-3 d .

Pucynok 1.5 — IaTepnperartist xapakrepucTiaHoi BijcTani x, 3a Kione [29]

Bnepiie NOHATTS XapakTepUCTUYHOI BiJCTaHI OyJl0 BBEIEHO MpU aHami3l
KapTUHU pYHHYBaHHS B BEPIIMHI MaKpOCKOIIYHOI BTOMHOI TPIIIUHU, OCKUIBKH 4Yepe3

CUHTYJISIPHICTh HaIllpPy>K€Hb y BEPIIMHI yMOBA PYWHYBAaHHS o, (X,)=o, BUKOHYETHCS

npu OE3KIHEYHO MaJMX 30BHINIHIX HAIMpYy>KeHHSX. BapTo 3BepHyTH yBary Ha Te, IO

BEITMYMHA x, PO3PAXOBYETHCS 3a EKCIICPUMEHTATLHUMU JAaHUMH K, Ta o, 1 TOMY B
3QJIEKHOCTI BiJI Croco0y Ta TOYHOCTI BHU3HAUCHHS IMX BEJIWYWH, 3HAUYCHHS X,

JTOCIIKYBaHUX CTajeil 3a OJHAKOBUX YMOB MOXYThb BIIPI3HATHCH.
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Bemuunna x, K CTpPYKTypHa XapakTepUCTHKAa MeETaly 3HaWIIa CBOE
3aCTOCYBaHHS B YHCICHHMX MOJENsX, sk iHo3emMHMX — Kappi ta Hotr [30] Tak 1
BiTum3HsIHUX — A.S.KpacoBcekmii [20] HaykoBmiB. I[IpoTe ¢i3uuni YSABICHHS TIPO
IPUPOJy PyiHYBaHHS HE BHIIUIM JaJeKo 3a paMKH ysBieHb HModde mpo 31aTHICTH

MaTrepiajly YUHUTH OITp BIIPUBY S, 3TIHO SKOTO IMOCTYJIIOETHCS HE3aJIEKHICTh S,

omp 74

Bil BHUAY HampyXEHOr0 CTaHy, IIBUJKOCTI HaBaHTaXEHHS Ta TEMIIEpaTypu
BUMpoOyBaHb. OCHOBHHI TMpOrpec MOJSATrae B BCTAHOBIEHI 3B’S3KYy MIXK JIOKQJIbHUM

HANpYy>KCHHS PYWHYBaHHS o, Ta MapaMeTpaMH MIKPOCTPYKTYpPH.

1.5.2. CTaTucTHYHUI oNUC iHINiIBAHHS KPUXKOT0 PYHHYBAHHS B OKOJIi TPilIMHM,
a00 Haapisy

CratucTuuHl Mozenl TnependavyaroTh pPO3PaxXyHOK WMOBIPHOCTI pyHHYBaHHS
3pa3ka 3 KOHIIEHTPAaTOpOM (HaApi30M YM TPIIIMHOIO) 32 JOMOMOI0I0 «PO3OUTTS» BCHOTO

00’eMy 3pa3ka Ha CyKyIHICTb IIEBHMM YMHOM BUOpAaHHX €JIEMEHTapHHUX 00’€MIB V , Ta

pO3paxyHKy HMOBIPHOCT1 pyHHYBaHHS KOXKHOTO €JIEMEHTApHOTO 00’ €MY.

F, =F(o, >05e>e,), (1.13)

Vv
€ o, - TOJIOBHE JIOKaJbHE pO3TATYIOUE HAINpPY>KEHHS M0 Jl€ B BUOpaHOMY
eJIEMEHTapHOMY 00’€Mi; o, - KpUTUYHE HAMPY>KEHHS BTPATH CTA0UIHLHOCTI 3apOIKOBUX

TPILIMH; e- IHTEHCUBHICTh JIOKQJIbHUX IUIACTUYHUX JedopMairiii; e, - JIOKaJibHA
nedopmMaitist 1HILIIOBaHHS 3apPOJIKOBUX TPIILIHH.
YMoBa pyilHyBaHHs 3pa3ka 3 HAJpIi30M YU TPIMIMHOK, 10 MICTUTh N TaKUX

eJIEMEHTapHUX KOMIPOK (00’ €MiB) BUBHAYAETHCS HACTYITHUM YHHOM:
N
1-T[-F 1=F., (1.14)
i=1
ne F, - JOMYCK Ha UMOBIPHICTbh PyHHYBaHHSI.
B mnpaktuuHOMYy maHi MPUAMAIOTHCS BEIMYMHU F. =5% - HIDKHSA TPaHHI
HaNpy)XCHHS PYHHYBaHHS, F, = 95% - BEPXHSA TPaHUI, F, =50% - MPH CUMETPUUHIN
¢byHKUIi TyCcTMHM WMOBIPHOCTI pyHHYBaHHS BIJANOBIJAE CEpEAHIA  BEIUYMHI

HaIpy>KEHHS PyUHYBaHHs.
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['onoBHa mpobiieMa CTATUCTUYHMX MIAXOMIB — BIAHAXOKEHHS (PYHKIII

MMOBIPHOCTI pyHHYBaHHA KoMipku V,. B Oumemocti poOit (30kpema BEREMIN-

Moieb[31]) mOCTyIMOETHCS MOKIIUBICTH BUKOPHUCTAHHS po3oaity BeiOyia:

Vj O — 0Oy
Fi,(0) =1-exp{ — - (———

0 Gu

)"} (1.15)

I o, - IOPOrOoBE HAINPY>KEHHSI (HYXKHS TPAHUIISI MILHOCTI); m - MapaMeTp, 1[0 BU3HAYAE
dbopmy GyHKIIIT HMOBIPHOCTI; o, - XapaKTEpU3ye YYTIUBICTh HANPY>KEHHsI PYWHYBaHHSI
10 3MiHH 00°€My; V- 00’ €M €IEMEHTapHOI KOMIPKH; V, - €TaJIOHHHI 00’ eM.

[lpy 1BOMY TOCTYNIOETHCS, IO mapamerpu Beitdbyna (o, ,m,o,,V,) — €
KOHCTaHTaMH MeETally, TOOTO HE 3ajJekaTh BiJ HaIpPyKEeHO-AcHOPMOBAHOTO CTaHY
KOHCTPYKIIi.

JUist  CHIpOILEHHA PO3PAaxXyHKIB JE€AKl JOCIIJIHUKH KOPUCTYIOThCA  JBO-
napaMeTpUYHUM KpUTepiem, ToOTO mpuitmMaroTth o, =0 [31,32,33], 110 3 (i3u4HOT TOYKH
30py HEe MOXke OyTH B MPHUHIIUII, TOMY JBO-TIapaMeTpUuHui Kputepiii BeitOymna Bapto
pO3MIISIIaTU SIK CIPOINECHHS 3py4YHE MJIsi ampoKCUMaIiid mpoTe mo30aBieHe (Pi3MYHOTO
3MICTY.

He3Baxaroun Ha yCHixu BUKOPUCTAHHS CTaTUCTUYHOI MOJIEII 13 3aCTOCYBaHHSAM
posnoainy BeiiOyna, 30kpeMa ycminHOMY MPOTHO3YBaHHI TEMIIEPATypPHOI 3aJI€KHOCTI
HOMIHAJIBHOTO HAIPY>KEHHsSI PYWHYBaHHsS 3pa3KiB Ha 3TMH, Ta TPIIIMHOCTIAKOCTI B
HUKHBOMY Ieib(i, HAa CHOTOJHINIHIA JEHb ICHYye OaraTo IMiJICTaB TOBOPUTH IIPO
OOMEKEHICTh KOHIENTyalbHOI 0a3u. 30kpemMa B pobOoti [29] mokaszaHo, IO
pPO3paxyHKOBE 3HAYCHHS HANpPYXEHHS pyWHyBaHHs Outbmie HIX Ha 30% BUI HIXK
EKCTIIEPUMEHTAJIbHI.

binbll KOpeKTHUN MiAXiA 3amporoHOBaHUN B poOOTI [34] ne BUKOPUCTOBYIOTH
TPHOX mMapaMeTpuyHuii po3moain BeiOyna, a mapamerpu ¢Qynkiii Beiibyna
BU3HAYAJIMUCh Ha OCHOBI JJAHMX HIOJ0 PO3MOALLY KapOiAHUX YacTOK, sIKI BUCTYNAIOTh B
poyi JKEpell 3apoJKOBHUX TPIMMH. Takui MiAXiJ J03BOJIMB OUIBII TOYHO OIHCATH
TEMIEPATypHI 3aJ€KHOCTI HOMIHAJIBHOTO HAIPYXXEHHS pYyWHYBaHHS 3pas3KiB 3
HAJpI30M, Ta TPIMIMHOCTINKICT, CTali B HIWKHbOMY mienbdi. [IpoTe pospaxoBane

SHAYCHHA ITOPOTOBOI'0 HAIPYKCHHA o, 3HAYHO IICPCBUIINYE BCIINYHNHY MIHIMaJIBHOT'O
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HAnpy>XeHHS KPUXKOro pyHHYBaHHS 3pa3kiB 0e3 KoHIEeHTpaTtopiB. Bxkazani Buiie
HEOJIKM HAIITOBXYIOTh Ha JYMKY, II0 3anpornoHoBaHuii BapianT JIII € koHIenTyaabHO
HE3aMKHEHUM, 1110 HE Ja€ 3MOTY BCTAHOBUTH BKJIAJ MIKPOCTPYKTYpHHUX MapaMeTpiB Ta
xapaktepy HIC B iiMOBIpHICTh pyHHYBaHHS.

B ocrtanni poxku B poborax [35,36,37] 3ampomoHOBaHWUW HOBHM MIIXid, J0
po3B’sizanHs 3amad JIII. Bin momsarae y  Bu3HaueHHI BUAY (GYHKIT WMOBIPHOCTI
pyHHYBaHHS Ta BEIMYMHHM 11 MapaMeTpiB BUXOIMYM 13 "mepumux mpuHUUIB", ToOTO 3
aHaJli3y €JIEMEHTapHUX aKTIB PyHHYBaHHs, IOB'SI3aHUX 3 YTBOPEHHSAM Ta BTPaTOlO

pIBHOBAru 3apoJIKOBUX TPIIIHH.

1.5.3 ®izuuna Bepcis JIokaabHOro MiAXoAy 10 pyiiHYBaHHS

Ha cporojHimHid J1€Hb BBaXKAETHCSA, L0 MPUYMHOIO KPUXKOTO PYyHHYBaHHS
MetaniB € 3apoakoBl TpimmHM 3T. Lle ocoOnuBuii Bua JedeKTIB KpHUCTAIIYHOI
CTPYKTYpPH, SIKI HE ICHYIOTh B IpaTlii IOYAaTKOBO, & YTBOPIOIOTHCS B IIPOILIEC] MJIACTUYHOT
nedopmariliii, HUIIXOM HECYMICHHUIITBA MiKpoIutacTuuHuX Aedopmairiii. L1 HecymicHOCTI
HAKOIMUYYIOThCS HA TPAHULSAX 3€PEH Ta MPU3BOAATH JO BUHUKHEHHS MOTYXHUX IOJIIB
MIKpOHAIPY>KeHb, JOCTATHIX JJII PO3PUBY MIXKATOMHUX 3B’S3KIB Ta YTBOPECHHS
cyOMikpocTpinuH. ba3yrodncs Ha WX ySABIEHHSX B po0OoTi [37] Bmepie OoTpuMaHU

BHpAa3, U0 ONUCYE (PAKTOPU K1 BIUIMBAIOTH Ha po3Mmip 3T:

r d
- By, (1.16)
y B e

a

1€ p — KOHCTaHTa; d ,— PO3MIp 3€pHA; ¢ — BEJIMYMHA €KBIBAJIEHTHOI MIKPOILIACTUYHOL
nedopmarii y 3epH1 po3MIpoM d .

VY DNONIKpUCTANIYHMX MaTeplalaXx po3mip 3epHa d,, Ta BEIUYUHA

MIKpOIIJIACTUYHOI aedopMariii ¢ — BETUYHMHU BHIIAIKOBI, TOMY PO3MIP 3apOAKOBOI
TPIIIMHUA a TaKOXX BUITAJIKOBa BemunHa. OTKeE K CIIAYE 13 BUIIE CKa3aHOT0, XapaKTep
pO3MOMUTY PO3MIpPIB  3apOJKOBUX TPIMIMH CYTTEBO 3aJIEKUTh BIJl TUIACTHYHOT
nedopmartii.

Po3mipu 3apoakOBHX TpPIIMIMH — CYOMIKPOCKOIIYHI, iX JOBXKHMHA 3a3BUYail HE

nepeBuIlye IMKM, TOMY MIKpOHANpY>KE€HHSI CYTTEBO BIUIMBAIOTH Ha IMOBEAIHKY LHUX
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nedeKTiB 1 MOXYTh CIHPHUYMHUTH BTpPATy iX CTaOUIBHOCTI, a OTXKE€ KaTacTpodiuHe
nomupeHHsa. B po6oti [37] moBeneHO MAOUIIBHICTH PO3AUISTH MIKPOHAIPYKCHHS

CTBOpEHI MNPYKHUMHU JAePopMallisiMd ¢, Ta MIKPOHANPYKEHHS IO TEHEPYIOThCA

i o
IMCIOKaliAMHy ¢ . B nepmiomy HaOmMKeHI &, OXHOPIIHO PO3IOJLIEHI B MEXaxX 3€pHa,
3MIHIOIOYHCH JIMIIIE TIPH IEePeXoii BiJ 3epHa A0 3epHA. BenmmumHa aucnepcii mux
HaIlPY>KeHb BHU3HAYAETHCS MAKPOHANPYKEHWM CTAHOM MONIKPUCTATIYHOTO 3pa3Ka,

TOOTO 3aJIeKHUTh Bl TOJOBHUX MIKpPOHANpyXeHb o,, o,, o,. OOYUCINTU AUCTIEPCIIO

2
MIKpOHAINpY>KeHb MOKHA 32 OMMMCAaHUMU B [38] aHATITHUHUMU 3aT€KHOCTSIMHU:

D(&,) = Dlal2 +D, (0'22 + 032) +2[u, (0,0, +0,0,)+ p,0,0,]

D(&,,) = D|622 + D, (012 + 0'32) + 2y, (0,0, +0,0,)+ p,0,0,] (117)

D(&,) = chr; +D, (0'22 + O';) +2[u, (o0, +0,0,)+ u,0,0,1,
ne D,,D,,u,,u, — KOeDIIIEHTH, IO BHU3HAYAIOTHCA MPYKHUMH KOHCTAaHTaMU
KPUCTAIIYHOI IPaTKU Ta 3aKOHOM PO3MO/ILITY PO30PIEHTAIliH 3epeH.

I3 3anexxnocTi (1.17) BumiIMBae HaBITh MPU OJJHOBICHOMY PO3TsI31 MOJIKPUCTATY

(6,>00,=0,=0) OKpeMi 3epHa 3HAXOAATHCSA y OAraToBICHOMY HaIpy>KEHOMY CTaHi
(¢, #0,¢&, #0,&, #0). [Ipu mboMy MarOTh Miciie 3Ha4HI QIIYKTyaIlii MiKpOHAIIPYKCHb,
HalmpuKiIaJg 3a YMOB  OJHOBICHOTO  PO3TATY  MOJIKPUCTAIIYHOIO  3aii3a

MIKpOHAINPY>K€HHd &, JIeKUTh B IHTEpBal 0.60, ....1.40,, a BEIUYUHU

1

MIKpOHAMPYXKEHb &,, Ta &,, B MEXaX —1.24c0,....+1.240,

CdopmynboBaHa yMOBa piBHOBAaru CyOMIKpOCTPIIIMH Yy JABOMIPHOMY HaOJIMKEH1

Mae€ BUTIISIA.
En+E = p(0.) (1.18)
11 \/g 4 1) -
ne n = ‘z napaMeTp TUITY MiKpOHAIPYKEHOTO CTaHy;

11

0 — KyT MK TUIOIIMHOIO TPIIIMHU Ta HAPSIMKOM MIKPOHAIIPYXEHB &, ; K —
KOe(]iIlIeHT, IO XapaKTEPU3YE OIIp METaTy MOMTUPEHHIO 3aPOJAKOBOT TPIIUHU; ¢(6,7) —
(GyHKIIIS BIUIMBY MIKPOHAIPYKEHOTO CTaHy Ta Opl€HTAIlll 3apOAKOBOI TPIIIMHU Ha

BenuuuHy [ piddiTchbkoro HaNMpyKEHHS.
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0(0,1) - (119)
Jsin 26 + 5 cos? 6

BpaxoByroun Bupas (1.18) moxHa oTpumaTu BHpas AJI KPUTHYHOI BEITMUUHH

PO3TATYIOUHMX MIKPOHAIIPYKEHb ¢, , 32 IKMX 3apOKOBa TPIIIMHA CTaHE HECTAOIIbHOIO:

K
- 0(O,n)-E. 1.20
& \/—w( n)-¢ ( )

a
3anexuicts (1.20) no3Bosisie oTpUMaTu BUpas, 110 OMHUCYE UMOBIPHICTh BTPATH

CTaOlIPHOCTI Ta KaTacTpo(iuHOTO POCTY 3apOAKOBOI TPIIIMHU MPHU 33JaHOMY piBHI

MiKpOHAIIPYKEHb:
Fo) = fc}ﬁ M- erf (= yde, (1.21)
2 2 J21(8,)0,
dF (&) . . . . .
e fl(é:c) =, F1 (fc) — MMOBIPHICTb BTpAaTHU P1BHOBAru 3T IIpH 3aJaH1 BCJINYHMHI

c

HOPMAJIbHUX MIKPOHANPYXEHB &, ; 1(£,,) - Koe(ilieHT Bapiallii MIKpOHANPYXEeHb &, .
VY mporeci miactuyHoi Aedopmaliii MOJIKPUCTATy YTBOPIOETHCA aHCAaMOIb 3 N,
cyomikpocTpinuH. UMOBIpHICTh KaTacTpo(iuHOrO MOIIMPEHHS F,(o,) HE MEHIIE HIXK

OJIHIET 3 HUX OTIMCYETHCS 3AICIKHICTIO:
F(o,)=1-[1-F,(c)]"™. (1.22)

3apoAKOBI TPILIMHU YTBOPIOIOTHCS B MPOLECI MIACTUYHOI Aedopmallii, TOMY
BEJIMUYMHA N, HE € CTAJIOI, TOOTO 3MIHIOETHCS B TIporieci Aedhopmartii.

@dizuyHa Bepcis  JOKAJBHOTO  MIIXOMYy  JO3BOJSE  TOSICHUTH  YMCICHHI
EKCIIEpUMEHTaIbHI  JIaHi, 30KpeMa HasBHICTh CIAJal4oi TIIKM Ha 3aleKHOCTI

HaNpyKEHHsI pyWHYBaHHS BiJl BETMYMHU JIOKABHOI TuTacTHYHOT nedopmaitii [39].

1.6 3axoHOMIpHOCTI 3MiHM BeJIMUMHHU JIOKATHHOI ie(hopmaltii KpUXKOro pyitHyBaHHSI €

Amnaniz miteparypaux manux [40-45] mokasye, mo Mexi Bapiaiii JOKaJIbHOI
KPUTUYHOI Jepopmalii 1HILIIOBAHHS KPUXKOTO pyHHYBaHHS e, A0ocuTh mupoki (0.1-
20%) ToMy, W10 TapaMeTpu JIOKAIHHOTO HaMpyXEHO-Ae(OPMOBAHOTO CTaHy IIij
KOHLIEHTPATOPOM € (PyHKIIi€Er0 Oararbox 3MIHHHUX 1 3aJ1€KaTh BiJl TOCTPOTH HAAPIZY p ,
TeMIIepaTypy BUMPOOYBaHb T , B SA3KOCTI Marepiany K ., TeoMeTpii 3pa3ka (b,w,t,6 ), Ta
MIKPOCTPYKTYPHUX OCOOJIMBOCTEH.
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O06poOka HaBeneHux B pobortax [40,41] ekciepuMEHTaNIbHUX JAHUX B LITUPOKOMY
intepsani Temmepatyp (-196...-50°C) no3Bomste mobyayBati 3anexHocti (puc.1.6), mo
JEMOHCTPYIOTh MeEXI1 PpO3KUAY JIOKadbHOI JedopMaliii 1HIMIIOBAaHHS KPUXKOTO
pyHHYBaHHS Ha MAaJOBYTJCIEBUX CTalsX Ta METall iX 3BapHOro ImBa. Pe3ympTaTu
CBiluaTh, 1O TpH (IKCOBaHIM TeMIiepaTypi BUNPOOYBaHb ICHYE JOCHTh CYTTEBUU
iHTepBan 3HAYeHb JIOKANbHOI IUactmuHoi aedopmarii (mpu T= —100°C mokambHa
nedopmaritis 3MiHoeThes Big 0,4 mo 11,2% a ne B 28 pa3), npuurHa 1OTO SIBUILA B
CTOXACTUYHIN MPHUPOJII KPUXKOTO PYHHYBAHHS OCKUIBKH 32 CTaJ0i TEMIIEpaTypH 3pa3Ku

PYHHYIOTBCS TIPU PI3HUX HaBaHTAXEHHSX 1 BIMOBIIHO MpH pi3HOMY piBHI K . . I{ikaBo,

10 pO3KUA CKCIICPUMCHTAJIbHHUX JdHHUX B MaTepiaﬂi 3BAPHOI'0 IIBa 3HAYHO MGHHIPIﬁ,

MPUYMHA [[OTO CKOPIIII 332 BCE B 3HAYHO MEHIIIN KIJTLKOCTI BUIIPOOYBaHUX 3Pa3KIB.

2 0,151 SEN(B) :fo,ls- SEN(B)
jan]
= T [ A f
S | A 3
= . >,
2 =
>§ )i
Y | o
= 0,10 § e . onlo.
(&)
= 2
= o
/M ® =
£ 0,05 ® =
(a+1 H 7 e o 5
= . 2007
= e o 3
1 S. =y . .
£ ° i ° 5 °
£ 0,007 * ° ° = . . : .
= r . . . = 0,00+
= -200 -150 -100 -50 é 2110 100 -90 80 -0 -60  -50

Temneparypa T, (OC) Temneparypa T, (OC)

(a) (6)
Pucynox 1.6 — 3anexHiCTh JIOKaJIbHOT KpUTUYHOI fehopmartii iHIIIFOBaHHS KPUXKOTO
PYWHYBaHHS BiJ] TEMIIEPATYPH, e, BU3HAYCHA CKCTICPUMEHTAIBHO 32 IOTIOMOTOFO

bpakrorpadiunux metoiB Ha npusmaTuuHux SEN(B) 3pa3zkax 3 HaBeaeHOO
TPIIIMHOIO, MaTepiaj — MaJIOBYTJIEEBa CTalb (a)- OCHOBHMI MeTal; (6) — meTan
3BapHOTO 1Ba. 3a nanumu poodotu [40]

OOpoOka TaOMMYHMX JaHUX OIMyOJiKoBaHMX B poboTi [41l] cBiguuTh, IO
aHAJOTIYHI 3aKOHOMIPHOCTI MaloTh MICLe 1 NMpU pyHHYBaHHI 3pa3KiB 3 HaJApi3amu

(puc.1.7).
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JloxansHa fepopmairis B MOMEHT pyiiHyBaHHd, ¢ (-)
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Paniyc nanpizy, p (Mm)

Pucynok 1.7 — 3anexHicTh JIOKaJIbHOT KpUTUUHOI Jedopmarliii B MOMEHT pyHHYBaHHS
Bif pagiycy Hazpisy mpu dikcoBaniii Temmepatypi T=-196°C. ¢, Bu3HaucHA
eKkcrepuMeHTalnbHo Ha npusMatuyHux SEN(B) 3pazkax 3 HaBeJIeHOIO TPILIHUHOIO,
MaTepiall — MaJIOBYTJIEIeBa CTallb. 3a JaHUMH podoTu [41]

ABTOpH poboTH [42] nocaianIv 3aKOHOMIPHOCTI 3MIHU JIOKAJIBHOTO HANIPYKEHHS
KPUXKOTO pPYWHYBaHHS MAaJIOBYTJICIIEBOI CTajl MICHS PI3HUX TEpMOOOPOOOK, YUM
BJIAJIOCS TOCSATTH 3MIHM PO3MIPIB KapOiAiB HE 3MIHIOIOUM CEepelHiil po3Mip (hepuTHOrOo
3epHa. OnpalroBaHHs ONMy0JIIKOBaHMX HUMHU JaHUX [42] mae 3Mory 3’sCyBaTH, SIK caMme
BIJIMBAE PO3MIp KapOiliB Ha BEIMYMHY JIOKaJIbHOI nedopmarii (puc.1.8). 3 pucyHky
MOKHA CYAMTH, IO TPHOXKpPATHE 30LIBIIEHHS pO3Mipy KapOi/liB HE BIUIUBAE HA PIBEHb

KpUTHYHOT Aedopmariii pyliHyBaHHS e,. B poOoti [43] mocmimKyBanu BILTUB 3MiHH

IMOMHU HAJpi3y Ta KyTa HOro PO3KPHUTTS Ha JIOKAIbHI XapaKTEPUCTHKU y BICTPS
KOHIIeHTpaTopa. Haxkans mpuBeneHi B  poOOTI  AaHl  JIO3BOJISIIOTH  TiJIBKH
OMOCEPEAKOBAHO CYIUTH MPO Alana3oH 3MIHM JIOKaJIbHOI KPUTHYHOI Aedopmarii. Ha
pucysky 1.9 mpourtocTpoBaHuil niama3oH Bapiainii BijcTani g0 Micis pyiryBanas CID
(Cleavage Initiation distance), mpusmatidHuX 3paskiB 3a Temmeparypu T= — 196°C 3
pI3HOI0 TJIMOMHOIO Ta KYTOM PO3KPHUTTS KOHIEHTparopa. Lli maHi J03BOJISIOTH

CTBEP/IKYBaTH MPO aHAJIOTIYHUIN 1HTEPBAJ 3MIHU JIOKaIBHOI edopmartii.
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Pucynox 1.8 — 3anexxHicTh JIOKaJIbHOT KpUTUYHOI Jehopmaliii BiJi TeMIiepaTypH 3a
PI3HUX CTPYKTYPHUX CTaHIB. (a) — cepeaHii po3mip kap0biaiB 0,7 um, (6) — cepenHiii
po3mip kapOiaiB 2,2 um ; cepeaHiit po3Mip (pepuTHOro 3epHa B 000X BUNaAKaxX 9,3 um .
Marepian — MaJioByIJIeIeBa CTajlb. 32 JaHUMHU poboTh [42]

550 - .
450_ maapi -
- 500
4001 = s __aso] =
':i/}_ i |_ g_ =
/‘E\ 350+ = 400+ s
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- < 3504
>< 3001 - - = -
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< 250 - 250 -
- " 2004 =
200 +——v—————————— _ _ _ _
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Tmm6una d |, (Mm) KyT po3kpurts o, ()

Pucynok 1.9 — 3anexHicTb BificTaHi 10 Miclis iHinitoBanHs pyitnyBanus CID- Cleavage
Initiation distance, Big rimuOUHM d Ta KyTa @ PO3KPUTTS KOHIEHTparopa. Bincrans CID
BUMIpSHA 32 I0NOMOTo10 (pakTorpadiyHux 3HIMKIB npusMatuyHux SEN(B) 3paskis, mio

6yu BunpoOyBaHi 3a Temmeparypu T = -196°C 3a nanumu po6oru [43]

B Hactynmuux pob6otax aBropiB G.Z.Wang ta J.H.Chen [44] aHanizyeThcs BILTUB
T€OMETPUYHUX PO3MIPIB MPU3MATUYHHUX 3pa3KiB Ha 4-X TOYKOBUHW 3TMH HA JIOKAJTHHUUN
HampykeHo JnedopmoBanuit  cran. OOpoOka oOmMyONMIKOBaHUX JIaHUX JIO3BOJISIE

BCTAaHOBUTHU XapakTep 3MiHU JIoKanbHO1 nedopmartii (puc. 1.10). Sk BUIHO 3 pUCYHKY,
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13 301IBIIICHHSIM T€OMETPUYHUX PO3MIPIB 3pa3Kka, JOKajlbHA JIedopMmarlis 1HIiFOBaHHS

KPUXKOTO PYWHYBaHHS Ma€ CIa0Ky TEHJICHIIIIO 10 3MEHIIICHHS.
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PHcyHOK 1.10 - FGOMeTpI/Iqﬂl po3Mipu BUKOPUCTAHUX B p060T1 NPU3MATHIHAX SEN(B)
3pa3KkiB Ha 4X TOYKOBUI 3TMH Ta 3aJIEKHICTh JOKAJIbHOI IJIACTUYHOI AedopMaliii B
MOMEHT PYHHYBaHHS BiJ] TCOMETPUYHHUX OCOOIMBOCTEH 3pa3Kka. 3a TaHUMH PoOoTH [44]
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Pucynox 1.11 — 3anexxHicTh TOKaIbHOI MIIACTUYHOT nedopmartii e, 1HIIIFOBAaHHS

KPUXKOTO PYWHYBaHHS BiJ TPINTUHOCTIMKOCTI K,. CTalli B IIMPOKOMY TEMIIEPATypHOMY

inTepBan (-196....

naHuMu podoTH [45]

-60°C). SEN(B) 3pasku, MaTepian — MaJoByIIICLeBa CTalb. 3a

O6poOka omyOaikoBaHux B poOotax [43] Ta [45] maHuX 103BOJIMJIA BUSIBUTH

IIEBHY

3aKOHOMIPHICTh 3MIHU JIOKQJIbHOT

nedopmarrii

IHIIIIOBaHHSA ~ KPHUXKOTO
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pyHHYBaHHS B 3aJIEKHOCTI Bl BEJIMYMHU HOMIHAJILHOTO HANPY>KEHHS PyHHYBaHHS, fKa
B IuX poOOTax aHali3yBajach B TEpMIHAX BEJIWYMHH Koe(]illieHTa 1HTEHCHUBHOCTI

Halpy>XeHb B MOMEHT pyuHyBaHHS K, (puc. 1.11). 3pocTraHHsS BeIUYUHU K .
CYIIPOBODKYETHCS 301TBIIICHHSIM BEJIMYMHU JIOKAIBHOT Aepopmartii pyiHyBaHHS e .

Ile 30kpema MOKHa MPOUTIOCTPYBATH HA MPUKIAAl JAHUX, OTPUMAHUX MpHU

1KCOBaHIM TeMIIEpaTypi, B JaHOMY BUIAJIK T =-130°C (puc.1.12
paTyp y y
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JlokanbHa nedpopmallis B MOMEHT pyiiHyBaHHs, ¢ (-)

Pucynoxk 1.12 — 3anexHicTh JIOKJIBHOI INIACTUYHOI Ieopmariii e, B MOMEHT
pYHHYBaHHS Bijl TPIIIUHOCTIMKOCTI K,, MaJOBYIJIENEBOI cTam. 3a qanuMu podotu[45]
Pi3Ha TPIMHOCTIMKICT K . 3a MOCTIMHOI TeMMEpaTypHu T = const pPeasli3ye€TbCs
3aBISIKA CTOXACTHUYHIM TPHUPOAI KPUXKOTO PYHHYBAaHHS, IO € MPUYUHOIO SIBUIIA
pyHHYBaHHS 3pa3KiB 3a Pi3HOTO PiBHS HaBaHTaXeHHs P /P, (J/o,,). JlitepaTtypHi aaHi,
30kpeMa 00poOka manux pobotu [45] (puc.1.13) miaTBepIKy€e IF0 TINOTE3y, MPHU
= -196°C ta P/P,, =0,6 BeamuMHA JTOKAIbHOI meopmaiii B Mexax Bixg 0,5-2% i 3
pPOCTOM BIIHOCHOTO HABaHTAKEHHS IIUPHHA I[LOTO 1HTEpBAIY 3pocTae. B 1mimomy 1ie
JTIO3BOJIUJIO BUSIBUTH TEHACHIIIO 1O 3POCTaHHS JIOKaJIbHOI Jedopmarlii iHII[IIOBaHHS

pPYWHYBaHHS e, TIPH 3POCTaHHI BEIWYMHU HOMIHAJIHHOTO (CEPEIHBHOT0) HAMPYKCHHS

pyVHYBaHHS.
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JlokanbHa nedopmailis B MOMEHT pyWHHYBaHHS,
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Pucynok 1.13 — 3anexHicTh JOKaabHOI AedopMallii Bii piBHS MPUKIIAIEHOTO
HaBaHTaxxeHHsI 10 SEN(B) 3pa3kiB. 31iBa MajoByTJjeleBa CTajlb, 3 IpaBa — MeTal

3BapHOTIO IIBA. (3HAYCHHS e, OTpUMaHi ppakTorpadiyHuM HIIsIXom) [45]

Buxosuu 13 BUIIEBUKIIAICHOTO JITEPATyPHOTO OTJISIY 3aBAaHHSIM JOCITIKEHD €

BCTAHOBJICHHA B SIBHOMY BI/II‘J'ISII[i B33€M03B’H3Ky MK JTOKJILHUMH Ta HOMIHAJIBHUMU

(cepeonimu) xapakTepuCTHKaMH pyHHYBaHHsA. ToMy B poOOTI TOCTaBlieHI HAaCTYITHI

3a1aul:

1. Po3pobutu METONUKY BU3HAYEHHS MIHIMAJIBHOTO PIBHS KPHUXKOi MIIHOCTI

R,c KOHCTPYKILIHHUX CTaJEH.

BigHailT KpUTHWYHI 3HAYEHHS JIOKAJBHUX HANPYXEHb Ta AepopMaliil mpu
pyWHYBaHHS KOHCTPYKIIIHUX cCTajiedl B yMOBaX KOHIIEHTpAIli HaIpy>KEHb.
BcTaHOBUTH 3aKOHOMIPHOCTI iX 3MIHM Ta OCHOBHI (DakTOpH, SIKI BU3HAYAIOTh
PIBEHB IIUX BEJINYHH.

BignaiiTi yMOBHM 3a SIKHUX ICHY€ 3B'I30K MDK JIOKaJbHUM HaNpyKEHHIM
pYyWHYBaHHS o, 1 KPUTHYHUM PIBHEM MIIIHOCTI METAIy o,. Ta PO3POOUTH
METOJMKY E€KCHEPUMEHTAIbHOIO BU3HAYEHHS KPUTUYHOI TeMIiiepaTypu T,
IIPU SIKIH 1€ 3B'I30K peatizyeThCsl.

BceraHoBUTH 3B'SI30K MK JIOKQJIBHUMH Ta TJIOOQJIBHUMH XapaKTepUCTUKaAMHU
OKPHUXYYIOYOi i KOHIIEHTPATOPIB HAMPYKEHb.

BcraHoBUTH 3B’A30K MDK JIOKaJbHUM HAINpYKEHHSIM pPYWHYBaHHS o, Ta

pIBHEM KPHMXKOI MIITHOCTI R,. KOHCTPYKIIIHUX CTaJeH.
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PO3JILI 2
METOIUKA JIOCJIJDKEHDL TA MATEPIAJIN

2.1 Bubip marepiaJiB

PyitHyBaHHA MeTamniB Ta CIJIaBiB, 30KpeMa KOHCTPYKIIMHMX, 3aJ€KUTh SIK BiJ
30BHIIIHIX (F€OMETpisl 3pa3Ka, MIBUIKICTh BUMPOOYBaHb Ta TeMIeparypa) (pakTopiB Tak
1 Bil BHYTPIIIHIX (pO3MipiB 3€pHa, KapOiaiB Y MApPTECHCUTHOI KOJIOHII, a TaKOX BIJ
XapakTepy 3MiHM CyOCTpyKTypu B mporieci nedopmariiii). [ BUBUEHHS BIUTUBY LUX
(hakTOpiB HA 37ATHICTH CTaJl YUHUTHU OIIP KPUXKOMY PYHHYBaHHIO OyJiM 0OpaH1 TUITOB1
koHCTpyKIiiHI cram — Crane 40, Cr3, Cranp 55, neropani cram 12XH3M®A,
I5X2HM®A 1 30XI'CA (xim. ckiman HaBeneHud B Tabm. 2.1-2.4), npu mpomy,
BUKOPUCTOBYBAJIKMCS HACTYIIHI BHJM TEPMIYHMX OOpOOOK: rapTyBaHHS Ta BIAMYCK,
HOpMaJTi3allis, BiHal.

Ta6mus 2.1 — Kimacudikaris ta ximiuauit ckinan Ctami 40 B macoBux %

Kaacugikanis: Cranb KOHCTpYKIIiiiHA ByTJeleBa, IKICHA

3acTocyBaHHs:

TpyOH, €JIeMEHTH KpIIJIEHHS, JUCKU, POTOPH, (uiaHIl, 3yOuyaTi Kojieca, BTYJIKH
JUIsl poOOTH ITpH Temmneparypax Ao 425 rpan.

C Si Mn Ni S P Cr Cu | As
037- |0.17-037|05-0.8 > > > > > >
0.45 0.25 0.085 | 0.035| 0.25 | 0.3 ]0.08

Ta6nuus 2.2 — Kinacudikars ta ximiuauit ckian crain 30XI'CA B macoBux %

Kaacudikanis:

3acTocyBaHHs:
Banu, oci, 3y0uati koJsieca, (uiaHIll, KOPIyCcH OOIIMBKH, JIOMATKH KOMIIPECOPHUX
MalIuH, BIANOBIJANbHI 3BapHI KOHCTPYKIIi, PI3HI JA€Talll MalllMH, IO MPalO0Th
3a HU3BKUX TEMIEPATyp

Crasib KOHCTPYKIIiifHA, JIETOBaHA

C Si Mn Ni S P Cr Cu
0.28 - 09-1.2 08-1.1 >03 | >0.025 |>0.025|0.8-1.1| >
0.34 0.3

Ta6mus 2.3 — Kimacudikaris ta ximiuauil ckiay crain 1SX2HM®A B macoBux %

Kaacugikanis: Cranb KOHCTpYKIIiliHA ByTJelEBa, AKICHA
3acrocyBannsi: Kopnycu peakropis BBEP400 Ta BBEP1000.
C Si Mn Ni Mo | Cu Cr P \
0.06 - 0.26-0.33 | 0.48- 207 | 112 | 053 | 1.82 | 0.007 | 0.1
0.15 0.97
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Ta6mus 2.4 — Kimacudikaris ta ximiaauil ckiaj craim 12XH3M®DA B macoBux %

Knacudikauia: Cranp KOHCTpYKIIiHA ByTJIeleBa, IKiCHA
3acrocyBaHHsi: MalIMHOOYTyBaHHS.

C Si Mn Ni Mo Cr S P V

0.12 0.29 0.37 295 | 0.23 | 1/03 | 0.009 | 0.007 | 0.04

2.2. Tepmiuna o6podKa

Tepmiuny 00poOKYy HOCHIIKYBaHMX MapoK CTajeil MPOBOJWIM B E€IEKTPUYHHUX
neuax CYOJI-0,44/12-M2-Y4,2 ta CHOJI-1,6 motyxHictio 2,5kBT Ta MakcHMaabHOIO
Temmeparypoto 1o 1250°C. 3arorosku i3 crami 30XI'CA TepmiuHO 0GpoGmsimd 3a
pEXKUMY: HarpiB BHUIIIC 860°C, BUTpuUMKa 30XB., TapTyBaHHS B MAacjo 3 MOJAJbIINMU
Bigmyckamu 3a Temmeparyp: 300°C - =30 xs.; 520°C ¢ =60 xB.; 400°C = 60 xB. Taxi
TEPMOOOPOOKH JI03BOJISIIOTH OTPUMATH CTPYKTYPHU MApTEHCUTY BIAMYCKY, TPOCTHUTY Ta

copOiTy 3 3HAUYCHHSMH TPAHMIN IIUHHOCTI B iHTEepBali o,,= 970-1530 MIla. Takox

3arotoBku 13 ctani 30XI'CA miggaBany Bianaity (T=9200C r =30 xB.) Ta HOpMaTi3alii
(T=8600C BUTpUMKA 7 =30 XB. Ta MOCTYIIOBE OXOJOJKEHHS B I€ul), IO JO3BOJIHIIO
OTpuMatu (EPUTO-TIEPIITHY CTPYKTYPY 13 3HAYEHHSIMH I'PaHULIl TUIMHHOCTI BiAOBIIHO

&,,=372MIIa 1a o,, =720 MITa.

3arotoBku i3 cram 40 TepMiuHO 06poGIsIIH 3a pexuMy: Harpie Bume $80°C,
ButpuMKa 30 XB., TapTyBaHHS B BOJY 3 MOJAJBIINM BiJAITYCKOM 3a TaKUX TEMIIEPATYp:
560°C - =60 xB.; 380°C ¢ =60 xB.; 400°C - =60 xB.; 380°C - =30 xB. [lo mo3BoaMIO
OTpUMATH CTPYKTYpH (MapTEHCUT, COpOIT, TPOCTUT) 3 MIIHICTIO B I1HTEpBaI
,,=520...1320 MIla. Takox 3aroToBku i3 cram 40 mimgaBamu Bimmamy (T=880°C
r =30 xB.) Ta HOpMaizawuii (T=880°C BuTpHMKa ¢ = 30 XB. Ta OCTYIOBE OXOJIOIKEHHS
B I1€4l), II0 J03BOJIMJIO OTPUMATH (PEpUTO-TIEPIIITHY CTPYKTYPY 13 3HAYEHHSIMU TPaHULI
TUTMHHOCTI BIAMOBIAHO o,,=372MIla ta &,,=403 Mlla BiamosiaHo.

3arorosku i3 Cr.3 Bigmamoanu 3a Temmeparypu T=880°C Butpumka - = 30 XB. —
MILHICTh o,,=355MIla; 3aroToBku 13 cTaigi 55 miggaBaii MasTHUKOBOMY Bimaiy
T,=740° 7,=680° = 2 romMHM 5 HUKIIB, IO TO3BOIMIO OTPHMATH (EPHTO-TIEPIITHY

CTPYKTYPY 13 Cp€pHOIU30BAHUMH KapOilaMU, MILIHICTh cTalll o, =355MIIa.
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3arotoBku 13 ctani 12XH3M®DA tepmidHO 00poOsiiin 3a peKUMIB: HArpiB BUIIE
860°C, BuTprMKa 30XB., rapTyBaHHs 3 IOAATBIINMH BiyckaMu 3a Temmeparyp: 660°C
r =60 xB.; 650°C 7 = 60 xB.; 630°C ¢ = 60 xB.; 620°C 7 = 60 xB.; 600°C 7 = 60 xB.; 650°C
r = 180 xB. Taki TepMOOOPOOKHU TO3BOIUIN OTPUMATH CTPYKTYPHU MapTEHCUTY BIAMYCKY

13 3HAYEHHSMH TPaHMII TUTMHHOCTI B 1HTEepBam o,, = /00-970 MIla

2.3. IlinroroBka 3pa3KiB 1Jisl BUIPOOYBaHb

[ToctaBneni 3amadi nependavany MPOBEACHH MEXaHIYHUX BUNPOOYBaHb SIK TpU
OJHOPITHOMY Tak 1 HEOJHOPIAHOMY HampykeHoMy cTaHi. Tomy B poOoTi Oynu
BUKOpPUCTaHI KUIbKa THIIB 3pa3KiB. [l BU3HAYEHHS MEXaHIYHUX BIACTUBOCTEHN
Marepially (30Kpema TpaHMIl IIMHHOCTI, KoedilieHTa aedopMaiiifHOro 3MiI[HEHHS,
BIJIHOCHOT'O 3BYKE€HHSI Ta ICTUHHOI'O HAalpy>KCHHSI pyWMHYBAaHHS) B IIKPOKOMY 1HTEpBaIi
Temmeparyp -196 — +20°C BHKOpHCTOBYBamMCh TMafki (He HajpisaHi) IUTIHAPHUUHI
3pa3ku ButoueHi 3rijHo ['OCT 22706-77. 'eomeTpito 3pa3ka HaBeI€HO Ha pUCYHKY 2.1.

Jlji BUBHAYEHHS] MEXaHIYHUX BJIACTUBOCTEN CTajlel B yMOBax Jii HEOJIHOPITHUX
IOJIIB  HAIllpyX€Hb BUKOPHUCTOBYBAJIMCh LWIIHAPUYHI 3pa3Kd Ha SKUX BUTOUYBAIU
KUTBIIEBl HAJpi3W Pi3HOT TOCTPOTH p =2mm (puc.2.2) Ta p=0.25mm (puc.2.3). s
BHUBYEHHSI BIUTUBY JKOPCTKOCTI HAIPY>KEHOTO CTaHY BUKOPHCTOBYBAJIUCH LIMIIHAPUYHI
3pa3Kd 3 KUIBLIEBUM HAJPI30M p =0.25mm Ta PI3HUMH KyTaMU PO3KPUTTS HAIPIZy
w=45" Ta o =120°(puc.2.4). BapitoBanHs paaiycy HaApidy Ta KyTa HOTO PO3KPUTTS
JIO3BOJIJIO 3MIHIOBATU CTYIIHb TPUBICHOCTI HAIMPYKEHOT'O CTaHy B OKOJII BEpPLIMHU
KOHIIeHTpaTopa. [Ipu HaHeceHH1 HaApi3y BUXOIUIN 3 YMOBH 3a0e3MedYeHHsI He0OX1THO1
IMIMOMHU Ta MIHIMAJbHOTO CTYIEHIO IUIACTUYHOIO HarapTyBaHHS METaly B BEpUIMHI
Hagpizy. KoHueHTparopu HaHOcuiu Ha TokapHoMy ctanky WOK-MC611B 3
BUKOPUCTAaHHAM TpodinbHUX pi3uiB. JIiHIAHI po3Mipu 3pa3KiB KOHTPOJIOBAIM Ha

IHCTpYMEHTaIbHOMY onTUYHOMY Mikpockori « AMII-100x50,A» 3 TOYHICTIO +0.003 mm .
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Pucynok. 2.1 — 'eomeTpist r1aikoro MUIIHIPHUYHOTO 3pa3Ka.
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Pucynok. 2.2 — ['eoMeTpist TUIIHAPUIHOTO 3pa3Ka 3 KUIBLIEBUM HAJIPi30M PajlycoM
£ =2mm .
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Pucynox. 2.3 — ['eomeTpis HUIIHAPAIHOTO 3pa3Ka 3 KUTBIIEBUM HAAPi30M PajiycoM
p =0.25mm .
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Pucynok. 2.4 — I'eoMeTpist HUTIHAPUIHOTO 3pa3Ka 3 KUIbLIEBUM HAJIPi30M pajlycoM

p =0.25mm . Ta KyTaMu pO3KpPUTTS HAAPI3Y o =45° Ta o =120°

2.4 MexaHi4yHi BUIPOOYBaHHS

[TocraByieni B poOoTi 3aAayi nependayaiu MPOBEACHHS CTAaTUYHUX MEXaHIYHUX
BUNPOOYBaHb HA OJHOBICHUA PpO3TAT B IIMPOKOMY IHTEpBajJl TEMIEPATYp
T=-19%..+20"C.

MexaHi4yHi1 BUIIpoOyBaHHs MMPOBOJIMUIUCH HA pO3pUMBHHUX MammHax YMM, M/IK-
025 Ta Instron 8802 ocHamenux kpiokamepamu. IIBHAKICTh MEpeMIlIEHHS aKTHUBHOI
TpaBepcu cTaHoBuia 1.15-2 mwm/xB.. 3pa3ku B Kplokamepax OXOJO/DKYBajdu 3a
JIOTIOMOT'010 a30Ty Ta HOT0 MapiB, TEMIIEPATypy 3pa3KiB KOHTPOJIOBAIHU 32 JIOIOMOTOIO
MIJIb-KOHCTAHTAHOBOT TepMomapu 3 TO4YHICTIO +3°C. be3mocepennbo B mporieci
BUNPOOYBaHb 3alMCyBaJlach Jlarpama «3yCHUJUIA-IIEPEMIILEHH», SKa B MOJAJIBIIOMY
nepepaxoByBajach B jJiarpamy «HamnpyxeHHs-gedopmaris». IlpuHiunoBa cxema
po3puBHOi Mamau Y MM mnipezcTaBieHa Ha puc. 2.5.

3a pesynbTaTamMu BUIIPOOYBaHb TJIAJKHX 3pa3KiB PO3PAXOBYBAIMCH HACTYIIHI

MEXaHIYHI XapaKTepPUCTUKHU: o,,— YMOBHA TPaHMUIIS TUIMHHOCTI (3a HasBHOCTI 3y0a
TUTMHHOCTI — o BEPXHS Ta HUXKHS o, TPAHUII TEKYy4OCTI):

P, 2.1)

1€ P,, - HABaHTAXXCHHsI, SKOMY BIANOBIJA€ BEIWYMHA 3aMUIIKOBOI Aedopmarii 0.2%;

F, - IJIOIIA MOTIEPEYHOTO TIepepi3y 3pa3ka y BUXIAHOMY CTaH.

(o]

o, — MeXa MIITHOCTI (TUMYACOBUH OMIp PyWHYBAHHIO):
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o Poa (2.2)

ne P, - MaKCHUMaJIbHE 3yCHILIS Ha Jiarpami po3TAry.

5,— BITHOCHE PIBHOMiPHE BUIOBKCHHS:

p

UP
s - (2.3)

e U , - abCOIIOTHE 3HaYECHHs PIBHOMIPHOI'O ITOJIOBKEHHS;
L,- JOBXMHA POOOYOi YACTHHHU 3pa3Ka.
e, - pPIBHOMIpHA JedopMaris:
e, =In(1+5,). (2.4)
S, — ICTUHHE 3HAYE€HHS TUMYACOBOT'O ONOPY PyWHYBaHHS:

s, :Zﬂ(uap)- (2.5)

0

S, — ICTUHHE 3HaYEHHS HAINPY>KEHHS PyWHYBaHHS:

s =X, (26)

7€ P, - HABAHTAKEHHSI MPU SKOMY BI0YJIOCH pyHHYBaHHS,
F, - TJIOIIIA 3pa3Ka Micis pyHHyBaHHS.

v — BCJIMYHWHA BiI[HOCHOFO 3BYJKCHHSI:

d
v =1—(d—k)2, (2.7)

0
1€ d,- MOYaTKOBUH, a d, -KIHIIEBUH J1aMeTp.
n — KoedimieHT qedopmariiHoro 3MiIHEHHS:
S
lg —%
n- —"1—. (2.8)
e
0,002
3a pe3ynabTaTaMu BUMIPOOYBaHb 3pa3KiB 3 KOHIIEHTPATOPaMU PO3PaXxOBYBAIUCH

TaKi MEXaHi14HI XapaKTEPUCTHKHU: o, — HOMIHAJIbHE HANIPYKEHHS PYyHHYBaHHS:

oy =P IF,. (2.9)

v, BiI[HOCHe 3BYJKCHHS 3pa3Ka 3 KOHOCHTPATOPOM:
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v, :1-<j—k>2. (2.10)

0
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Pucynox 2.5 — Cxema po3puBHOi Mammuaun Y MM miig BunpoOyBaHb Ha

OJIHOBICHHM PO3THT.

2.5 MoaeoBaHHs IPoLeCY HABAHTAKEHHSI METO0M CKiHYEeHHX eJIeMEeHTIB

Meron ckinuenHux enemeHTiB (MCE) - uucenbHuil MeToj po3B's3aHHS 3a7a4
NPUKIAAHOI (I3UKK Ta MEXaHIKA. MeToJ; MIUPOKO BUKOPUCTOBYETHCS JJISI BUPIIIICHHS
3alad  MeXaHiku Je()OpMOBAHOTO TBEPAOrO TiUA, TEIUIOOOMIHY, TiAPOJUHAMIKH 1
enektpoauHamiku Ta iHm. MCE 3acHoBanmii Ha i7ei ampokcumariii Oe3nepepBHOI
byHkuii  Temmepatypu, THUCKY (B JIaHOMY BHIIQJIKy IEPEMIIIEHHS) IUCKPETHOIO
MOJICIIITIO, sIKa OyIyeThCsl Ha 0€3J1iUl YaCTKOBO-HEMEePEepPBHUX (DYHKI[IH, BUSHAYCHUX Ha
KIHIIEBOMY YHUCIII Mi001acTel, Ha3BaHUX KIHIIEBUMU €JIEMEHTAMH.

B poGoTi BukopucTOBYBaM IporpaManii komruiekc Abaqus 6.10 3a momomorozo
SKOTO OyayBaiv T€OMETPUYHY MOJIENb 3pa3ka 3 KOHIIEHTPATOPOM PAIIiyCOM p = 0.25mm
B OCECHUMETPUYHIM MpOEKIii, Ky po30MBajy Ha CKIHYEHI €JIEMEHTH, IpUYoMy OYJIo
BUKOPUCTAHO 3 CITKH €JIEMEHTIB PI3HOTO PO3Mipy (HaiMmeHIn Oijs KOHIICHTPATOpa)

(puc. 2.6). MiHiMaabHUN PO3MIP CKIHYEHOTO €JIEMEHTY Ol KOHUEHTpaTopa 7 um , 110
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HE TIEPEBUIIYE PO3MIP AIMCHOTO 3€pHA TUIOBUX CTalle. Marepially «IpHUCBOIOBAII
BJIACTUBOCTI JOCIIIJKYBAaHUX CTaJIe OTPUMAHUX IUISIXOM BUIPOOYBaHb HA OJHOBICHUI
po3Tar, 3okpema: Moayib IOura, koedimient Ilyacona, Ta KpuBa «HANpPy>KEHHs-
nedopmailis» B ICTUHHUX KOOpAMHAaTax. B Mopenb 3akiajaivd TpaHUYHI YMOBH, Ta
NPUKIAJAIA TEPEMIIIEHHS. O BEPXHBOrO KIHIIS 3pa3ka. MoJentoBaHHs 3YNUHSIA B

MOMEHT KOJM HOMiHaJbHE (CEepelHE) HANpYKeHHA PYyWHYBaHHS o, JOCATANIO PIBHS

eKCIIEPUMEHTAIbHO 3a()IKCOBAHOTO HANpPYKEHHS pO3puUBY 3paska. PesynbraTtu
PO3paxyHKy OTpUMaHi B BHUIJISII TEH30pa HAMpPYKEeHb Ta JAepopMariiil sl KO>KHOTO
CKIHYCHHOTO €JIEMEHTAa, a TaKoXK rpadidHe NpPEICTaBIICHHS Yy BUTJISAII 130J1iHINA (pHC.
2.7). Ha ocHOBI OTpUMaHKX JaHHX 3a JOTIOMOTOI TporpaMHOro komruiekcy Origin 8.0

OyayBanu rpadidi 3aJIeKHOCTI PO3MOJUTY JIOKaJTbHUX HaIpyXeHb Ta AedopMaliiii y

BICTpi KOHIIEHTpaTopa (puc. 2.8).

Pucynox 2.6 — 300paxeHHs «CITKHA CKIHUCHHUX €JIeMEHTIB» Yy BicTps Haapizy = 0.25

MM.
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Pucynox 2.7 — 300paxkeHHs po3MOILTy TOJIOBHUX PO3TATYIOUUX HAMPYXKEHb o,, 3pa3ka

3 KIJIbLIEBUM HaJipizoM p = 0.25 MM noOsn3y Haapizy.

1900
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Pucynoxk 2.8 — Po3moin JJokanbHUX HANPYKeHb Ta AedopmMaliiidi y BiCTpi KIJIbLIEBOTO

KOHLIEHTPATOpy p = 0.25 MM.
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Posnonin nokanpHUX HampyxeHb Ta Aedopmaliii y BICTpS KOHLEHTpaTopa B
MOMEHT pyWHYBaHHS 3pa3Ka HE JJa€ BIAMOBIIb HA TOJOBHE MUTAaHHS — SIKUW caMe PIBEHb
JOKaJbHUX HANpyXeHb MPHU3BIB 0 PyHHYBaHHS 3pa3Ka 3a JaHUX yMOB. BiamoBigs Ha
[I€ NUTaHHS MOXKHAa OTPUMATH JBOMa [UIAXaMHU: PO3PAXyHKOM MaKCHMAaJbHO

AMOBIPHOTO 3HAa4YeHHS HANpPYKEHHA pyWHYBaHHI o, a00 3a JOMOMOIOI0

dbpakrorpadidHUX TOCTIIKEHD IOBEPXHI 371amy.

2.6 IIporHo3yBaHHsi iIMOBIPHOCTI KPUXKOI0 pPyiiHyBaHHsI 3pa3KiB 3 KiJblIleBUMHU
KOHIIEHTpaTOpaMu

B po6oti BuKOpHcTOBYBanach po3pobieHa B IHcTuTyTi Metanmodizuku im. I
B. Kypmtomoa HAH VYkpainu nporpamuuii komiuieke “Statistic”, skuii 103BoJisie Ha
OCHOBI pO3paxOBaHMUX MOJIB HampyKeHb Ta Aedopmarlliii y BICTpl KOHLEHTpaTopa Ta
MIKPOCTPYKTYPHUX OCOOJIMBOCTEM Martepiany (BEJIMYMHU 3€pHA, JUCIepcii Ta
pO3M0ALTY PO3MIpIB KapOiiB), a TaKOXK 0a3ylOuHMCh Ha PO3YMIHHI MPOIIECIB YTBOPEHHS
Ta BTpaTH CTAaOUILHOCTI 3apOJIKOBUX TPIIIMH, pO3paxyBaTh oOJacTh 3pa3ka Jie
WMOBIPHICTh PYHHYBaHHS MaKCUMaJbHa.

[Iporpama HamucaHa Ha MOBI mporpamyBaHHs Fortran 95, 3 BuKopucCTaHHAM
xomminsaTopa Intel Fortran 11 B cepemoBuii mporpamysanns Visual Studio 2008.
[lporpama cknamaeTbcss 3 ocHOBHOro (aiimy (main.for) Tta oxpemux QyHKIin i
HiAporpam, siKi JO3BOJISIOTH BBOIUTH HEOOX1IHI nmapamerpu (input.inp) ta 3amucyBaTu
pe3yibTaTi po3paxyHkiB (output.txt). Ctpykrypa Ta ¢yHKIil Komiuiekcy “Statistic’:

1. modul main

OnucyeThcsi CTPYKTypa MaHMX TYCTHHU (YHKINT po3mojuty Ta iHTepdeicu

byHKITIH.

2. function normal_distribution (x, mx, Dx) [loBepraerbcsi 3HaueHHS QYHKIII

HOPMAJILHOTO PO3MOJILITY:

(x=%)°

1
f(x) = exp( ————
27D, 2D,

JUTSl 3HAYEHHS x MPU MapameTpax po3noJiay X = mx D, = Dx

X

)

3. Function deform_integral (me, ec, sigma_y, n, kr)
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[ToBepTae 3HaueHHA iHTErpaia KMOBIpHOCTI yTBOpeHHS 3T

t

P =Pt <t<t)s= zjg(t)dt = 2[@(t,) - d(t,)]

nucl

Po3paxoByeTbcsi MakcUMalbHE 3HAUCHHS 3€pHA, IHTEHCUBHICTh HAMPYXEHHS o,

Ta HEOOX1/IH1 JJI PO3paxyHKy MEXi IHTerpyBaHHS.

4. subroutine input ()

349uTy€e 3HAYCHHS] KOHCTAHT Ta IMOYAaTKOBUX 3HAYCHb MOJIeI 3 daiiry input.inp
5. subroutine elastic_constant ()

Ha ocHOB1 3HaueHb KOHCTAHT D,,D,,u,,u, Ta CIIBBIIHONICHHS M1 TOJIOBHUMHU

HaIIPpY>KCHHAMU PO3PaAXOBYIOTHCS BECJIMUWHUA:!

aucrepcii b, ;

Koe(imieHTH Bapiamii I, ;

KOBaPIAIIS g, , fys, iy

KOE(ILIEHTH KOPEJISIIT 1, ,r,,,1,, ;
6. subroutine normalization (delx, NXx, gx)
Bukonye HoOpMamizaliro TycTHHM (YHKLII PO3MOJLTY, TOOTO JOCATA€THCA

BHKOHAaHHA YMOBH:

Xmax

Jg(x)dx =1

Xmm

[lepmiM KpOKOM pO3paxOBYEThCS 3HAYEHHs 1HTErpaidy Biad (YHKIIi g(x) B

MEXKaxX [x 1. ApyruM KpOKOM HOPMY€THCS 3HAYEHHS ¢(x;) Ha BEIUYUHY

min Xmax
IHTerpainy, 10 JOCATHEHHS YMOBHM PIBHOCTI 1HTerpainy onuHuul. YucenbHe
IHTErpyBaHHS MPOBOJIUTHCS METOJIOM Tparellii.

7. subroutine const_eta c ()

Ha ocHOBI BUXiTHHMX aHUX Ta MPYXHUX MapaMeTpiB PO3PaXxOBYEMO KOHCTAHTU
&1+ By »Coy » SIKI BAKOPUCTOBYIOTHCS JJISI PO3PAaXYHKY T'yCTHHH (YHKIIIT pO3MOALTY
9(n,)

8. subroutine calc_g_eta c ()

Po3paxoByeTbcst rycTuHA QYHKIIIT po3nOALTY g (77,)
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9. subroutine calc_phi ()
BusHnauyaioTbcsi MiHIMaJIbHE Ta MaKCHMaJIbHE 3HAUCHHS ¢ SK QYHKMIT BiO «a,7 .
AJITOPUTM pO3paxyHKy MPUBEICHUIN Ha puc.2.9
10. subroutine calc_g xi ¢ ()
Po3paxoByeThes rycTrHa PYHKITIT PO3TOILTY g(&,)
11. subroutine calc_P_proc ()
Po3paxoByeTbcst HMOBIPHICTh BTpAaTH CTAOUIBHOCT1 OJIHIET TPIIIIMHU B 3aJICKHOCTI

BiJl IPUKJIAZICHOTO PO3TIATYIOYOT0 HANIPYKEHHS o,

3uavenns ngtt i nitx

/ nz‘nin >0 inznax >0 \ /

n;nin <0 ingmx < 0 \

% 1 é 1
min = min = -
in2 a 3 8
\/SINZ Aoy + N OS2 @y VSN2 @ay + N0 OS2 gy
1 1
Pmax = Pmax =

Jsinz Apmin + NP0 coS2 Apin \/sinz Apmin + NP €082 Ay

:/ ( nz_nin <0ipgh™* <0 } ‘.:

' / lngunl > Ingmx' \ / Iném‘nl < |77Z~'"”| \;

: 5 1 " 1 :
- min = - min = > |
' o fein2 max 2 '
! \/an ®max + né’"" cos? Amax SIN® Amax + Nc'™ COS® Apay ,
5 p 1 é 1 ‘
' max = max = )
: Sin Appin SIN Apin i

Pucynok 2.9 — biiok cxeMa po3paxyHKy 3Ha4€Hb ¢ . Tad ¢,

3aranbHa OJIOK CXeMa alIropuTMy pO3PaxyHKy HWMOBIPHOCTI pyHHYBaHHS

HaBejeHa Ha puc. 2.10.



Bxiani nani
E \ 4 E
CTpykTypa MeTany VYMOBH HaBaHTAKEHHS ;
Po3znoain posmipi g(d) ta [Inactuana | MakpoHanpyxkeHHit :
. aehopmartis CTaH :
‘ posopieHTauii mex g(m) sepen ;
- e 0,/0y, 03/0, :
v y A y
Y TBOPEHHS 3apOJIKOBOT TPILLIMHM Poznoin MikpoHanpy Hucnepcis
Po3mois1 JI0BKHH 3apPOJAKOBHX MiKkpoeop- KEHH cTaH MiKpOHamnpy-
TpinmH g(a) Ta ix opientauiii g(6) mauiit f(€) 3¢peH Keub Dg |

A

y

A

KputHiHe MiKpoHanpyx eHHs

BTpaT crabdineHocTi 3T &,

ImoBipHicTs pyiinysauns P(ay)

Y

C CpeaHA BEIIHYHHA MAKPOCKOMYHOI'O HAlIPYIKCHHA DPYHHYBAHHA Of
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Pucynok 2.10 — biiok cxema anroputMy MOJICJIFOBAHHS pPYWHYBaHHSI METATY B YMOBax

OJIHOBICHOT'O PO3MOIUTY HAMpYyKeHb Ta Ae(opmartii.

OCKUIbKM OMUCAaHUN BUIIE aJTOPUTM pPO3PAXOBYE HWMOBIPHICTH pPyHHYBaHHS

KOXXHOT'O 1-TOTO €JI€EMEHTapHOro 00’€My 13 CYKYMHOCTI KOMIPOK CITKH KUIBKICTh SIKUX

K TPaBWJIO Kigbka TucAY (3-3,5 THCsA4l) TO mpoleAaypa po3paxyHKy 3a0upae Iocu

O0arato yacy, TOMY PO3paxyHOK MPOBOJUBCS JIMIIE JJII KUJIBKOX COTE€Hb CKIHUCHHX

€JIEMEHTIB y BICTP1 KOHIICHTPATOPY J€ TPATIE€HT JOKAIBHUX HAMPYKEeHb Ta JAedopMaliin

MAaKCUMAaJILHUH.

PesynbTaTn  po3paxyHKy OTPUMAEMO Y BUIJISAII

3a3HA4Ya€TLCA HOMCP CIICMCHTY, HABAHTAXKCHHA Ta BEJIMYWNHU o

ij

TEKCTOBOTO (aiiny ne

e;, V Ta pO3paxoBaHi:
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KIIBKICTh 3apOJKOBHMX TpilIMH N, HMOBIpHicTH yTBOpeHHs 3T P, , HMOBIpHICTH

nucl 2

BTpaTu ctabunbHocTi 3T P, Ta HMOBIPHICTh PyHHYBaHHS CKIHUEHOTO €JIEMEHTY P .

prop 2
Ili maHi po3MINIYIOThCA B CIEMiaidbHIA 0a3l JaHMX 3 PO3MIUPEHHSM .odb , IO

CIIPUITMAETRCS SIK TIpOorpaMHUM KoMruiekcom Abaqus 6.10 Tak i “Statistic”.

2.7 ®pakrorpadiuHi 10CaiAKEeHHS

ExcrieprMeHTansHe BU3HAYEHHS JIOKATBHUX KPUTHYHUX BEITUYMH HANPYKEHHS
Ta nedopmartii, mo MpU3BEIU 10 PYHHYBAHHS 3pa3KiB 3 KOHIICHTPATOPAMH HAPYKEHb,
nepeadoavaio mpoBeeHHs GppakTorpadiyHuX JOCIIKEHb IIOBEPXHI 3/1aMy.

['osioBHA 0COOMUBICTH PYWMHYBaHHSI CKOJIOM — T€, 1110 BiH IOB’S3aHUM 3 TIEBHOIO
kpucrajorpadiyHoro mionuHow. Kpucramorpadiuni miomuuau {110} € TUnoBumu
IJIOIMHAMY TIOIMPEeHHsST TpimuH ckoiay B cranax 3 OLIK rpartkoro [46]. Ockinbku B
MOJIKPUCTAIIYHOMY METaJli CYyCiJ[HI 3€pHa MaloTh Pi3HY KpucTaiorpadiuHy Opi€HTaIlilo
TpilIMHA, 10 BTpaTWia CTaOUIbHICTH B OJHOMY 3€pHI B MpoOIlecl KaTacTpodidHOTO
POCTY MO’K€ 3MIHIOBAaTH CBI1i HANpSMOK Ha IPaHMII 3€PEH 1 MPOJIOBKYBATH PyXaTUCh B

HAMOLIBII CIIPUATIUBIHN IUIONIMHI ckoy (puc. 2.11).

Pucynox 2.11. — CxematuuHe 300pakeHHsI PO3MOBCIOIKEHHS TPIIIUHA Y€Pe3 Xa0TUIHO
OpIEHTOBaHI 3epHa

[Inocki rpaHi CKOJIy MaiOTh BHCOKY BiIOMBaIOuUy 34aTHICTh, IO POOUTH

MOBEPXHIO 3pYHHOBAHOTO 3pa3ka OJUCKyu010. B Mexax ofHOro 3epHa TPIIIUHU MOXKYTh

OJIHOYACHO PO3MOBCIOKYBATHCh B JIBOX MapaliebHUX KpUCTAIOrpadiuHUX TUIOHIMHAX

(puc. 2.12).
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Pucynok 2.12 —Cxematnune 300pakeHHSI BAHUKHEHHSI CXOJIMHOK CKOJTY 32 PaXyHOK

3IIUTTS MapayesbHUX TPIIMH. A — BTOpUHHUH cKOJ, B — 3/1BUT.

JIB1 mapanenpHi TPIUMHY 3 €AHYIOTBCA O JiHI1, MePEeKPUBAIOYN OJHA OJIHY, a00
32 paxyHOK BTOPHMHHOIO CKOIY, a00 3a paxyHOK 3[BUTY 3 YTBOPEHHSM CXOAWHKHU.
JlexinabpKa CXOJIMHOK CKOJY MOXYTh 00’€THATHCh 1 YTBOPUTH OJIHY 3arajibHy CXOJUHKY.
O0’enHaHHs CXOJWHOK MPHU3BOJMUTH JO TOSIBM TaK 3BaHUX ,,pIYKOBUX Yy30piB”, IO
OTpUMAaJIM CBOIO Ha3By Y€pe3 CXOXKICTh 3 PIUKOIO, 10 Mae NpUTOKU. PiukoBi y3opu
4acTO YTBOPIOIOTHCSI MPU TNPOHMKHEHHI TPIIIMHMA Yepe3 TBUHTOBY JIUCIIOKALIIO.
[IpuTOKHM pIUKOBOTO Y30PY 3aBXKAH 3’ €IHYIOTHCS B «HHIKHIM T€U1i», 1110 Ja€ MOXKIUBICTh
BU3HAUUTH 10 (QoTtorpadii HANPSAMOK PO3MOBCIOJKEHHS JIOKAJIBbHOI ~TPILIUHMU.
CXOOMHKM CKOJIy Ta PIYKOBI Y30pH IPOCIIJIKOBYIOTBCS Ha puc 2.13, B IUX MiCLSX
MOXJIMBI HEBEJIUKI 30HU TJIaCTUYHOCTI.

PiukoBi y30pu yacrimie 3a Bce n100pe BUAHI MPU TEMIIepaTypl B’sI3KO-KPUXKOTO
nepexony. Bci po3ranmykeHHsl TPIIUH ,,pIYKOBOTO y30py~ BHUXOJSATh Ha MOBEPXHIO, a

MOYMHAIOTHCS B OJHIH TOUII, IKY IPUHHATO HA3UBATH JHKEPESIOM pyiiHyBaHHs [46].



51

SN, S B B T

Pucynok 2.13 — MikpodoTorpadist HoBepxHi 351aMy « - Fe [46].

@axTorpadiuHuil aHaNi3 MPOBOAWIM Ha €JIeKTpOHHOMY Mikpockom JSM-35CF
npu 30utbmeHHax B iHTepBaii 10—600x. Ha puc. 2.14 oOpakeHO MOBEPXHIO 3JIaMy
MWTIHAPAYHOTO 3pa3ka 3 KUIBIIEBUM KOHIICGHTPATOPOM, Ta MIiCIEe 1HII[IIOBaHHS
pyliHyBaHHS nipu 301UIbIIeHHI B 600 pa3iB, a Takox 300pakeHO BUMIPSIHY BIJCTaHb 110
noBepxHi. OTpumani ¢pakrorpad@iuHuM NUIIXOM BiIJaNl J0 JpKepena pyWHYBaHHS Ta
pPO3paxoBaHi PO3MOALTN JOKAIBHUX HANpPYXEeHb Ta AedopmMalliii METOOM CKIHYCHHHX

€JIEMEHTIB, JO3BOJISUIA BIIHAWTH JIOKAJbHE HANPYXKEHHS PYWHYBAHHS o, Ta JIOKAJIbHY

KPUTHYHY JlehopMallito 1HILIIOBaHHS pyHHYBaHHSA e, (puc. 2.15).
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Pucynox 2.14 — BuznauenHs mpxepena iHiIIIOBaHHS PyWHYBaHHS 3a
bpakrorpadiuHUMH 3HIMKaMH TIOBEPXHI 3pa3Ka, Ha MPUKIIAJIl 3pa3Ka 3 KUIbIIEBUM

KOHLIEHTPAaTopoM p =0.25 MMm. 3a Temmepatypu T=—169°C, matepian — peakropa cranb

15X2HM®A.
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Pucynok 2.15. — Bu3HaueHHs JTOKaJIbHOTO HANIPYKEHHS

o, Ta nedopmaiii e, B MOMEHT pyHHYBaHHS 3a JOIIOMOTOIO

dbpakrorpadigHUX 3HIMKIB.
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PO3JILI 3
MIHIMAJIBHUM PIBEHb KPMXKOI MIITHOCTI KOHCTPYKI[IMHNX
CTAJIEU

BianoBigHo 10 mocTaBiaeHUX 3ajlady HEOOX1THOIO YMOBOI BCTAHOBJICHHS 3B SI3KY
MDK JIOKaJJbHUMH Ta HOMIHAJIBMUHHM XapaKTePUCTUKAMU PyWHYBaHHS € pPO3poOKa

METOJMKHA BU3HAYCHHSI MIITHOCTI KOHCTPYKIIIHHUX CTajiell B KPUXKOMY CTaHl R, . Lld

XapaKTepUCTHKAa € OJHI€I0 3 HaWBAXKIMBINIMX  CIYy)KOOBHUX  XapaKTEPUCTHUK
KOHCTPYKIIIHHUX CILIaBiB, 110 BU3HAYA€ PIBEHb MIITHOCTI MaTepially B TEMIIEPATypPHOMY
IHTEpBaJl B A3KO-KPUXKOTO MEPEXO0Jly, OCKUIBKM PYHMHYBaHHS 3a HU3bKUX TEMIIEpaTyp
B1JIOYBA€ETHCS 13 IIBUJIKICTIO 3BYKY B METAJII 1 € KATACTPO(PIUHUM 32 CBOEIO KIHETHKOIO.
B po6otax [47,27] KpuxKy MIIHICTh PO3yMIIOTh, K MIIHICTh METAIy B 00JIacTi
HU3BKUX TEMIEpATyp, KOJIM pyHHYBaHHS B1IOYBA€THCS MPHU HANPYKEHI OJU3bKOMY 10

MeXI1 TUIMHHOCTI o,,. [IpoTe HemOMIKOM TaKOro TPaKTyBaHHSI KPUXKOI MIITHOCTI € TOMN

dakT, 10 ICHye NESIKUW TeMIepaTypHUH iHTepBaJ KOJIU pyHHYBaHHS BiJI0yBa€ThCS

pU HANpPyXKEHHSAX OJNM3BKUX 1O o,,, & OTXKE ICHYE 1 iHTepBaJ 3HAYeHb MIiLIHOCTI.

Tomy aBTOpu poboTH [35] 3ampomoHyBaJid B AKOCTI MipH KPHUXKOI MIIIHOCTI R

MC
BUKOPHCTOBYBATH MIHIMAJIbHE HAINPYKEHHs pyIHYBaHHS B 00J1aCTi TEMIIEPATyp B’ A3KO-
Kpuxkoro nepexoay (puc. 3.1). HaliBaxnuBIilIOw 0COONMBICTIO II€1 XapaKTEPUCTUKH €
Te, 10 BOHAa BHU3HAYA€ HIDKHIO MEXY MIIIHOCTI MeTaly B KPUXKOMY CTaHi, Ta
OJIHO3HAYHO 33JIa€ThCS MIKPOCTPYKTYPHUMH NapamMeTpaMu mMaTepiainy (po3mipoM 3epHa
YM TIAKETy, TOBIIMHOKIO IEMEHTUTHOI TulacTMHKHM Ta iHml) [48] OcHoBHa mpobiiema

EKCIIEPUMEHTAILHOTO BH3HAYCHHS KPUXKOi MIITHOCTI R,. TIOJIATa€ B TOMY, IO Ha

BIIMIHY BIJ] « - Fe (TeMImepaTypa BA3KO-KPUXKOTO TMEPEXOay SIKOTO JISKUTH B 00JaCTI
KUMIHHSA ~ pigkoro a3oty (puc. 3.1)) Temmeparypa B’S3KO-KPUXKOIO MEPEXOay
HEePEBaXHOT OUTBIIIOCTI KOHCTPYKUIHHUX CTaJIel JISKUTh HIKYEe T = —196 °C (puc. 3.2),

11e 00yMOBIIIO€ HEOOX1AHICTh BUKOPUCTAHHS MapPiB Tellii0 I OXOJIOKEHHS 3pa3KiB.
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Pucynok 3.1 — TemneparypHa 3aJ1€3KHICT OCHOBHUX MEXaHIUHUX BIACTUBOCTEH o - Fe !
ICTUHHOTO HaNPYXXEHHS PYWHYBaHHS S, , YMOBHOI MEXI INTMHHOCTI o, , BITHOCHOTO

3BYKEHHA v . R, — MIHIMaJIbHUI PIBEHb KPUXKOI MIITHOCTI.
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Pucynox 3.2 — TemnepatypHa 3a1€KHICTh OCHOBHUX MEXAaHIYHUX BJIACTUBOCTEH CcTai
— Cranp 101" (Biaman): iCTHHHOTO HaINlPYXXEHHS pyHHYBaHHA S, , YMOBHOI MEXI1

IUIMHHOCTI & , , BUITHOCHOTO 3BY>KE€HHSA v . R, — MIHIMaJIbHUHN PiBEHb KPUXKOT MIITHOCTI.
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3Bakaouu Ha IIe, aKTyaJbHOIO 3aJadyero € po3podka (i3M4HO OOIPYHTOBAHOI

METOJMKA BU3HAYCHHS KPUXKOI MIIHOCTI R, fAka O mgo3Bonuia oOiiiTuch 0e3

BUKOPHUCTAHHS MapiB refiilo.

3.1 Meroanka BH3HAYEHHH MIiHIMaJIbHOr0 PiBHSI KPHUXKOI MIIIHOCTI R,
KOHCTPYKUIIHHHUX cTaJiei

Ha po3BHUTOK ysBICHH MPO TEeMIEPATypy B SI3KO-KPUXKOTO TEPEXOAY 3HAYHO
BIUTUHYJIH POOOTH A.@.ﬁo@@e, H.H. JlaBunenkoBa, ®.®. Burmana, P.JTrogsika [19].
Knacnuna Teopiss KpUXKOTO pyHHYBaHHS MaTepialliB moOyaoBaHa Ha poOOTax IHMX
aBTOPIB TOCTYJIIOE, MO KPUXKE PyHHYBaHHS BiJOYBAa€ThbCs B 00JIACTI TEMIEpaTyp IO
3HAXOJUTHCS JBIIIC TOYKU MEPETHHY KPUBOI HANMPYKEHHS TUIMHHOCTI Ta HaIPy>KCHHS
pyWHYBaHHS, SIK 11€ 300pa)K€HO B CXeMi I>'I0(1)c1)e (puc.1.1)

3pa3ok 3 HAAPI3OM YW TPINIMHOI Ma€ OUIbIIT BHUCOKE 3HAYCHHS KPUTHYHOI
TeMmneparypu T.. Y BIINOBIAHOCTI 10 ysBJIeHb MeHaxe-JI10/BiKa, 1€ MOSCHIOETHCS
KOHIICHTpAIIIEI0 HAPY>KeHb B TPHOXBICHIN cxeMi nedopmartiii (puc.1.2) [19].

OTXe TPUBICHICTh B BEpUIMHI KOHIIEHTPATOPA HAMPYKEHb 00YMOBIIIOE 3MIILIEHHS
TEMIIEPATYPHOT'O 1HTEPBAIY B’SI3KO-KPUXKOr0 MEPEXoay B O1K KIMHATHUX TEMIIEpaTyp,
MpOTE€ 3a TaKUX YMOB CIIOCTEPITa€ThCS TIEPEBUINCHHS JIOKAJHLHOTO HAMPYKCHHS

pYWHYBaHHS o, HaJ pIBHEM Ry, L€ SBUIIE OTPUMAJIO HAa3By <JIOKAJIbHUU

macmtabanii epex» [49,50]. Tomy 3agada mossirana y BUOOpI TAaKOTO KOHIIEHTpATOpa
KWW OW MiHIMI3yBaB «MacIITAOHUN epeKT» MPoTe MaB OH JOCTATHIO KOPCTKICTH MI00

3MICTUTH KPUTHYHY TEMIEPATYPY T. B 00JACTh «a30THUX) TEMIIEPATYP.

B po6orti [51] Bnepiie 6yno mokazaHo, IO CTYIIHb MEPEBUIIECHHS JOKAJILHOTO

Hallpy>K€HHA o, HaJl pPIBHEM KpPHUXKOI MIIHOCTI R,. 3a&JE€XKUTh B TOCTPOTH

KOHIICHTpaTOpa, 301IBIIYIOYHNCH 13 3MEHIICHHSAM HOTO TOCTPOTH. 3 METOI0 BHBYCHHS
3aKOHOMIPHOCTEH 3MIHHM JIOKaJIbHUX XapaKTEPUCTHK pyHHYyBaHHS B poboTax [52,53]
Oynu TpoBEJEHI CIeliabHl EeKCIepUMEHTaIbHI JoCHiKeHHs. OCcoONMBICTh HUX
JOCITIJKEHB TIOJISATaNa y BUKOPUCTaHHI KOHIIEHTPATOPIB Pi3HOI TOCTPOTH Y Jdiama3oHi
BiJl TOCTPOI TPIIIMHU 7O KIJBIIEBOTO KOHIIEHTPATOpa PaIiyCoOM p = 4mm , a TaKOX Yy

napajebHOMYy aHali31 3aKOHOMIPHOCTEH 3MIHU JIOKAJbHUX XapaKTEPUCTHK B1AHOCHO
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HAIMpPY>KEHHS KPHUXKOro pyiHYyBaHHSA. B mmx poOoTtax Bmepiie OyB BCTaHOBJICHUI
HEMOHOTOHHHUHN XapakTep 3MIHU JOKAJIBbHOTO HAMpPY>KEHHS PYyWHYBaHHS 13 MIHIMYMOM,
npy TeMIlepaTypl HyJIbOBOI IUIACTUYHOCTI 3pa3ka 3 KOHIIEHTPATOPOM. 3poOJeHUM
BHCHOBOK, IO TMpH pajlycax KUIbIIEBOTO Haapizy OUIbIIE p >0.6mm TOCTpOTa
KOHIIEHTPaTOpy €J1Ia00 BIUIMBAE HAa PIBEHb JIOKAIBHOI'O HANPYKEHHS pYHHYBaHHA o, 1
HAOMMKAETbCA 70 HANPYXKCHHSIM KPUXKOTO PYyHHYBaHHA R,. TJaJKUX 3pas3kiB. B
METOJUYHOMY TIIJIaHI TOJOBHUH HEAOJIK BUKOPUCTAHHA JIOKAJIBHOTO HAampy>KEHHS
pPYWHYBaHHS o, IS BUSHAYCHHSI KPUXKOi MIITHOCTI R,. € HEOOXITHICTh 3aCTOCYBaHHS

METOJy CKIHUYEHHMX E€JIEMEHTIB JJI1 3HAXOJKEHHS BEIMYHMHH o , . 3OUIBIICHHS PaalyCy

HaJIp13y MPU3BOAUTH O 3MEHIIICHHS TPAIEHTY HAMPYKEHb 1 BIMOBIIHO 10 3MEHIIICHHS

pi3HUI MiX o, Ta o,. (puc. 3.3).
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Pucynox 3.3 — Po3noau JOKaJIbHUX Halpy>KeHb o, Ta nedopmarii e, y BicTpi
KUIBIIEBOTO KOHIICHTPATOPY HaIpyKeHb oTpuMmanuii 3aBasaku MCE-po3paxyHky.
300pakeHO NEPEBUIICHHS JIOKAJIbHOTO HAIIPYXKEHHS PYWUHYBAHHS o, HaJl pIBHEM

KPUXKOi MIITHOCTI R,. (BU3HAYEHO HA CTAHIAAPTHUX TJIAJKUX 3pa3Kax) Ta HOMIHATHHUM
HaIpYy>KeHHSM PYHHYBaHHS o, 3pPa3KiB 3 KUIbIIEBUMHU KOHIIEHTPATOPAMHU p = 2 MM.
Marepian — peaktopra crans 15X2HM®A 3a temmeparypu T = -196°C.
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EKCHepI/IMeHTaHBHI/IM IJIAXOM BCTAHOBJICHO, IO BHUKOPUCTAHHA I_II/IJ'IiHI[pI/I‘-IHI/IX

3pa3KiB 3 KUIBLIEBUM KOHIIEHTPATOPOM p = 2 MM. 3 OJJHOTO OOKY 3abe3rneuye MiHIMaJIbHy

PI3HHINIO MK JIOKAIBHUM o, Ta CEPEIHIM o, HaIPYKCHHSIM PyWHYBaHHS, a 3 1HIIIOTO

OOKy BKa3aHU KOHIIEHTPATOpP Ma€ JOCTaTHIO >KOPCTKICTh, OO0 3MICTUTH KPUTUUHY

TEMIIepaTypy T. JO TEeMIIEpaTypy KUIIHHS PiIKOro a3oty (T = -196 °C ).

[lepeBipka MOXJIMBOCTI BUKOPHCTAHHS 3Pa3KiB 3 KUIBLIEBUM KOHIICHTPATOPOM

p=2MM. JUIsl BU3HAYCHHS MIHIMAJIbHOTO PIBHS KPUXKOI MIITHOCTI R,. Hependadana

BUOIp CTaJICH Ta PEKUMIB TEPMOOOPOOKHU 3a MPUHITATIOM 3a0€3MEUCHHS MAKCUMAITLHOTO

IIMPOKOTrO J1ama30Hy 3HA4eHb KPUXKOI MIIHOCTI R,., SIKAWA OXOIUTIOE€ OLIBIIICTh

BIJIOMUX KOHCTpPYKIiitHUX cTtaneit. B po6oti Bukopucrani: Cranp 10I°, Ctans 40, Cranb
55, cramp 15X2HM®A, Crane P65, cranme 30XI'CA. BkazaHi craii OXOIUIIOIOTHCS

IMIMPOKUH 1HTEpPBAT MIIHOCTI o,,= 250-1535 MIla., Ta MaioTh, K GeppUTO-TIEPIITHI

TaK 1 MApTEHCUTHI CTPYKTYpPH.

ExcriepuMeHTanbHl  AOCHUIKEHHS  Iependadand MPOBEICHHS  CeplajibHUX
HU3BKOTEMIIEPATYPHUX BUIPOOYBaHb HA OJHOBICHUH PO3TAr CTAHJAPTHHUX TJIAJAKUX
UWTIHAPUYHUX 3pa3KiB Ta UWIIHAPUYHUX 3pa3KiB 3 KUIbLIEBUM KOHLIEHTPATOPOM
p =2MM. ['maaki 3pa3ku BUMIPOOOBYBAIM B Mapax Telliio B IHTEpBall TeMIIepaTyp Bil -
245 no +20°C, mi0 [O3BOMMIO HAMpPSIMY BH3HAYHTH KPHXKY MIIHICTE R,., SK

MIHIMQJIbHE 3HAYEHHsS ICTUHHOTO HANpyXeHHS pyHHYBaHHA S, B 00JacTi B’S3KO-

KpUXKoro nepexoxay (puc. 3.1).

Ockis1bKH paHiiie 0yJ0 BCTaHOBJIEHO, 10 MiHIMaJbHUN PIBEHb KPUXKOI MILIHOCTI
BYTJICLIEBUX CTajeil peanizyeThCsl IPU 3HAUYCHHSX 3aJIMIIKOBOI JAedopMaliii mopsaxky 1-
2% [47,51] 3a BenMMYMHY R've NPUAMANIM 3HAYCHHS HOMIHAJIBLHOTO HAIMPYKCHHS
PYWHYBAaHHS o\ 3pa3KiB 3 KUIBIIEBHUM HAJAPI3OM p = 2 MM. TIPH BEJIMUMHI 3QJIUIIIKOBOI
nedopmartii 2%. B cuiay CcTOXaCTUYHOI MPUPOAU KPUXKOTO PYHHYBAHHS METATIB
[49,31], 1m0 HaHOUIBII SICKPaBO NPOSBISIETCS NPHU PyHHYBaHHI 3pas3KiB 3
KOHIICHTpAaTOpaMH HaIpy>Ke€Hb BHUMPOOYBaHHS 3pa3KiB 3 HAAPI30M JI03BOJISIE OTPUMATH

MIMPOKHUM 1HTEPBAJI 3HAYEHb 3AJIUIITKOBOI AedopMmalrii e,
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3a pesynbTaTamMu BUIIPOOYBaHb 3pa3KiB 3 KOHIIEHTPATOPAMH BH3HAYAIH CEPEIHE

HaIpy>KCHHS PyUHYBaHHs

one B MIHIMATBHOMY Tepepisi:

On = . (31)

Ta cepeanto BenuuuHy Jaedopmariii:

2

e = tn— : (3.2)
1-y

dx . . -
ac vy =1- S B1IHOCHC 3BY’KCHHS B IIHMHIIL.
d

0

3a pesynbraTamMu BUNPOOyBaHb 4-6 3paskiB mpu Temieparypi T =-196°C

OyIyBaJIMCh 3aJIEKHOCTI o, BiJ Aedopmarlii e, Ta MUIIXOM €KCTPAMOJIAIi BUSHAYATIU

KPUTHYHE 3HAYEHHS oy , IO BiANOBiZae BelMuuuHi 3anuiukoBoi gedopmaiii 2% (puc.

3.4)

NF

HominanbHe HanpyKeHHS pYHHYBaHHA, ©
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Pucynox 3.4 — 3anexHiCTh BEITMYMHA HOMIHAJILHOTO HANIPYKEHHS PYWHYBAaHHS o, BiJ

cepenHboro piBHi nedopmaiii B MiHiMabHOMY niepepisi. [1lnsxom ekctpamonsiii
EKCIIEpPUMEHTAJIbHUX 3HAYeHb HOMIHAJIBHOT'O HAIIPY>KEHHS pyHHYBaHHSA o, Ha

BenM4YUHY 2% 3aMIIKOBOI AehopMarlii BU3BHAYAETHCSA BEIMYNHA o 1110 YHCEITHHO
piBHA BeNU4uHI Ry, . Marepian — crans 30XI'CA.
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OtpuMani pe3yiapTaTu TIpeacTaBieHi B Tabim.3.1 Ta Ha puc.3.5 B mHUpOKOMY
1HTEpBaIl 3HAYEHb BETUYMHA KPUXKOI MIITHOCTI R, MaibKe CHiBMAJA€E 13 BEIUINHOIO
HOMIHAJIBHOIO HAIPYKEHHs PyHHYBaHHS o\ HpH 2% 3aaMIIKoBoOi gedopmarii 3pa3ka
3 KUIBIIEBUM KOHIEHTPATOPOM p=2MM. Bapro migkpeciuTH, MO Ilana3oH
eKCIIEPUMEHTAJIbHO OTPUMAHUX 3HAUYEHb KPUXKOi MIIHOCTI Ryc = 800-2700 MlIla

NEPEeKPUBAE Jliara3oH OUTBIIOCTI BIJOMUX KOHCTPYKLIMHUX CIUTaBiB. B Mexax po3kumy

CKCIICPUMCHTAJIbHUX OAdHHUX HC BAAJIOCA BUABUTH TeHI[eHHﬁ BIINIUBY MiHHOCTi c,, Ha

BIJTHOIICHHS oy /Ryc (pHuc.3.6)
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Pucynok 3.5 — CniiBcTaBiieHHSI MIHIMAJIBbHOTO PIBHSI KPUXKOT MII[HOCTI
Ryc (BU3HAYEHOTO HAa CTAaHAAPTHUX IJIaJKUX 3pa3Kax) Ta HOMIHAIbHOTO

HaIpy>KeHHS pyWHYBaHHS o, MWIIHIPUYHUX 3pa3KiB 3 KOHIICHTPATOPOM
HaIpyX€Hb p = 2 MM.

1- Cranp 10I" — Bignai;, 2- Crans 40 — Bignai; 3- Crans 55 — MagTHUKOBHIT
Bignain, 4- Crans 10" — cheproamzaris; 5- 15X2HM®A — mocraska (1) ; 6-
15X2HM®A- noctaska (I1); 7- Ctans P65 — IIIETO; 8- Cranb 40 —
raprysanns+eignyck 300°C 0,5 rogunn; 9-30XI'CA —rapTyBaHHS B Macio +
i3oTepmiunmii Bixmyck 300°C 0,5 roauHy.
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Pucynok 3.6 — BigHO1IeHHS HallpyXEHHS! KPUXKOTO PyHHYBaHHS o, 3pa3KiB 3
KUIBLIEBUM HAJIPI30M p = 2 MM. JI0 MIHIMQJIBHOTO PiBHSI KPUXKOI MILIHOCTI Ryc

KOHCTPYKIIIWHUX CTaJlel, BU3HAYEHOTO 32 CEP1€I0 HU3bKOTEMITEpaTypHUX BUIIPOOYBaHb
CTaHAAPTHUX IMTHAPUIHUX 3pa3KiB HA OJHOBICHUN PO3TAT B MIUPOKOMY IHTEpPBAJI1
MIIIHOCTEH. YMOBHI MO3HAYEHHS Ti X 10 HA pHUC.3.5

Y  BIANOBIZHOCTI JO OTPUMAHUX  pe3yJbTaTiIB B  MeXax  PO3KUIY

EKCIEPUMEHTAIbHUX JIaHUX BEJIMYMHA o,  CIIBINAJA€ 13 3HAYCHHSIM Ry -

. . . (e2 .
JIOCTOBIpHICTh OTPUMAHUX PE3YNIbTATIB P (0,835 < —F <1,165) = 0,98 MpU BUOIPKOBOMY
R

MC
cragmapti 4,5% (po3paxyHOK IIPOBOAMUBCS 3 BHUKOPUCTAHHSIM CTAaTUCTHKU MaJIUX
b

BUOIpoK Ta po3noaiuty Ctronenrta). Came nei ¢pakt 3a0e3nedye MOXKIUBICT, BUZHAYATH
Ryc 3@ CEpeqHiM 3HAUEHHSAM HANpPYXKEHHS pyHHYBaHHS oy  3paskiB 3

KOHIEHTPATOPOM p = 2 MM., IO IPUHLIMIIOBO CIIPOIIYE EKCIIEPUMEHTAIIBHY METOIUKY.



Tabmuns 3.1— OCHOBHI MEXaHI4HI XapaKTEPUCTHKHU Ta TEPMOOOPOOKH JOCIIIKYBaHUX B pOoOOTI cTajei
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Oz Ogs SK, Vi ep’ O\ =GNF RMC’
Marepian Tepmooopodka (+20°C) | (+20°C) | (+20°C) | (+20°C) | (+20°C) Ruc
Mlla | MIla | MIla | % ) Mlla ) MlIla
100 Copepuomsauis T=740°C 319 600 | 1243 | 715 | 0.160 1143 1.088 1050
r =48ronuH
100 Binman920° ¢ - 2rommin 249 484 910 62.0 | 0.150 820 1.012 810
MasTHUKOBUA BlIITan
T,=740°C
Cranb 55 L 359 582 | 1363 | 70.1 | 0.170 1092 0.962 | 1134
T2:6800C 7 =2 TOJIUHU 5
UKITIB
30XI'CA Faprysamna860°C B macno + | 1531 | 1755 | 2542 | 480 | 0025 | 2700 | 1.000 | 2700
Biam. 300°C 7 =0.5 roaunu
15X2HM®A (I) NOCTaBKa 738 803 | 1766 | 75.0 | 0.069 1336 0.927 | 1440
15X2HM®A (II) nocTaBKa 529 650 | 1502 | 755 | 0.070 1470 1.006 | 1460
P65 HIETO* 1022 | 1267 | 1974 | 460 | 0.082 2111 1.014 | 2080
Crans 40 Faprysana 860°C +sian. | 1400 | 1635 | 1993 | 250 | 0030 | 2178 | 0990 | 2200
300°C 7 =0.5rogunaun
Cranb 40 Biaman 920°C 7 = Iroauna 372 693 1261 55.0 0.140 1008 0.950 1060

* [IIBuaKicHA eIEKTPO-TEPMOOOpoOKa
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3.2 CniBBigHOIIEHHS Mi:K pPiBHEM R, Ta BeJUYHUHOI TpPaHMIi MUIMHHOCTI o,
KOHCTPYKUIiHHUX cTaJiei

[TuTanHs B3a€MO3B’SI3Ky KPUXKOI MIITHOCTI Ta CTPYKTYPHUX OCOOJIMBOCTEH cTami

JOCKOHAJI0 BHWBYECHHH B pobotax [54,47,49]. BcraHOBICHI CHIBBITHOIICHHS MiX

po3MipoM (epuTHOTO 3epHa (MEPIITHOI KOJIOHII, MapTEeHCUTHOTO YHd OEHHITHOTO

MaKeTy) Ta MIHIMAJIBHUM pIBHEM KPHUXKOCTI: R,. =180d *'*, ;e d - po3mip 3epHa. B Toi
xe vac Bupa3 Xomna-Iletua (o, = o, + kd *'?) MOB’sI3y€e pO3Mip 3€pHA Ta HANPYKCHHS

IUIMHHOCT1 cTam. Bupasu BKa3yloTh Ha Te, IO 3MEHILIEHHS pPO3MIpYy 3€pHA Mae€

MPU3BOJUTH A0 30UIBIIEHHS SIK TPAHUII TUIMHHOCTI TaK 1 KPUXKOI MILIHOCTI Ry . 3MiHA
CYOCTpYKTypu HE IOBHMHHA BIUIMBAaTH Ha BEJIUYHUHY Ryc , HPOTE BOHA BU3HAYae
Hampy>XeHHs OMOpy pyXy MAUCIOKaliil B rpaTii o,. lle o3Hadae, 1m0 3araJibHOMY
BUIIAJIKYy HE MOXeE OyTH CTpPOro AETEPMIHOBAHOIO 3B’A3KY MIX o,, Ta Ryc , IPOTE B

OKpEeMHX BHUMaJKax (KOJHU 3MiHI po3Mipy 3epHa CyOCTPYKTypa 3MIHIOETbCS HECYTTEBO)
NOBUHEH OyTH KOpPEJSLIMHMUK 3B'SI30K MK IIUMU BeJIMYMHAMU. B mpuknagHoMy 1uiaHi

BCTAHOBJICHHS IILOTO 3B'SI3KY JTO3BOJISIE OI[IHUTH PIBEHb KPUXKOI MIITHOCTI R, CTall 3a

TaOJIMYHUMM 3HAYEHHSMU TPaHUIl IUIMHHOCTI (TIpW KIMHATHINM TeMmIiepaTypl) dYu

[UIIXOM BUIIPOOYBAHHS JIUIIIE OJHOTO 3pa3Ka 3a TeMIepaTypu T =+20°C .
ExcniepuMenTansHi faHi mpuBeleH! Ha puc. 3.7 cBiAYaTh, M0 TAaKUH 3B'S30K

ICHy€, TIPUUOMY CTPYKTypa CTaji MO pI3HOMY BIUIMBa€E Ha 1eil 3B'si30k. [Ipudomy

MPUPICT PIBHA Ry 13 30UTBIICHHSM PiBHSA MIIHOCTI (DePUTO-TIEPIITHUX CTaje OUTbIIT

IHTEHCUBHUM HDK B KOHCTPYKIIIMHUX CTalsX 13 CTPYKTYpOIO MapTEHCHUTY BIJIYCKY,
OUYEBHUJIHO II€ TIOB’SI3aHO 3 MEXaHi3MaMU PYyWHYBaHHS. Y BUMAIKy MapTEHCUTHHUX
CTaJIel TpaIfoe KapOiAHWI MeXaHi3M pyHHYBaHHS, J€ IHTEpBAJ 3MIHH PO3MIpPiB
KapOiJHUX YaCTOK MEHIIMN HIK I1HTEpBAJ 3MIHU PO3MIPIB 3€peH NpPHU 3EPEHHOMY

MeXaH13Mi pyiHyBaHHS (eppTO-TIEPIITHUX CTATCH.
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P
ucyHok 3.7 — Kopensiiiitna 3anexHICTh MIHIMAJTBHOTO PIBHS KPUXKOT MIITHOCTI R,

KOHCTPYKUIWHUX CTaJIeH BiJl BEIMYMHU MEXI1 IUIMHHOCTI o ,, 3a KIMHAaTHOI TeMIepaTypu
T =+20°C . O — cTai 3 hepuUTO-TEPIITHOIO CTPYKTYPOIO, ® — CTaJIl 13 CTPYKTYPOIO
MapTEHCUTY BIJITYCKY.
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BucHoBKH 10 po3ainy

1. BukopucTaHHS KOHIIGHTpAaToOpa HANpyXeHb y BHUIVIAII KiJbIIEBOTO HaIpi3y
pazniycoMm 2 MM. Ta TIMOUHOIO 1,4 MM. Ha TTIAJKUX [MITIHAPUYHUX 3pa3Kax JlilaMeTpoM 8§

MM. JI03BOJISIE BU3HAUUTU PIBEHb KPUXKOI MIIHOCTI R,. KOHCTPYKI[IHHUX CTajei 3a
BEJIMYMHOI0 HOMIHAJILHOTO HAINPY>KEHHSI pyHHYBaHHS o . -

2. HeoOxigHuii piBeHb TOYHOCTI BHM3HAYEHHSI MIHIMAQJIBHOTO PIBHSA KPHUXKOI
MIIIHOCT1 3a I€I0 METOJMKOI OOYMOBJICHHN THM, IO MPU PYHWHYBaHHI 3pa3ka 13
BiIHAWICHUMH TapaMeTpaMyd KOHIICHTpAaTOpa HE3HAyHE TMICPEBUINEHHS  PIBHS

JIOKAJIBHOTO HAIPY>KEHHS HaJ R,. KOMIICHCYEThCA PI3HUIICI0 MK HOMIHAJIBHUM 1

JIOKaJIbHUM HalpPYKEHHSIM PYWHYBaHHS.
3. Jns KOHCTPYKUIMHMX CTajell ICHye KOPENSIINHUN 3B'S30K MDK pPIBHEM
KPUXKOi MILIHOCT1 R,. Ta BEJIMYMHOIO T'PaHUIl INIMHHOCTI o, , SKUN NPOSBISETHCA Y

3pOCTaHH1 PiBHA R,. MpHU 30UIBIIEHH] BEJIMYUHU MIIIHOCTI KOHCTPYKIIMHHUX CTajei.

BcranoBieHo, 1110 1IHTEHCUBHICTh TAKOTO 3pOCTaHHS 3aJIKUTh BiJ] CTPYKTYPHOTO CTaHy
cram. [{ns cranedt 13 CTpyKTyporo (pepuTo-mepiiiTy M IHTEHCUBHICTh BHINA HIK JUIS
MAapTEHCUTHUX CTAJIEH.

4. OtpuMaHi pe3yibTaTH JIO3BOJISIIOTH CYTTEBO CIPOCTUTH  METOJUKY

€KCIIEpUMEHTAJIbHOTO BU3HAYEHHS PIBHS KPUXKOi MIIHOCTI R,. KOHCTPYKIIWHUX

MC

CTaJleii Ta JI03BOJISIIOTH  BIJIMOBHTHCH Bl  3aTpAaTHUX HU3BKOTEMIIEPATYypPHUX

BUNPOOYBaHb 3 BUKOPUCTAHHSM MapIB Teliko.
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PO3JILI 4
JIOKAJIbHI XAPAKTEPUCTUKH THILIIOBAHHS KPUXKOT'O PYIUHYBAHH S

BianoBigHo 10 iCHYHOUHX YSBJICHb PO3p00JieHNX B Mexax JIOKanbHOTO MiIXO0My
no pyiinyBanHs [50], piBeHb HOMIHATBHHUX (CEpeHIX) XapaKTEPUCTHK DPyHHYBaHHS
3pa3KiB 3 KOHIICHTpaTOpaMH HaNpy)XCHb BU3HAYAETHCS MPOIECAaMH YTBOPCHHS Ta
BTpaTU CTaOLIBHOCTI 3apOJKOBHX TPINIMH, SIKI BIAOYBAIOThCS B JIOKAJIBbHINH 00JacTi
«process zoney. ToMmy piBeHb HOMIHATHPHUX XaPAKTEPUCTUK BU3HAYAETHCS JIOKATBHUMHU
BEJIMUMHAMU — HANpPY)XCHHAM Ta JAedopmaiiiero y BICTpi KOHIIGHTpaTopa B Mexkax

«Process zone.

4.1 CraTucTH4YHA TPHUPOAA JIOKAJLHOIO HAMNPY:KEHHsl iHINiIOBAHHSA KPHUXKOI0
PYIHYBaHHS o, Ta KPUTUYHOI Aedopmalii e,

Ha croroaHimHiil JeHb ICHYIOTh €KCIEPUMEHTAIbHI Ta PO3PAXyHKOBI METOU
BU3HAYCHHS KPUTUYHUX BEJIIMYWH JIOKATBHUX XapaKTEPHCTHK pyiHYBaHHSA. KoxkeH 3
IUX METOJIB Tiependayac BUKOPUCTAHHS METOJY CKIHUCHHMX €JIEMEHTIB B SIKOCTI
IHCTpYMEHTY Il OTPUMAaHHS PO3MOJUTY JIOKAIBHMX HANpyXeHb Ta Jedopmariiii y
BEPIIMHI KOHIICHTPATOPY, BIIMIHHICTh MOJISITA€ B KPUTEPii BU3HAYEHHS BIJICTaHI Bij
KOHIIEHTpaTOpa HANPYKEHb JI0 MICIIS 1HII[IFOBAaHHS PYWHYBaHHSI.

Excnepumenmanvuuii MeTOJ BU3HAUEHHSI JIOKAJIBHOI KPUTUYHOI Aedopmarii
NOJIITa€ y BUKOPUCTAHHI (hpakTorpadiuHux TOCHIIJKEHb (IeTalbHIIIEe TUB. PO3ILT 2),
K1 JIO3BOJISIOTH BHUMIPATH BiJJajdb BiJ BEpPIIMHHA KOHIIEHTpATOpa JO JDKEpena
pyliHyBaHHsS. Pospaxynkosuti MeTOJ 1ependadyae KOMITIOTEPHUN  PO3paxyHOK
po3moAUTy MMOBIPHOCTI  F,  IHIIIIOBAaHHS KPUXKOTO pyHHYBaHHS y  BICTpI

KOHIIEHTpaTopa 0a3ylounuch Ha YSABICHHSAX MPOIECY YTBOPEHHS Ta BTPATH CTa0lILHOCTI

3apOJKOBUX TPIIMH (J€TajbHINIE AUB. po3All 2). JlokanbHl BEIUMYUHU o, Ta e, WIO

max

3HAaXOJAThCS Ha BIACTaHI, fKa BIAINOBIIa€ MaKCUMyMy HMOBIPHOCTI pyHHYBaHHS F,

BBAXKAIOTHCS TAKMMHU, 1110 MIPU3BEIU 0 PyHHYBaHHS, TOOTO KPUTUYHUMH.
Ha pucynky 4.1 Ha npukiaal BU3HAYEHHS JIOKAJIBbHOI IJIACTUYHOI Jaedopmartii
IHIIIFOBAaHHS KPUXKOTO PYWHYBAaHHS TMPOJIEMOHCTPOBAHO TMPHUHIIUIIOBY Pi3HHIIO

BU3HAYCHHS  JIOKAJbHUX  XapaKTEpPUCTUK  pPYWHYBAHHS  pPO3PAaxXyHKOBUM  Ta



67
EKCIIEPUMEHTATLHUM  TUIAXOM.  PO3paxyHKOBHMW  METOA  Ha  BIAMIHY  Bif

eKCIIEpUMEHTAIbHOTO JI03BOJISIE OTpUMAaTH 00JacTh 3HaueHb BIJAANl JO JKepena

pyHHYBaHHS Jie UMOBIPHICTD 1HIIIFOBAaHHS pyHHYBaHHS BiAMiHA BiJ HyJa. Ha pucynky
4.1 ue Bignosimae obmacti 0,1...0,37MM. Ans 3pa3kiB 3 KOHIEHTPATOPOM HaIPYKEHb
p =0.25 MM. LIst 0cOONMUBICTE 3aliBHiA pa3 MiIKPECITIOE CMOXACMUYHY TIPAPOTY KPUXKOTO
pYWHYBaHHS Ta TO3BOJISE TIOSICHUTH CYTTEBUHN PO3KH]I EKCIIEPUMEHTAIBHUX JaHHX.
{00 BCTaHOBUTHU HACKIIBKU OJHM3BKI PE3yIbTaTH OTPUMaHI €KCIIEPUMEHTAIbHUM
Ta PO3PAXyHKOBUM IIUIIXOM B POOOTI TMPOBOIMBCS KOMIUICKC JOCITIIKECHb, SKUN
nependadaB OTPUMAHHS TEMIIEPATYPHHUX 3aJIe)KHOCTEH MeEXaHIYHUX BIIACTUBOCTEH

KOHCTPYKIIHHUX cTane (¢,,, o,, €,, S,, v ) Ta CEPEIHHOTO TJI0OATBHOTO HAMPY>KCHHS

p?
pyliHyBaHHS o, . ChnHparounch Ha L1 JaHl, JJI1 KOXKHOTO EKCIIEpUMEHTAIbHOTO

3HAYEHHA o 3a METOAMKOI0 ONHUCAHOK B PO3IUI 2, HUISIXOM KOMIT IOTEPHUX

NF o
pO3paxyHKIB BU3HaYaJlach 00JACTh 1HIIIIOBAaHHS KPUXKOIO pyHHYBaHHs “‘process zone”
1 PO3MOJILTT MMOBIPHOCTI IHIIIIOBAaHHS F, KPUXKOTO pyHWHYBaHHA B 1iil oOnacti. [Ipu
bOMY BEJIMYMHU JIOKAJIBHOTO HAMPYXEHHS o, 1 JOKaJbHOI jAedopmaiii e,

IHILIIOBaHHS pYWHYBAHHS BU3HAYaJUCh B TOYIl JI€ peai3y€eThbCsi MaKCUMaJbHE

max

3HAuYEHHA WMOBIPHOCTI I1i€i moaii F™ (puc. 4.1). Ha 111 3a5e’HOCTI TaKoX HAHOCUITU

BEJIMYMHY BIAJall 10 JKepena pyilHyBaHHS X, (puc. 4.1), sxka BHU3Ha4ajiach 3a

pesynbratamu GppaxTorpadiyHuX TOCTIIKEHb.
Sk migKpecmoBaJOCh BHWINE, CTOXAaCTUYHA MPHUPOJA IHIIIIOBAHHS KPHUXKOTO
pYWHYBaHHS MeTaly OOYMOBJIIOE€ 3MiHY BEIWYMHU TJIOOQJIBHOTO HAMPYKCHHS

pPYWHYBaHHS o, II€ MOXE JocsraTd npubin3Ho 37%, mpoTe HaBiTh NMpHU (hIKCOBaHIM
BEJIMYMHI o, BEJIMYMHA JIOKAIBHOI KPUTUYHOI Aedopmallli e, MOXKe€ 3MIHIOBATUCH BiJl

0.5% mo 10% npu o, =1.85¢,, (puc. 4.2).
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Pucynox 4.1 — BuzHaueHHs JTIOKaIbHOT KPUTHYHOI Aedopmartii Ta ii 001acTi 3HaYCHB 3a JOITOMOTO0 PO3PaXyHKOBHX Ta
EKCIIEpUMEHTAILHUX METO/TIB.
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Ile no3BONMIIO OTpUMATH JaHi, MO0 BEIMYMHUA JIOKAIBHOI TJIACTUYHOI

nedopMaliii e, Ta JIOKQIBHOTO PO3TATYIOUOTO HAMNPYKEHHS o, B MICII 1HII{IFOBAaHHS

KpUXKOro pyiiHyBaHHi. Ha puc. 4.2 HaBeieHa 3aleKHICTh KPUTUYHOI BEIWYUHH

JokanbHO1 nedopMmariii e, BIJ PIBHA CEPEIHBOTO HAMPYXKEHHS PYWHYBaHHS o,

peakTopHoi ctani 15X2HM®A mnpu Temnepatypi T = -149 °C . JIjig 3py4HOCT] BEIHMUYHUHU

o, TMPOHOPMOBAHI Ha 3HAYEHHS IPaHUIIl INIMHHOCTI CTal o,, IIPH JaHii TeMIeparypi.

T=-149"C -

e, (%)

0 -

—71 r 1 1 11 "1 "1 71 ¢ 1T ™ 1T ‘"1 "™ 71 71
135 140 145 150 155 160 165 170 175 1,80 1,85 1,80 185 200

0.0y, ()

Pucynox 4.2 — JlokaneHa kpuTU4Ha JAegopMaliist B 3aJI€KHOCTI Bl HOPMOBAHO1
BEJTMYMHU HAMNPYKEHHS pyHHYBaHHS peakTopHoi ctani 15X2HM®DA. e —nokansHa
nedopmariiisi, 0 BIAMOBIIA€ MAKCUMYMY MMOBIPHOCTI PyWHYBaHHS; O — JIOKaJIbHA

nedopmailis, 10 BIAMOBIIAE MAKCUMYMY PO3MOLUTY JOKAIbHUX HAMPYKEHb; 31IPOUYKH —
JokanbHa nedopmaltis, BU3HaYeHa PpakTorpadiuHuM HUISIXOM.

3pocTaHHsl BEIWYMHU 1HTEPBAJy 3HAYEHb e, 13 30UIBIICHHSIM o, OOYMOBJICHO
TUM, IO 13 3POCTaHHSM BiJIHOIIECHHS GN% 301IbIIYETbCS  00JIACTh JIOKAIBHOT
0.2

IUIMHHOCTI B BEPLIMHI KOHUEHTpATOpa i, BIAMOBIAHO, 3pOCTa€ pO3Mip “process zone” B

MIHIMaJbHOMY Tiepepisi 3pa3ka 3 KoHieHTpaTopoMm (puc. 4.3). B cBow uepry 1e
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OPU3BOJIUTH 10 30UIBIICHHS 1HTEpBATy 3MIHM BEJIMYMHHU JIOKAIbHOI Aedopmarii B
MeEXax «Process zoney.

Owr 135 9w _1 60 Tur _ g5
Gy, 0y, a,,

“process zone”

00J1aCTh
JOKAJILHO T
IIACTHY HOT

nedopmartii

Pucynox 4.3 — CxemaTtuune 300pakeHHsI 301IbIICHHS pO3MIpIB “process zone™ B BICTP1

. . . . O
HaJp13y IIPpHU 3pOCTAaHH1 BIJHOCHOT'O P1BHA HABAHTAKCHHA —E

O

Ha puc. 4.2 HaHeceHl eKCIIEpUMEHTaJbHI 3HAYEHHA e,, SKI OTPHUMaHI 3a
pesyabTatamu (pakTorpad@iuHUX IOCTIIKEHDb (31pouku). 111 3HAaUEHHS MOTPaIUIAIOTH B

MEXKI PO3paxoBaHOl “‘process zone” 1 TOKIIOTh A0 BeIWYMHH e, (F ™), IEBHOI
TEHJEHLIi 10 3MIHM BiJ pIBHSA TJIOOAJIBHOIO HAmNpyXeHHS pYyWHYBaHHS o, HE
MOMIYEHO, e, BHM3HA4YeHE 3a JIOMOMOTro0 (pakTorpadiyHUX 3HIMKIB OJU3bKE 10

BenmuuuHU 2%. BakimBUM € TakoX Te, IO BEIMYMHA JIOKAJIBHOI TUIACTUYHOL
nedopmarlii  1HIIIIOBaHHS pPYHHYBaHHA e, B TOYIll MAaKCUMyMy WMOBIPHOCTI

max

PYHUHYBAHHA 1 B TOYI1 AC A1FOTb MAKCHMAJIbHI JIOKAJIbH1 PO3TATYIO4dl HAIIPY>KCHHA o,

MPaKTUYHO CHIBNAAI0Th. JIHIlle MpU TPaHUYHO MAIMX 3HAYEHHSX BIJIHOIICHHS GN%
0.2

max

BEJIMYMHA e, B TOUI JIe¢ o, = o, MeHIIA. Sk Oyae moka3aHoO Aaii, 11e 00yMOBIJIECHO

BIJTUBOM TYCTHHU 3apOJAKOBUX TPIIIUH HA UMOBIPHICTh pyHHYBaHHS.

[{i 3aKOHOMIPHOCTI € 3araJlbHUMH, TOOTO XapaKTepus3ylTh cHenuQiKy
1HIIIFOBaHHS KPUXKOTO PYWHYBAaHHS B HEOJHOPITHUX CHJIOBHX IMOJSX HE 3aJIEKHO Bif
TOTO, SIKUM caMe KOHIIEHTPaTOPOM TMOPOKYIOThes 1Ml moJis. [Ipo me cBimuaTh gaHi Ha

puc. 4.4, aKki OTpUMaHi UISIXOM CITIBCTaBJICHHS €KCIEPUMEHTATBHUX JTAHUX (e,
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BU3HaueHa (Qpakrorpadiyno) [55] Ta po3paxyHKOBUX (e, BH3HAUCHA 3a IIKOM
JOKAJIbHUX HampyXeHb Ta MaKCUMYMOM WMOBIPHOCTI PYHHYBaHHs) JII TPAaHUYHO
TOCTPOro KOHIIEHTpaTopa — HaBeneHol MakpoTpimaun Ha SEN(B)-3paskax, 1mo

BI/IHpO6OBYBaJIHCI> Ha TPbOX TOYKOBHUM 3THH.

0- —T T T T’ T T’ T T T T T T’ T T T T*T
oo o001 002 003 0,04 005 006 007 0,08 0,09

Ja”cxrﬂ2

Pucynox 4.4 — 3anexxHiCTh JIOKaTbHOT KPUTHUYHOI AedopMallii pyiiHyBaHHS BiJl

piBHS HaBaHTaXXEHHS J /o, . [lo3HAYeHHS TIXK, 110 Ha puc.4.2;

O — eKCIIEpUMEHTAIIBHI J1aHi 3 pobotu [55]

Ha nipoMy MaimoHKy eKCrepuMeHTaIbHI Ta PO3pPaxXyHKOBI 3HAYEHHS e, MOJaHI B
3aJIeKHOCTI BIX J . /o,,, A€ J, — 3HAUECHHA J, IHTErpajly B MOMEHT PyWHYBaHHS 3pa3Ka
3 TpimmHOW. K Bimomo [56] npu dikcoBaHOMY 3HAYCHHI J, /o,, BUKOHYETHCS YMOBA

aBTOMOJIENILHOCTI TOJIsl JIOKAJIbHUX HANpPYKEeHb Ta JedopMaliid B BEpIIMHI TPILIUHHU,
IO BIJIKpMBAa€ MOJKJIMBICTh BHUKOPHCTOBYBaTH Il€ BIAHOLICHHS SK Yy3arajJbHEHY
KoopJuHaTy. B manomy BUManKy 1€ JO3BOJIWIO HAHECTH Ha Tpadik eKCIiepuMeHTaIbH1

3HAUCHHA e, , SIKI OTpUMaHi B po0OOTi [55] 1 M00Ope y3roKyrThCs 3 pO3paxOBaHUMHU

3AJIC)KHOCTAMU JIA e .
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[TopiBHsiHHA naHux Ha puc. 4.2 Tta puc. 4.4 MOKa3ylOTh, IO Yy BUNAIKY SIK

KUTBI[EBOTO KOHIIEHTPATOPY, TaK 1 TOCTPOi TPIIIMHU 3HAYEHHS e, B TOYLl MaKCUMyMy

HMOBIpHOCTI F ™ 1HIIIIOBaHHA PYWHYBaHHSA 1 B TOYIl J€ JIIOTh MaKCHUMaJbHI

n

PO3TATYIOUl HAIPYKEHHA o, = o) TPAKTUYHO CIBHAAAI0Th. AOCONIOTHE 3HAYCHHS e,

11
omusbke A0 2%, mpoTe 13 3pOCTaHHAM BEJIMYMHU HABAaHTA)XXCHHA NpU pPyHHYBaHHI

CIIOCTEPITa€eThCS TEHICHIIIS 0 CJIa0KOTO POCTY e, .

B nimomy, BenmuumHa HMOBIPHOCTI 1HIIIIOBAaHHSA KPUXKOTO pPYyHHYBaHHS
BU3HAYAETHCSI JBOMA OCHOBHHUMH (paKkTOpaMHu, a came: 1) pIBHEM pO3TATYIOUUX
HaIpyXeHb o,, MIJ €0 SKUX 3apOJKOBI TPIIIMHU BTPAvyarOTh PIBHOBAry Ta 11)
IHTEHCUBHICTIO T'€HEPYBaHHS 3apOJKOBUX TPIIIMH B MPOLECI MIACTUYHOI Aedopmariii

[50]. Mis mepioro ¢akTopy MpU3BOAUTH A0 TOTO, IIO F "™ IMOBHHCH JOCATATHCS B

TOUIl 1€ o, =o.”, NPOTE IHTEHCUBHICTh reHepyBaHHsS 3T B oauHuIl 00’eMy €
HEMOHOTOHHOIO (DYHKIII€I0 BEJIMYMHU IUIACTUYHOI jAedopmallii, MaKCUMallbHa TYCTHHA
3T nmocsiraetbest ipu aedopmariii e =2 % (puc. 4.5)[50]. Lle npuszBoauTs 10 TOTO, IO
3HAQYEHHS e, , SKE BU3HAYEHO B TOYIl F™ JEMI0 BIAPI3HIETHCA BiJ BEJIMYUHU
nedopmaiiii B obnacti Ali MakCUMalbHUX PO3TATYIOUMX HaNpyXeHb, SK MPABUIIO
JokanbHa nedopmariiss B 00JacTi i MaKCUMaJIbHUX JIOKAJBHUX HAIMPYKEHb JEII0

Hkya Big 2%.

9x10" 4

= 8x10"

a ol |

= 7x107 4

™ ] |

= :

Z 6x10" 1

@

|

E 5x10" 4 |

5 5x10

5 4

& 10

2 4x10"

2

2 1

E “" ):n_ .

_3_ 3x10 | :_19()“(

5 7=-169"C

£ 2x107 | 0

=z T“-]49“(
| T=-96 C

l.\ll()m T} T T SR TRECC INLACT JRGT] FRi TAL RN |
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16

JokambHa JedopMaLiid, e, (%)

Pucynox 4.5 — 3anexHicTh IHTEHCUBHOCTI T€HEPYBaHHS 3apOJKOBUX TPIIIUH BiJl

MPHUBEICHOT MIacTUUHOI Aedopmairii, 3a pizHux Temnepatyp [50].
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Crig 3ayBakHTH, 110 BIUIMB IHTEHCUBHOCTI T€HEPYBAHHS 3apPOJKOBUX TPILUH Ha
BEJIMUYMHY MMOBIPHOCTI PyHMHYBaHHS B TMOBHIM Mipi MPOSIBISEThCS NMPU PyHHYBaHHI B
YMOBaxX OJHOPIAHMX CHUJIOBHX IOJIB, TOOTO MpHU KPUXKOMY PYHHYBaHHI CTaHIApTHUX
IWTHIPUYHUX 3pa3KiB B yYMOBaX OJHOBICHOTO pO3TATY. Tak 30KpeMa, KpUTHYHE

3HaYeHHs JedopMmanii npu SKid p=p,, , OOYMOBIIOE ICHYBaHHS MIHIMaJIbHOTO
HANpY>XCHHS KPUXKOTO PYWHYBaHHS R,. B IHTEpBaJl TEMIEpaTyp B’ S3KO-KPUXKOTO

nepexoly IpH OJTHOBICHOMY po3Ts3i. Ik moka3zaHo B po6oTi [49], 1 TUIIOBHUX cTameil

BEJIMUMHA IIi€1 gedopmaltii 3HaX0AUThCS B OKOJI1 BeTmuuHU 2%0.

4.2 3aKOHOMIPHOCTI 3MIHM BEJUYHMHM JIOKAJBLHOI0 HAINPY:KEHHS PYWHYBAHHA B
IMPOKOMY IHTepBaJi TeMIeparyp

Jjis1 BCTAHOBJIEHHS 3aKOHOMIPHOCTEH 3MIHU BEJIMYMHM JIOKAJBHOTO HANPY>KEHHS
pYHHYBaHHS o, B LIMPOKOMY IHTEpBaJll TEMIIEpaTyp HPOBOAWIUCH BHUIPOOYBaHHS
3pa3KiB 13 3arapToBaHO-BiAMyIIeHOI cTami 40 3 JBOMa TUMAMHU KOHILIEHTPATOPIB fKI
Bi/[PI3HSAINCH KyTOM PO3KPHTTS HAAPisy o =45° Taw =120° nmpu oxmaxosiit rmbuHi 2.3
MM. HaJpidy Ta paniyci p=0,25mM. (nuB. puc. 2.3 Poznuty 2.) BunpoOyBaHHS
NPOBOJIMIM B I1HTEpBaIl TEeMIEpaTyp -196..+20°C. 3a pe3yjibTaTaMu BHUIPOOYBaHb
OyayBaJIMCh TEMIEPATYPHI 3aJ€KHOCTI HOMIHAJIILHOTO HANpPY>KEHHA PYWUHYBaHHS o
(puc. 4.6).

JUist OTpUMaHHS CTAaHJAPTHUX MEXAHIYHUX XapaKTEepUCTHK (S, , o,,, N ) B IbOMY
IHTEpBall TeMIlepaTyp BUIPOOOBYBAJIM TJAAKI LMJIIHAPUYHI 3pa3kud, OOpaxoBaHi

pe3ynbTaTH NMpeacTaBieHi Ha puc. 4.7.
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Pucynok 4.6 — TemnepaTypHi 3aJIeXKHOCTI OCHOBHUX MEXaHIYHUX XapaKTEPUCTUK
3pa3KiB 3 KOHIIEHTPATOPOM p = 0.25 MM. BUTOTOBJIEHUX 13 cTanm 40 (rapTyBaHHS Ta
Bigmyck 400°C - = 30 XB..) M — HOMIHAJIBHOTO HAIPYKEHHS PYHHYBaHHS o, ; O — MEXi
IUTMHHOCTI &, ; ® — BITHOCHOTO 3BY>KCHHS B IIMUII v ;

(a) — 3pa3ku 3 KyTOM PO3KPHUTTS KOHIICHTPATOPA o =120 °; (0) — 3pa3ku 3 KyTOM
PO3KPUTTS KOHLIEHTPATOpa o = 45°.
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Pucynox 4.7 — TemnepatypHi 3a71€KHOCTI OCHOBHIX MEXaHIYHUX BJIACTUBOCTEH
A — ICTUHHOTO Hanpy>KeHHS pyWHYBaHHS S, ; O — MEXI1 INIMHHOCTI o, ; ® —
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koedimienra gedopmariiinoro 3MirHenns n crai 40 (rapryBanns Ta Bimmyck 400°C
¢ = 30 XB.)

PiBeHp KpHXKOI MIIHOCTI R,. BH3HayaJu IUIAXOM EKCTpamoJsilii 3HauyeHb
Hamnpy)XCHHS pPyWHYBaHHS o, Ha BenuduHy 2% paedopmariii 3pa3kiB 3 KUIBIIEBHM
KOHIICHTPATOPOM PaJiyCOM p =2MM. 3a TEMIEpaTypy KHITIHHS PiAKOTO a30Ty —196 °C,
SK 11€ OYyJI0 OMHMCAHO B pO3LTL 3.

Ha ocHOBI oTpuMaHuX AaHMX NUISIXOM MOJEIIOBAHHS MPOLECY OJIHOBICHOTO
pO3TATY Ta pO3paxyHKy METOJOM CKIHYEHHX €JIEMCHTIB BH3HAYall BEITUYUHY

HOMIHAJILHOTO HANpy>KeHHA PYHHYBaHHA o IpU SIKOMY peali3yeThCsl 3arajbHa

NF 9

IUIMHHICTH o, ~BKa3aHHUX 3paSKiB Ta PpO3pPaxOBYyBaJIOCh 3HAYCHHA MAaKCHMAJIbHOI'O

max

pPO3TATYIOUOr0 HamNpyXEHHS o, B MOMEHT PYHMHYBaHHS, SIKE€ BUKOPHCTOBYBAJOCh B
SAKOCTI MIpPH JIOKaJbHOTO HaINpy>KeHHs pyhHyBaHHS o,. Ha puc. 4.8 HaBeneHi

3aKOHOMIPHOCTI 3MiHU LIbOT'O HANIPY>KEHHS B JOCII)KYBaHOMY 1HTEpBaJl TEMIIEpaTyp.
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Pucynok 4.8 — TemneparypHi 3a1€KHOCTI JIOKAJIBHOTO HAIIPY>KEHHSI pyHHYBaHHS o
3pasKiB 3 KyTaMH PO3KPHUTTS KOHIICHTPATOpa A — v =45° Ta P> — 0 =120°. T, —

TeMIlepaTypa 3arajJbHO1 INIMHHOCTI, R, — MIHIMAJIbHUN PIBE€Hb KPUXKOi MIITHOCTI.
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Buxopuctanus Haapi3iB 3 PI3HUMH KyTaMH PO3KPHUTTS OOYMOBJIEHE THM, IIO
3MiHA KyTa HaJIpi3y CYTTE€BO BIUIMBA€E Ha TPUBICHICTh HANPYKEHOTO CTaHY, KUTbKICHOIO

MIPOIO SKOI € )KOPCTKICTh j [57].
j = & ' (41)
g

Ni€ o,, — JOKaJIbHI PO3TATYI0U1 HAIPYKEHHS; o, — IHTEHCUBHICTh HAIIPY>KEHOT'O CTaHy.
Came 30LIBIICHHS >KOPCTKOCTI HAIPY>KEHOTO CTaHy | 13 3MEHIICHHSIM KyTa

PO3KPUTTSI € HPUYMHOIO 3pPOCTAHHSA KPUTHUYHOI TeMIepaTypu IpH SKIM 3pa3ok 3
KOHIICHTPAaTOPOM PYHHYEThCS KpUXKO. B ximacmunmx pobdotax Jx.Horra [14] 3a Taky

TeMmriepatypy Opanu T, , 1€ TeMmIeparypa MpH sKii pylHyBaHHS BIJOYBAa€ThCs B

MOMEHT JIOCSATHCHHS 3arajibHOI IUTMHHOCTI 3pa3Ka 3 KOHIeHTpaTopoM (puc. 4.9).

M W\ Ynpyar
agdnocrs
| (g Q)
|

|
1

<
S

(a) (0)
Pucynox 4.9 — Ilone niHiil KOB3aHHS NPU 3arajibHiN TUIMHHOCTI 3pa3Ka 3 HaJIpi3oM. (a) -

300paXeH0 CXeMaTU4YHO, (0) — BUTPABIICHU 3pa30K Y peakTUBl «Dpiy.

Jlnst i€l Temmnepatypu B HaOJIMKEHI 17€aJIbHO TJIACTUYHOTO MaTepially Teopis

JHIMA KOB3aHHS J03BOJISIE PO3pPaxyBaTh XKOPCTKICTh j HACTYITHUM BHPA30M:

j=1+7[;w (4.2)

B po6orax Jlx.Hotra [14] OGyna BucyHyTa Timores3a, 110 BEIHMYUHA JIOKAJIBHOTO

HaIpY>KEHHS PyWHYBaHHS o, HE MOBUHHA 3aJICKATH BiJ TapaMeTpiB KOHIIEHTpATOpa Ta
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Temrnepatypu BunpoOyBaHb. Lls rimoTe3a oOrpyHTOBYBajaCch Ha OCHOBI JaHHUX MO0

BEIIMYMHU o, TpPU TEeMIeparypi T, . 3MIHa TeMIEpaTypu T, peai3oByBajach 3a

paxyHOK Bapiamii KyTa pO3KpUTTS HaApidy, NpHU LBOMY A PO3PaxyHKY BEITUYUHU

JIOKQJIbHOTO HAIMpPYXKEHHS B MOMEHT PYWHYBaHHS o, BHUKOPUCTOBYBAJach TEOPis JiHiM

KOB3aHHS, sIKa HE JO03BOJISIE BpaxyBaTH BEIWYMHY pajaiyca HaApi3y Ta CXUIBHICTH
MeTany J0 aedopmalriiiHoro 3MilHEHHS. BukopucTanHs B AaHid poOOTI MeETOdy
CKIHYEHHX €JIEMEHTIB JIO3BOJIMJIO B 3HAYHIM Mipi MIABUIIUTUA TOYHICTh PO3PAXYHKIB 1

II0KA3aJ10, 10 KPUTUYHE 3HAYEHHS JIOKAJIBHOTO HANPYKECHHS PYWHYBAHHS o, HE €

KOHCTAHTOIO Matepiany.

B 1inomy, 1151 BeMuMHA 3MIHIOETHCS MIPU BapilOBaHHI reOMETPii KOHIIEHTpATOpa
Ta Temneparypu BurpoOyBaHb (puc. 4.8). Ha pucynky 4.10 HaBeneHi, oTpuMaHi 3a
pe3yibTaTaMu KOMIT FOTEPHOTO MOJICTIOBAHHS, 3aJIEKHOCTI HAINpY>KEHHS pyHHYBaHHS
BiJl TeMIepaTrypu NpHU pi3HUX oO0’emax “process zone” 3a yYMOBU OJHOPITHOTO
PO3MOTY HampyXeHb Ta AedopMaliiii B Mexax ux 00’eMiB (3HAUEHHS! KOHCTAHT, SIKI
BUKOPUCTOBYBAIKNCH MPU MOJCIIIOBAHHS HaBEJCHHI B tabn. 4.1). Ha doni mmx
3aJIe)KHOCTEH HaHECeH! 3HAYCHHs JIOKAIBHOTO KPUTHUYHOTO HAIPYXEHHS PyHHYBaHHS
JOCIIJIKEHUX 3pa3kiB 13 ctam 40 3 KOHIIEHTpaTopamMu HampykeHb. L1 J1aHHI HaO4YHO
JIEMOHCTPYIOThH JIBl MPOTHJICKHI TEHJIEHIIIT, K1 BU3HAYAIOTh XapakTep TEeMIepaTypHOi

3aJIEKHOCTI JIOKAJIbHOTO HAIIPYKEHHS PYWHYBAaHHS METAIIB Ta KOHCTPYKLIMHUX CTalei.

Tabmuus 4.1 — 3HaueHHS KOHCTaHT, IO BHKOPHUCTOBYBAJIUCh B KOMIT FOTEPHOMY
MOJCJIOBAaHHI.

Benmunna 3HaucHUe
Koedirtient K, , (-) 0.225
Koedimient B, (-) 14.4 x 10°
Koedimient ke, (-) 8.57 x 10°
Koedimient C, (-) 0.0336
Koedimient Kq, (-) 0.5
Koedimient inTencuHOCTi HanpyxeHs Kic, (MITa m™'?) 1.95 x 10°
Kpurnuna nedopmaris e, (-) 0.02
Cepenniii po3mip 3epHa d, (M) 10°
®akrop llImuara M, (-) 2.75
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3 oxHOoro OOKy BEJMYMHA JIOKAJHHOTO HAMpPY>KEHHS 1HILIIOBAHHSI KPUXKOTO

pyWHYBaHHS o, TMOBUHHA 3pOCTATHU 3 MiABUIICHHIM TEMIIEPATYPH, OCKUIBKU TP LILOMY

3MeHIyeTsesi ryctuHa 3T p, mo oOymoBmioe 3MmeHmeHHs kiibkocTi 3T B “process
zone”, a 3 IHIIOTO OOKY pICT TeMIepaTypu OOYMOBIIOE 301IbIICHHS camoi 00JacTi
“process zone”, pe3ybTaTOM YOTO € 3POCTAHHS KUIBKOCTI 3apOJKOBHX TPIIIMH, IO
CIIPUYMHSE 3MCHIICHHS o, . Y BIATMOBIIHOCTI 0 OTPUMAHUX PO3PAXYHKOBHM IUITXOM
pe3yabTaTiB, MPH pPYHWHYBaHHI KOHCTPYKIIMHUX CTajei B yMOBaX KOHIIEHTpaIlil
HaNpyXKeHb MepeBakae APYrHil epeKT, TOMy CIIOCTEPIraeThCsi MOHOTOHHE 3MEHIICHHS

BEJIMYMHM JIOKAJbHOTO HANpPYKEHHS PYWUHYBaHHSI o, 3 pPOCTOM TeEMIIEpaTypH

(puc.4.10).
5000 ~
V =0.003 My’

- IR
m ”"—
: /”/’,
S, 4500
° V=001 uv’
°N ’ UUTTTERETEREEE
z g
5 4000 -
2 L — V =0.03 mm’
e
>
23500 -
=
§ - V=03mM
2 30004 AN eeeememes V=1mw
z
m .................................... V= 10MM3
o]
z 2500
= 1000w
% L o o m el e e e e e e e a -
= R, =2315MPa

2000

200 -100 0 100 200 300
Temnepatypa ("C)

Pucynok 4.10 — 3ayiexkHICTh BEJIMYMHU HAIPYKEHHSI KPUXKOTO PYWHYBaHHS Bij
TEeMIIepaTypH MPHU MOCTIMHUX 3HaYEHHAX 00’ eMy “process zone” (pe3ybTaTu
KOMIT IOTEPHOTO MOJIETIOBAHHS) Ta TEMIIEPATYpPHI 3aJIEKHOCTI JIOKAJIbHOTO HAIIPYKEHHS
pyiiHyBaHHS 3pa3KiB 13 ctani 40: A — KyT po3KpUTTSA KOHLIEHTPATOpPY — o = 45° Ta P> —
KYT PO3KPHUTTS o =120 °.
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[Tpu pOMy CITi/T TAKPECTUTH, IO B CHITY JIOKAJIbHOTO MaciuTabHoro edekry [50]
BEJIMYMHA o, TOBWHHA 3aBXIW IEPEBUIIYBATH PiBEHb MiHIMAJIBLHOTO HAIPYKCHHS
KpUXKOro pyiHyBaHHsA R,. [50,49,37]. JlilicHo 00’eM “process zone”, SK IPABHIIO HE
nepesumye | MM°, a 06°€M CTAHAAPTHOTO TIIAAKOTO 3pa3Ka Ha OJHOBICHHI PO3TA, IO

. 3 .
BUKOPHUCTOBYEThCSI MPH BHU3HAYEHHI R,. ckiagae npudauzno 1000 mm™. OTpumanHi

pe3yNbTaTH CBiUYaTh, IO MiHIMaJIbHE 3HAYCHHS MEPEBHINCHHA o, Haa R,. 3pa3ka 3

. o
KyTOM PO3KPUTTS HAApi3y o =125° CKJIaga€e ——=1.02, a JyUId 3pa3ka o=45° —

MC

O

R

max

=1.15 . [Ipu OuIbII BUCOKHUX TEeMIIepaTypax BEIUYHHA MIKOBOIO HANPYKEHHS o)) B

Me
MOMEHT PyWHYBaHHS 3pa3ka 3 KyTOM PO3KPHUTTS HAJIPi3y o =120° HE MOXKE CIYT'yBaTH B
SAKOCT1 KPUTHUYHOTO HAMPYKCHHS 1HILIIOBAHHS KPUXKOTO PYWHYBAHHS OCKIJIBKH, SIK
MOKa3yl0Th pe3yJabTaTh (¢pakTorpapiyHuX AOCIIKEHb 3MIHIOETHCS MIKpPOMEXaHi3M
pyitnyBanns. [Ipu Temmeparypax Bummx 3a T= —100°C B 3pa3skax 3 KyTOM PO3KPUTTS
HAJpi3y ©=120° Mae€ Micle MepexiJ BiJl KBa3IKPUXKOTO PYHHYBaHHS CKOJIOM JI0
B’SI3KOTO pyHHYBaHHS ILJISXOM YTBOPEHHSA 1 pocTy nop (puc. 4.11), Y Bunaaky 3pa3kis
3 KYTOM PO3KPUTTSI KOHIIEHTPATOPY o =45° (puc. 4.12), Takuii epexiy Mae MicIe Mnpu
TemmepaTypax Buuux 3a +20°C.

TakuM 4YMHOM, BUKOPUCTaHHS pe3yJbTaTiB (pakTorpa@iuHuX AOCHIIKEHb 1
KoMOiHaIii 3 JaHuMH MexaHiyHuX BunpoOyBaHb 1 MCE po3paxyHKiB 103BOJISIOTH
OOrpyHTYBaTH €(eKT MepeBUIICHHsS 3HAYCHHS JIOKAIBHOTO HANpPY)XCHHS pyWHYBaHHS

o, HaJl pIBHEM KPUXKOiI MIHOCTI R, -
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Pucynok 4.11 — TemnepaTypHa 3aJ1€KHICTh OCHOBHUX MEXaHIYHUX XapaKTEPHUCTUK: M HOMIHAJIBHOTO HANPY>KEHHsI pyHHYBaHHS
; O MEXI1 INIMHHOCTI o, ; ® 3BY)KEHHS B MOMIEPEUHOMY TIepepi3i y 3pa3KiB 3 KOHLIEHTPATOPOM HAIPYKEHb p = 0.25 MM. (KYT

O o
PO3KPHUTTSI » = 45°) BUTOTOBJIEHUX 13 ¢T.40. Ta ¢paxTorpadiuHi 3HIMKH MOBEPXHI pPyHHYBaHHS 3pa3KiB IHTEpBaIl TeMOEpaTyp T = -
0
196..+20°C.
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Pucynok 4.12 — TemnepaTypHa 3aj1eKHICTb OCHOBHUX MEXaHIYHUX XapaKTEPUCTUK: B HOMIHAIBLHOTO HAIMPYXKEHHS PyHHYBaHHS
o 5 O MEXI1 IJIMHHOCTI o ,, ; ® 3BY)KE€HHSI B IONIEPEYHOMY Iepepi3i v 3pa3KiB 3 KOHIICHTPATOPOM HAIMPYKEHb p = 0.25 MM. (KyT

PO3KPUTTSI o = 45°) BUTOTOBJIEHUX 13 ¢T.40. Ta ¢paxTorpadiuHi 3HIMKH MOBEPXHI pyHHYBaHHS 3pa3KiB IHTEpBaIl TeMOEpaTyp T = -
0
196..+20°C.
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BucHoBku 10 po3ainy 4

1. KputnuHe 3Ha4YeHHs JIOKAJIbHOI IUIACTUYHOI JedopMallii € CTOXaCTHYIHOIO
XapaKTePUCTHKOIO, BETMYMHA AKOi B MEXax ‘“‘process zone” MOKe 3MIHIOBATUCS
OUTBII HIXK Ha TOPSJOK, MPH LBOMY JUISI TUIOBUX KOHCTPYKIIMHMX cTajien
BEJIMYMHA HAMOUTbII TMOBIPHOT KPUTHUYHOT AedopMallii 3HAXOTUTHCS B OKOJI1 2%.

2. Jna cramedd micid TapTyBaHHS Ta BIANMYCKY CIOCTEpITraeTbcs TEHACHLIA

3MEHILIEHHS BEJIMYMHH JIOKAJIIBHOTO HAIPYXXEHHS PYHMHYBaHHS o, 13 3POCTaHHSIM

TeMIlepaTypHu.
3. 3pocTtaHHS KyTa PpO3KPUTTS KUIBIIEBOTO HAAPI3y CHPUYMHIOE 3MEHIICHHS

BEJIMYMHHU o , , III0 MOXKe OyTH 00YMOBJICHO 3pOCTaHHSAM 00’ €My “process zone™.

4. 3MEHILEHHS KyTa pO3KPHUTTS HAJpi3y BUKJIMKAE HE JMILIE 3MIIICHHS TEMIEpaTypu

3arajbHOl TUIMHHOCTI T, B OIK KIMHAaTHUX TeMIleparyp, ajue 1 30LIbIICHHS
BEIIMYMHU JIOKAJHLHOTO HAMPYKCHHS pPYWHYBaHHSI o,, IO CBIAYATH IIPO
HEKOpeKTHICTh mpunymenns Jx. Hotra, mono He3anexHOCTI o, Bl

TEeMIIEpaTypHu.
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PO3JILT 5
AHAJII3 OKPUXYYIOYOI JIIf KOHIIEHTPATOPIB HATIPY)KEHB B TEPMIHAX
JIOKAJIbHUX TA HOMIHAJIbHUX XAPAKTEPUCTHUK

3a BU3HAYEHHSM BEJIMUYMHA JIOKATBHUX PO3TATYIOUMX HANPYKEHb o, MOB’sA3aHa 3
IHTCHCUBHICTIO HAIllPY)K€Hb o, 4Yepe3 BEIMYHMHY >KOPCTKOCTI j [57], Tomy BenmuymHa
JIOKAJIBHOTO HAMPY>KEHHS] pyHHYBaHHS o, MO€e OyTH OMMCaHa HACTYITHUM YHUHOM:

o, =jo,, (51)
J€ o, — BEIWYMHA IHTEHCUBHOCTI HANpyXEHb B JIOKaJbHIA 00JacTi A€ I1HILIIOETHCS
pYyHHYBaHHSL.

Sk Oyno mnokazaHo Bumie (po3ain 4), B nepuioMy HaOJMXKEHl BEIMYMHA
macTuyHoi Aedopmaitii 61au3bka 10 2%, To0TO:

) (5.2)
1€ o ,— HaNpYyKEeHHs, 10 BiAnoBigae 2% MIacTUYHOI aedopmariii.
[TincraBmnsitoun (5.1) B (5.2), oTpumaemo:

o, =~ jo,. (53)

3anexHicTh (5.3) 103BOJISIE BCTAHOBUTH 3B'SA30K MIXK BEIMYMHOKO JIOKAJIBLHOTO
HAIPY>KEHHS PYWHYBaHHS o, Ta 3HAYEHHAM TJI00ATIbHOI MEXaHIYHOT XapaKTEePUCTHKU
MeTaly o, MNpU TEBHIA KPUTUYHIN Temmeparypi T, pyHHyBaHHA 3pa3ka 3
KOHIICHTPATOPOM HAIPYKEHb.

VY BianosigHOCTI 10 (5.3) YMOBOIO OJIHO3HAYHOTO 3B’SI3KY MIXK o, Ta o,(T.) €
MO>KJIMBICTh peajizalii NOCTIMHOI BEIMYMHU KOPCTKOCTI j. Y 3B 53Ky 3 UMM OCHOBHA
171est METOJUKY BU3HAUYEHHS KPUTUYHOI TEMIEpATypu T, MOJIrae y BIAHAWIEH! TaKUX
YMOB BU3HAUCHHS KPUTHUYHOI TEMIlepaTypu T., MPH SKUX PEai3ye€TbCs TMOCTIHHE
3HAYCHHsSI BEJIMYMHU >KOPCTKOCTI HAIPYXEHOro cTaHy j. B HaOmmxkeHi iaeanbHO
IUTACTUYHOTO MeTany BeiauuuHa j (j=o,/0,) € OAHO3HAYHOI (YHKIIEW o, /o,
(e o, — HOMIHAJbHE HANPYXEHHS PyHHYBaHHS 3pa3Ka 3 KOHIIEHTPAaTOPOM Hampy>KeHb)

(puc. 5.1). YV Bumaaxy roctpoi TpimuHu j = f(J,/o,,), Ae J,— J iHTerpan [56].
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n=0
- = =-n=0.03

s (=)

1.6+

=0, /o

Pucynok 5.1 — 3MiHa )OpPCTKOCTI HAMPYKEHOT'O CTaHy y BICTP1 KIIBIIEBOTO
KOHIICHTPATOPY p = 0.25 B 3aJIEKHOCTI BiJl HOPMOBAHO1 BETUYUHU X /(o /o ,), IPU

PI3HUX 3HAUCHHSIX BEIMYMHU MOKa3HUKA JedopMaIliiHOro 3MIIIHEHHS, JIe X - BiAJJIb
B1JI BEPIIMHH KOHIIEHTpATOpa HAIPY>KEHB B ITONIEPEUYHOMY Tepepisi, o,. - HOMIHAJIbHE

HaIPY>KEHHS PyWHYBaHHS 3pa3Ka 3 KOHUEHTPATOPOM, o, - JIOKAJbHI PO3TATYIOUl
HaIpYy>KE€HHS, o, - IHTEHCUBHICTh JIOKAJIbHUX HAIIPYXKEHb.

Ha puc. 5.1 HaBeneHi 3aJIe)KHOCTI BEIMYUHU KOPCTKOCTI HAIMIPY>KEHOTO CTaHY |
BiJI HOPMOBAHOI BEJIMYMHHM BiJJam BiJ BEPIIMHU HAAPI3y paaiycoM p=0.25 Ha
BIIHOIICHHS o, /o,,, IO OTPUMAaHI 3a pe3yJbTaTaMH KOMII IOTEPHOTO MOJCIIOBaHHS

MpolleCy HABAHTAXKEHHS 3pa3ka 3 Haapi3oM METOJOM CKIHYEHHX €JIEMEHTIB, 3
BUKOPUCTAHHSAM THUIMOBUX JUISS KOHCTPYKIIIMHHMX CTaJied BeJIMYMH TOKAa3HUKA
nedopMaiiitHoro 3MiIHEeHHsI n=0-0.2. [lo CcyTi I 3aMEXHICT, € HIYMM I1HIIUM SK
y3araJlbHeHUM PO3MOIIIOM KOPCTKOCTI HAMPY>KEHOI'0 CTaHy B MiHIMaJIbHOMY Hepepisi
3pa3ka 3 KOHIIEHTPATOPOM Hampy>XeHb. Y BIAMOBIIHOCTI A0 JAaHUX MPUBEACHUX Ha
puc. 5.1 s igeanbHO IMIacTMYHOro Matepiany n=0 iCHye €IuHa KpuBa PO3MOALTY
KOPCTKOCTI B IUX KoopauHaTax. HasBHICTH nedopMaiiiHOro 3MilfHEHHSI 00 yMOBIIIO€E
BIJIXMJICHHS Bif Ii€i 3ajexHocTi (MuB puc. 5.1) - edekT «po3citoBaHHIY y3arajabHEHOT

3aJIeKHOCTI. B mpukiagHoMy miaHi 11e 00yMOBIIIOE HEOOXI1THICTh PO3POOKH METOAUKHU
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BU3HAUEHHS KPUTHUYHOI TeMIIEpaTypH, sika 3a0e3reuye CTalicTh BEIMUYUHU KOPCTKOCTI

j 3 ypaxyBaHHSIM 3MiHHU BEJIMUYMHHU JIe(POpMAIIITHOTO 3MIITHCHHS.

5.1 BuzHayeHHSI KPUTHYHOI TeMIEPATYPM KPHMXKOI0 PYWHYBAHHS 3pa3KiB 3
KOHIIEHTPATOPAMU HANPY:KeHb
Po3poOka Meroauku, WIO 3aJ0BOJIBHSE BKa3aHUM BHUMOraMm Iependavaiia

MIPOBEICHHS] KOMIT IOTEPHOTO MOJICTIOBAHHSI OJHOBICHOTO PO3TATY IWJIIHAPHUIHUX
3pa3kiB 3 KUIBIIEBUM KOHIIEHTPATOPOM p =0.25 MM. B IHTE€pBaJll BIJHOCHOI BEJIMYUHU

HaBaHTaXEeHHS o, /o,,=1...2.2, BapiloOUd BeIUYUHY KoedirieHTa nedopmariiiHoro

sminHeHHa n Big O (imeanbHO miacTuyHuil matepian) go 0.15 (mo mnpuTamaHHe
BIJIAJIEHUM Ta HOPMaJII30BaHUM KOHCTPYKUIWHHUM CTAJIIM 33 HU3BKHUX TEMIIEpaTyp).
OTpuMaHi pe3ysbTaTy, U0 MPEACTABIISAIOTh BEIMYUHY KOPCTKOCTI HAMIPYKEHOTO CTaHy

j=o,/c, B TOYIl IMIKy pPO3MOJUIY JOKAJIBHUX PO3TATYIOUMX HANPYXKEHb o~ B

3aJIEKHOCTI B1J] pIBHS IPUKJIAJCHOTO0 HABAaHTAXKEHHSI MPEJICTABIICHI HA PUCYHKY 5.2.

— =0

- = = n=0,05

n=0,13

10— T T T T

03 06 09 12 15 18 2.1 24
O\ G (%)

Pucynox 5.2 — 3anexXHiCTh BEIMUYUHH )KOPCTKOCTI HAMPYKEHOTO CTaHy j B TOYLII
MaKCUMYMY PO3MOJILTY JIOKAJbHUX HAMPYKEHb o, BIJ PIBHS HOPMOBAHOI BETMYNHU
MPUKJIAJACHOT0 HABAaHTAXKEHHS o /o,,, A€ o,,* — MK PO3MOALIY JIOKAIbHUX
HaIpY>KEHb y BICTP1 KOHIIEHTPATOPA HANPYKEHb, o,, — HOMIHAJIbHE HAPY>KCHHS

pyHHYBaHHS 3pa3KiB 3 KOHLIEHTPATOPAMHU.
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OcHoBHa 3ajada MoJsATa€ B MiA0OpI TaKOrO BITHONIICHHS o, /o,,, 32 SKOTO
BUKOHYETHCS YMOBA CTaJOCTI BEJIMYMHH >KOPCTKOCTI HAMPYXEHOTO CTaHy j = const
(B TaHOMY BHIQJAKYy 3pYYHO OOpaTH BEIMYHMHY j=1.9) B 0O0JacTi TeMIeparyp, Mo

3HaXOJAThCS HU)KUE TEMIIEpAaTypy BTPATU HECIBHOT 3aTHOCTI (puc. 5.3 TemnepaTypHUil

. 0 . . . o

iaTepBai -196...-95°C) 3pa3kiB 3 KOHIIEHTPATOPOM HAMPY>KEHB BCIX THIIIB CTAJICH.
AHani3 TeMIeparypHHUX 3aJIeXKHOCTEH KOHCTPYKIIIMHHUX cTajeil, MapTeHCUTHOTO

Ta (EepUTO-NIEPJIITHOrO KJIACY B IIUPOKOMY 1HTEpBaIl MIIHOCTI (o,, = 365-1560 MIla)

I0Ka3aB, IO IHTEpBaJl BTPATH HECIBHOI 31aTHOCTI (MPOJAEMOHCTPOBaHMH Ha puc. 5.3)
3aJIEKUTh Bl CTPYKTYPHOTO CTaHy KOHCTPYKIIIHOI CTajl 1 Mae MexXi Bapiallli 3Ha4eHb
BIHOIICHHA o /o,,= 1-2.10 (pepumo-nepaimui cmpyxmypu), 1a o, lo,,=1-1,75
(mapmencumni cmpyxmypu). OTpruMaHi 1aHi Jal0Th 3MOT'Y BCTAHOBUTH (PYHKIIIOHATBHY
3aJIEKHICTh  BIJHOCHOTO  PIBHS  HABAHTAXKEHHS o .. Bl KoedimieHTy

NF/U

nedopmMartirinoro 3minHeHHs N (puc. 5.4).

T 0

1750
1500 -
51250
=
=)
5 1000
-
=
5 750 S
> Z
=y >
S 500 oF
= z
%
=
o
=
3
g
0 =

200 -150 -100 -50 0
Temnieparypa, T (OC)

Pucynok 5.3 — TemneparypHa 3aJI€3KHICTb OCHOBHUX XapaKTEPUCTUK PYWHYBaHHS
3pa3KiB 3 KOHIIEHTPATOPOM HAMPYKEHb PaJIlyCOM p = 0.25 MM. BUTOTOBJICHHUX 13 CTaJIl
30XT"CA (Hopmaunizariisi). o,, — HOMiHaJIbHE HAMPY>KCHHS pyHHYBaHHS 3pa3KiB 3
KOHLIEHTpaTOpaMu; o ,,— MeXa INIMHHOCTI BU3HAYEHA HA CTAaHAAPTHUX TTAIKUX
3paskax; v, — BITHOCHE 3BY>KCHHS B IIMUII 3pa3KiB 3 KOHIIEHTpATOpaMu. T —
TeMIlepaTypa MoYaTKy BTPaTH HECIBHOI 3/IaTHOCTI.
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2,4+

221 & Jo, =37n"+0,61n+1.227

GNF/ SIPE ()

0,00 0,04 0,08 0,12 0,16
koed. nedopmariitaoro 3minaenHs N, (-)

Pucynok 5.4 — 3anexHiCTh BiTHOCHOTO PiBHS BITHOCHOT'O HaBAaHTAXKEHHS o, /o,, 3Q
SIKOT'O BUKOHYETHCS YMOBA j = 1.9 B1Jl CXWJILHOCTI CTajiel 10 aedopmaliiiHoro
smirHeHHs N .

CyTb METOAMKHM MOJSrae y BIJHAXOMKEHHI Ha TEMIIEpaTypHIN 3aJeKHOCTI
OCHOBHHX XapaKTEPUCTHUK 3pa3KiB 3 KOHLIEHTPATOPAMU HAIPYXEHb TaKOl TeMIepaTypH

3a SIKOI pealli3yeThCs 3HAMICHE 3a JOITOMOTOK0 BUPA3Yy:

olo,, =3 %-061n +1.227 (5.4)

NF
3HA4YEeHHS BIIHOLICHHS o, /o, -

Hanpuxnaxn: Cranbs 40 (raprysanss ig T = 880°C B Boay Ta Bimmyck 380°C ¢ = 1
roJMHa), B O00JAcTi TeMmepaTyp MNaliHHS HECIBHOI 3MaTHOCTI (T =-170..-145°C)
(puc.5.5) miit cram XapakTepHi 3Ha4Y€HHA KoeDilieHTy aedopMaIliitHoro 3MilHEHHS
n =0.057-0.075, BuOpaBmmu cepeane 3Hadenas 0.065 ta migcraBuBmM y Bupas (5.4)
OTPUMAEMO PIBEHb BIJHOCHOTO HAaBaHTAXKEHHA o, /o,,= 1.41, Takuii piBEeHB
HABAHTAXKEHHS pealidyeThcss 3a Temmeparypu -155°C. Jlami Heo6XimHO yTOUHHTH
BeJIMUMHY KoedimieHTa aedopMaiiiHOro 3MIIHEHHS n IS M€l  TeMmIepaTypu
n=0.0695, me pa3 BigHAWTH BIANOBIAHY 1i BIJIHOCHY BEJIWYMHY HAaBAHTAKCHHS

ow lo,,=1.38 Ta BigmykaTH Temmeparypy 3a SKOi Take BIIHOIIEHHSA o, /o,,

peami3yerbes T =157 °C .
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OCKUTbKM ~ TIQJiHHSA HECIBHOI 37JaTHOCTI o, , SK MPaBUJIO, TOCUTh PIi3Ke —

EeMIIPUYHUM [UISIXOM BCTAHOBJICHA TOYHICTh BH3HAUYCHHS KPUTHUYHOI TEMIIEpaTypu

s=+1-2°C.

2250 -
2000
1750 4
<
E 1500 4
O 1250
3
= 1000+
o
)
S 750
= 10,15
T 500 - lo.12
{0.09
2504 - Jo.06
éT 10,03
o+——r+—++—Jo00
-200 -150 -100 -50 0 50

Temneparypa T, °’C

Pucynok 5.5 — TemneparypHa 3aj1€kHICTh HOMIHAJILHOTO HAIIPYKEHHS PYWHYBaHHS
A 5, TWTHAPUYHUX 3pa3KiB 3 KUIBIIEBUM KOHIIEHTPATOPOM p = 0.25 MM., TAKHX

MEXaHIYHUX XapaKTEPUCTHK, SIK O o,,— TPAHMILIS INIMHHOCTI; M n — KOE(DIIIEHT

nedopmariitHoro 3minuents. Matepian: crams 40 (TapryBanus Ta Bigmyck 380°C
r = lronuHa)

5.2 CniBBiZHOIIEHHSI Mi’K BEJIMYUHOK KPUTHUYHOI TEMIIEPATYPH T, TA 3HAYECHHAM
TeMIlepaTypH 3arajibHOI IVIMHHOCTI T,, B MOMEHT pPyiilHyBaHHA

OpHi€0 3 MepHIMX METOAMK BHU3HAUEHHS KPUTUYHOI TEeMIIEpaTypH KPUXKOTO
pyiiHyBaHHs Oyna 3amponoHoBaHa J[x. Horrom meTonuka BHU3HAUEHHS TeMIIEpaTypu
npu SIKif BiIOYBa€ThCs 3arajibHa IUTMHHICTH 3paska [58]. Ile eaxuHa 3 mOMiX iCHYHOUHX
METO/IMK, L0 ONEPYE JIOKATIbHUMH MpOsiBAMU Yy BICTpl KOHUEHTpaTtopy. CyTb MeToay

NOJISITa€ B MPOBEJEHHI CEplaIbHUX HU3bKOTEMIEpPAaTypHUX BUIPOOYBaHb 3pa3KiB 3
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KOHLIEHTpaTopaMu HarnpyxeHb ([x.HoTT mpanroBaB 3 mpu3MaTHYHUMHU 3pa3KaMH Ha
TPHOX TOYKOBUM 3TMH), TOOYA0BI TEMIEPATYPHUX 3aJIEKHOCTEH OCHOBHMX MEXaHIUHUX

XapaKTepUCTHK — HOMIHAJIBHOTO 3YCHILIS 3a SIKOTO BiIOyBa€Tbcs pPyHHYBaHHSA P,

(puc. 5.6), a TaKOX €KCIEPUMEHTAILHOMY BU3HAYCHHI MOMEHTY 3arajibHO1 ITMHHOCTI 1

BIJIMTOBITHO HABaHTaXEHHs (P, ) 3a SKOTO JIHII KOB3aHHS TUIBKH-HO BUXOIUTH Ha

NPOTHJICKHY BiJl KOHIIEHTpaTopa cTopony (puc. 4.9).

I |

)%

Lepopmogur
y 0cKOBaKU A
xaope30

P/ lemnepa mypa
| [
r
BARL Y €2
Pucynok 5.6 — CxeMa pyiiHyBaHHsI 3pa3KiB 3 HAJIPi30M. |- 3’ SBIISIFOTHCS TEPIITi

O3HAKU «IYyT»; 2- pyWHYBaHHS CIIBIAAA€ 3 3aTAIBHOIO TUIMHHICTIO.

Oco6muBicTh MeToukH [.HoTTa nomsirae B BuTpaBiieHi peakTuBoM «Dpi» 30HU
IUIMHHOCTI, 110 03BOJIAE€ (PIKCYyBaTH MOMEHT 3arajibHOI IUIMHHOCTI. Taka mocTaHOBKa
3a/layl J103BOJISI€ TIOPIBHIOBATHU JIOKAJIbHI XapaKTEPUCTUKU PyHHYBaHHS (HaMpy>KeHHS,
nedopmailito, >KOPCTKICTh HAIPY>KEHOTO CTaHy) JMINE 3a OAHIE] TeMmmeparypu —
3arajbHOi TUIMHHOCTI T, . (OCOOJMBICTH MPOIECY BHUTPABICHHS JIHIA KOB3aHHS
HaKJIaJa€e TeBHI oOMexeHHs Ha wMinHicTh cram ([x. Horr mnpamoBaB 3 mano
BYIJIELEBUMH  CTalsIMU  HU3bKOI  MIIIHOCTI), OCKUIBKM BHCOKOMIIHI cTaimi 3

MapTEHCUTHOIO CTPYKTYpPOIO HE TNIJAAIOThCA BUTPABICHHIO peakTUBOM «Dpiy».
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HesBaxatoun Ha 1e pospodiiena Jlx. Horrom Mmeroamka crana mnepiioio (i3U4HO
OOTpYHTOBAHOI, OCKIJIbKM 0Oa3yBaJlaCh Ha JIOKJIBHUX OCOOJUBOCTSIX Y BICTpl
KOHIIGHTpATOpy 1 HE omepyBaja MIOOATHPHUMH XapaKTEPUCTHKAMHU, IO SK BiJIOMO,
MAalOTh 3HAYHUN €KCIIEPUMEHTAIBHUN PO3KHI.

5.2.1 3ajexHicTb KPUTHYHOI TeMIepaTypM 3arajbHOi IJIMHHOCTI T, BiA
BEJIMYMHHU TPAHMII INIMHHOCTI o,, Ta NOKa3HUKa aedopManiiiHoro 3sminuHenns N .

Po3BUTOK KOMIT'IOTEpHUX METOJIB MOJETIOBAHHS NPOIECY HaBaHTAKECHHSA
3pa3KiB 3 KOHIIGHTpPATOpaMH HANpYXCHb JO03BOJISIE PO3PAXOBYBATH TEMIIEPATyPy
3arajibHO1 IMJIMHHOCTI T, Ta HE MOTpedye BUTpABICHHsS JiHIM KoB3aHHA. [IpoTte
nepeBipKa TeMIIEpaTypH T,, Ha MPEIMET BiAMOBIIHOCTI BUCYHYTUM BUMOTaM ( j = const )

MoKa3aja, 0 BEJIMYMHA KOPCTKOCTI1 HAMPYKEHOTO CTaHy 3MIHIOETHCS B 3aJI€KHOCTI Bl

BEJIMYMHM TPAHMIIl IUTMHHOCTI o,, MPH MOCTIHHOMY 3HA4Y€HHI n , 1 HaBMmaku (puc. 5.7).

290+ 0022200 MiIla n=0,1
> A 5,,=500 MITa n=0,1
5,,~800 n=0,05 - 0, =750 MIan=0,1
,,,,,,,, GH =800 n=0,1 2,1 -1 e 002:1000 MIla n=0,1
2,0 , 62;800 wots /N 5,,=1500 MITa n=0,1
"""""""" =2000 MIIa n=0,1
- 5,,=800 n=0,2 20 O }
| -6, =800 n=0,3 0
27 5,,=800 n=0,4
1,9 1
~ —
< 181 O
o .= 1,84
M
1,74
1,7 1
1,6 1,6
B MOMeHT 3arajibHOI INIMHHOCTI
155 T T T T T 1 1 a5 N T N T T T T T T T T 1
0,00 025 050 0,75 1,00 125 1,50 0,00 0,25 0,50 0,75 1,00 1,25 1,50
X (MM) X (MM)

(a) (6)

PucyHok 5.7 — 3anexHiCTh )KOpPCTKOCTI HANPY>KEHOTO CTaHy B OKOJI1 KOHLIEHTPATOPY
HaIpy>keHb B MOMEHT 3arajibHOi INIMHHOCTI Bif: (@) - KoedirmieHTy aedopmaiiiitHoro
3MIITHEHHS n ; (0) — rpaHuIll TUIMHHOCTI o, .

AHani3yroun MaKCUMallbHI 3HAUYEHHS dKOPCTKOCTI HAMPYKeHOoro crany (puc. 5.8)

MOXHa 3pOOWTH BHCHOBOK, IO TPU TEPEXOAl B MAJOMIIHHX JO BUCOKOMIITHUX
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CTaJiell BeIMYMHA )KOPCTKOCTI HAMPY>KEHOTO CTaHy MOXKe 3MIHIOBAaTUCH 110 7.9%, B ToM
yac sk 3MiHa KoedilieHTy aedopMaliifHoro 3MIiIHEHHsS BIWBAE JICIIO cjaadIie — 3MiHa

5.3% B mMpoKOMYy iHTEpBaJIi 3HaYEHbB n .

2,02
2,01
2,00

—~ 1,991
<

«

»
s 1,98

o—

1,97 1

1,96 1

1,95
0,0

01 02 03 04

n, (')
(a)

jmax > (')

2,12

2,10 -

2,08 -

2,06

2,04

2,02 -

2,00 -

1,98 -

1,96 -

1,94 4

1,92

0

500 1000 1500 2000
o, Mlla

02’

(6)

Pucynok 5.8 — 3anexHicTh MAaKCUMYMY PO3IOALTY )KOPCTKOCTI HANPY>KEHOTO CTaHY B
MOMEHT 3arajibHOi IJIMHHOCTI BiA: (a) - KoedilieHTy Ae@OopMaLiiftHOrO 3MIITHEHHS n ;
(6) — rpaHUIll TUIMHHOCTI &, .

Ile o3Hauae 10 TemmepaTypa 3arajbHOl IUIMHHOCTI MOXE 3aJ0BOJIBHATU
BUCYHYTI B TOMNEPEAHbOMY TMaparpadi yMOBH J0 KPUTHYHOI TEMIIEpaTypu JUIIEC B
nepuiomy HaOnauxeHi. [TopiBHSHHS 3 po3poO0JIEHOI0 HAMU METOJUMKOK BU3HAYCHHS

KPUTUYHOI TEMIIEpaTypH IIOKa3ye, 10 K MPABWIO T, Ta T, 3HAXOIATHCA IOPYY

(puc.5.9), HeBenmuka pi3HMISI MDK T, Ta T, 1 3a0e3medye CTaliCTh >KOPCTKOCTI
HaIpy>XeHoro crany. [Ipu mpoMy Ciia MiAKPECIWTH, MO0 Ha BIAMIHY B MPOIEAYPHU
BU3HAYCHHA T, , sAka moTpeOye mpoBeneHHs MCE po3paxyHKiB, METOJ BH3HAYCHHS

KPUTUYHOI TeMIepaTypu T, He MOTpeOye TaKUX pO3paxyHKiB.
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2250 4 1500 +
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1750 ~
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Hanpyxeunns o, MIla
2
2
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= 10001
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g 7504 500+
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250 10,150 <
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3} 10,125
0 ~ ; ; . 0,00 ol F,[C'i.TGY, o100
200 -150° 10050050 200 -150 100 -50 0 50
0
Temnepatypa T, C a Temmneparypa T, °c 6

Pucynox 5.9 — TemmepaTypHi 3aJI€)KHOCTI A o,, — HOMIHAJIBHOTO HAMPY>KCHHS

pyWHYBaHHS IMIIHJIPUYHHUX 3pa3KiB 3 KUIBLIEBUM KOHIIEHTPATOPOM p = 0.25 MM., Ta
OCHOBHHMX MEXaHIYHUX BJIACTUBOCTEN O o,,— T'PAHMUII IUIMHHOCTI; M n — KOE(DIIiEHTY
nedopMariitHoro 3MIilLHEHHS.
(a) cranb 40 (TapryBanns ta Bixmyck 380°C ¢ = lroxuua); (6) crans 30XIT'CA
(Hopwmantizaiiis)

5.3 3B'M30Kk MiK 3HAYEHHAMH JIOKAJBHOI0 TAa HOMIHAJIBHOIO MAapaMeTpiB
OKPHXYYI0YOI il KOHHEHTPATOPiB HANIPY/KeHb
BiamoBinHo g0 3anpornoHoBaHuX ysiBieHb [59,49] ymoBa KpUXKOTO pyHHYBaHHS
MeTajly y BEPIIHHI TOBIJILHOTO KOHIEHTpATOpa:
c. 20, le,)", (5.5)
. (5.6)

1€ o, — JIOKaJbHE HAIPYXXCHHS PYHHYBaHHS; o,— TPaHMLS IJIMHHOCTI; o,— TOJIOBHE
HAMPY>KEHHS Yy BEpIINHI KOHIIEHTPATOPa; o, Ta e,— BIAMOBIIHO IHTCHCUBHICTH
HaIpy>keHb Ta jAedopMalliii y BICTpS KOHLEHTparopa; e,— Aedopmallisi Ha TpaHUIll
TUTMHHOCTI e, = 0.002 .

CmiBBigHomieHass (5.5) — HeoOXilHa ymMOBa YTBOPEHHS 3apOJIKOBHX TPIIIUH,
OCKUIbKM IIacTU4yHa Aedopmaiiisi € 000B’S3KOBOI0O YMOBOIO KPHUXKOrO pPyHHYBaHHS

MeTaiiB, cHiBBiAHOWEHHS (5.6) — MOCTaTHS yMOBa, 11O BU3HAYa€ pPIBEHb HaNpykKeHb
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HeoOX1MHUN Ui KaTacTpodiunoro posnoBcrtomkeHHs 3T. PyitHyBanHs peani3yerbcs B
MeXax o00J1acTl JIOKJIbHOI TUIMHHOCTI, TOMy moaumuBmM Bupaz (5.5) Ha (5.6)
OJIEP>KUMO:

1 O

| Q

(5.7)

> —.
n
o, o,(e;/e,)

JliBa ctopoHa cmiBBiJHOIIEHHS (5.7) XapaKTepH3ye >KOPCTKICTh HAMPYKEHOTO

CTaHy, a MpaBa — IMOKa3y€e CTYIMiHb MEPEBUIICHHS BEJIMYMHU JOKAIBHOI MIIHOCTI o

HaJl pIBHEM PO3TATYIOYM HANpPY)KEHb, K1 JIIOTh B JIOKAIBHIA 00JACTi, J€ MOXJIUBE
1HILIIOBaHHS KPUXKOrO pyiHyBaHHs. lle BITHOIIEHHS XapaKTepu3ye 3[1aTHICTb METay
YUHUTH OMIp 1HII[IIOBAaHHIO KPHUXKOrO0 PYHHYBaHHA B JIOKaJIbHIM 00JacTi B OKOJI
KOHIIEHTpaTopa HanpyKeHb.

3anexHicte (5.7) 103BOJNSE OTPUMATH XapaKTEPUCTUKY OKPHXUYIOHOi il
KOHIIEHTpaTOopa HaNpy»XXeHb 1 BHUPA3UTH 1ii BEJIMYMHY, SIK Yepe3 JIOKaJdbHI TaK 1
HOMIHAJIbHI mapameTpu. Sk Oyyo Mmoka3aHo BUILE, BEIMYUHA JOKAJILHOTO HAMPYKEHHS

o, 3aBXKIU NEPEBUILYE PIBEHb KPUXKOi MILHOCTI R,. CTaHAAPTHUX 3pa3KiB B yMOBax

OJIHOBICHOTO PO3TATY. PIBE€HB 1IbOT0 MEPEBUIICHHS BU3HAYAETHCS KOS(DIIIEHTOM Kk, :

K, -2 (5.8)

Sx Oyno mnokazaHo B po3aun 4, a8 KOHCTPYKUIIMHMX CTalled BeJIMYHUHA
JOKaNbHOI TIacTHYHOI nedopmariii e, B JpKepenl pyhHyBaHHs Onm3bka g0 2%. lle

JTIO3BOJISIE MPEICTaBUTH BUpa3 (5.7) y BUTTISIL:

3 _Rue
k ol (5.9)

0.2

JIiBa yacTuHa 1€l 3aJ€KHOCTI MICTUTH JIMIIE JIOKAJIbHI XAPAKTEPUCTUKH: j—
YOPCTKICTh HAIIPYKEHOTO CTaHy B OKOJII KOHLIEHTPATOpa HAIMPY>KEHb, T TapaMETPH K1
XapaKTepU3yIOTh «PEaKiiio» MeTaly Ha JIOKaJi3aliio MMPoLecy pyHHYBaHHS B «Process
zoney 1 € Miporo JIOKAJIbHOTO MaciitabHoro edekry [51,49].

B 1minoMy 11€ BiJHOIIEHHS € KITbKICHOIO MIPOIO OKPUXUYIOUOT i1 KOHIIEHTpATOpa

HAaMpy>KEHb q, !
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q. ki (5.10)

Cning 3ayBaxkutn, mo B poOoTi [49] BpaxoByBajiach JUIIE OJHA CKJIAJ0Ba
OKpUX4YYI04Oi [ii KOHIIEHTpaTopa HampyKeHb, a caMme >KOPCTKICTh j, MPH IIbOMY HE
BpaxoByBajlacs BEeJIMYUHA k, , KA 3aBXKJIM OUIbINIA 32 OJIUHMITIO 1 3MIHIOETHCS BiJ CTal
1o ctaii. [HmmMu cmoBamu 3aiexHICTh (5.10) mo3Bosie BpaxyBaTu HENIHIMHUN €eKT,
SIKWH TTOJISITa€ B TICPEBUIICHH] o, HAT R, .

[IpaBa yactuHa 3anexHOCTI (5.9) € HIUMM 1HIIUM, SK BEJIMYMHOIO KoedilieHTa
MEXaHIYHOi CTaOUIBHOCTI K , METally B yMOBaX OJHOBICHOTO po3TTy. BiamoBinHO 10

(5.9), npu kpuThuHIA Temmeparypl T. PpYWHYBaHHS 3pa3ka 3 KOHLEHTPAaTOPOM

C
HaIpYy>KEHb B110YBAETHCS KOJIU:
g, ~ Ky (Tc) (5.11)
TakuMm 4MHOM, 3HAUEHHS K MpU T, JIO3BOJISIE OLIIHUTH BEIMUYUHY OKPUXUYHOUOi

I[ll KOHIOCHTPATOPA HAIIPYKCHb, CIIMPAIOYHCHh JIMIIC HAa 3HAYCHHA TAKHUX HOMIHAJILHUX

XapakTepUucTuK, sk R,.,o,,, n. Lle o3Hauae, mo 3anexHicth (5.11) no3Bosisie

BCTAHOBUTHU 3B'30K MDK BEJIMYMHOIO JIOKAJIBHOI XapaKTEPUCTHKU OKPUXUYIOUOl il

KOHIICHTpATOpa HaMpy>KeHb q, Ta il HOMIHAIBHUM aHajoroM K (T.).

Sk migKpecIoBalIOCh BUILIE, 1S 3aJI€KHICTh € HAOIMKEHOI, OCKUJIBKY JIOKAJIbHA

KputhuHa Aedopmallis e, Jdile HAOMMKEHO AOpiBHIOE 2%. VY 3B’s3Ky 3 4uM, 3a

pe3yabTaTaMi €KCIIEPUMEHTAIbLHUX JOCIKEHb OyJIM BCTAHOBJICHHI CITIBBIJIHOIICHHS

MK 3HAQYCHHSMHU BEIMYMH q, Ta K, (T.) JJs TUNOBHX KOHCTPYKIIIMHUX CTaliell B

PI3HUX CTPYKTYpHUX cTaHax (Tabin. 5.1 ta puc 5.10). YV BIANOBIAHOCTI 10 OTPUMAHHUX

JTaHUX BednuuHa K (T.) CHCTEMAaTHYHO HWXKYa 33 3HAYCHHS JIOKAJIBHOTO MapaMeTpy
okpuxuyrouoi 1ii q,. Take criBBigHOIICHHS MiX q, Ta K, (T.) 0OyMOBJIEHO TUM, IO
JUUIS TUTIOBUX KOHCTPYKIIIMHUX CTajed BEeIWYMHA JIOKAIBHOI IJIACTUYHOI JAedopmartii e,

nento Meuma 3a 2%.

MakcumainbHa BeIMYMHA Pi3HUIN MK q, Ta K, (T.) ckiamgae npubiausao 11%.

[Ipu mnpoBeneHHI pPO3PaxXyHKIB IIs1 PI3HUIT MOXe OyTH BpaxoBaHA IUIIXOM
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BUKOPUCTAHHS BIAMOBIMHUX KOe(DIIiEHTIB 3amacy HamidHOCTI. BukxopucranHi s

OLIIHKA OKPUXYYIOUOi Jii KOHIIEHTpaTOopa HampyXeHb BeMWYuHH K (T.) Mae 3HA4Hi

ImepeBary, OCKIJIBKH CIIUPAE€TBCA JIUIIC HAa BUKOPUCTAHHIA HOMIHAJILHUX MEXaHIYHUX

XapakTepUCTUK R, ,0,,, N, &

1,7 -

1,6 4

—
(9}
1

RMC/ Oy ()
-

K _(Te)=
TSSO

—
-
i
1

1,0

1 He motpedye ckimamganx MCE po3paxyHKiB.

/ /
4

/////
//
R

/7

/7

I 7

e ]
/7

/ /

/

’ L J
/
, 4

1,0

1,2 13 14 1,5 1,6 1,7

q.71/k, ()

Pucynok 5.10 —CmiBcTaBiieHHSI OKPUXYYI0UOi 1T KUTBIIEBOTO KOHIICHTpaTOpa
HaIpy>K€Hb p = 0.25 MM. BU3HAUYEHOI «IOKAJIbHUM) ¢, Ta «IJ100adbHUM» K (T,)

OIIAXOM.
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Tabmui 5.1 — [TapaMeTpu OKpUXUYHOYOT i1 KOHIIEHTPATOPY HANPYKEHb p = 0.25MM TUMOBUX KOHCTPYKIIIMHUX CTAJICH.

. Hanpyxenns, Jlokanbaun ['obanbuamit
MIiLHICTB JlokanpHe . ) i
HATIPYKCHHS 110 BiJIIOBIIA€ napameTp napameTp [IpuMiTKH
Tipu 0 . 2% OKpHUXYYI0UOi | OKpuXuyrodoi il | Hemoorinka
T =420 C | pyWHYBaHHSA
. Ipi T nedopmarrii mi KOHIICHTpaTOopa BEJIMYMHU
Cranp CTpyKTypHUI CTaH Tozn c HpH T, KOHIIEHTPATOpa npH T, K (Te)
T pu T _ 0
O, , c K (Tc)=R,./0o,., )0
MHa 2¢C ) ms MC 2C
Mila MIla q, = i/k,, () )
Crans 40 TPOCTHUT 760 2502 1435 1,32 1,22 8,23
Crans 40 depuTo-nepIiTHUR 403 1923 1113 1,42 1,29 9,06
Crans 40 depuTo-repIiTHAN 372 1556 880 1,23 1,14 6,93
Craib 40 copOiT 520 2336 1300 1,28 1,21 5,42
Crans 40 TPOCTUT 680 2150 1235 1,48 1,35 8,37
Crans 40 TPOCTUT 1320 2830 1550 1,38 1,33 3,90
15X2HM®DA deputo-nepIiTHUI 608 1840 1010 1,38 1,32 4,11

30XT'CA depuTo-repTiTHAN 720 2113 1203 1,46 1,35 9,60
30XT'CA ®depuTo-nepaiTHAN 372 1493 885 1,35 1,20 11,21
30XI'CA copOiT 970 2950 1608 1,29 1,25 3,44
30XI'CA TPOCTHT 1265 3151 1708 1,42 1,38 2,90
30XI'"CA MapTeHCUT BIAITYCKY 1530 3470 1886 1,47 1,43 3,16
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BcranoBneHnuit 3B'SI30K MK q, Ta KPUTHYHUM 3HA4YCHHsSIM KoedilieHTa

MEXAaHIYHO1 CTAOLIBHOCTI K Ma€ BaXXJIMBE NPHUKJIATHE 3HAYCHHS, 30KpeMa BIH

msc

JIO3BOJIIE HA KIUIBKICHOMY PpIBHI OIIIHUTH CTYHiHb OKPUXYEHHS MeETaly, IIo
peanizyeThCsl IPU CTAaHIAPTHUX BUMPOOYBaHHAX Ha yaapHy B s3kicTh 3a [[OCT 9454-78
(rect Ulapmi). Ha croroaHimHii feHp el TECT HaWOUIbII MIUPOKO BUKOPUCTOBYETHCS
JUIS OLIIHKMA SIKOCTI Ta pPaHXyBaHHS KOHCTPYKIIMHMX MarepiajiB, MPOTE OCHOBHHM
HEJONIK LIMX BHUMPOOYBaHb MOJSATa€ B TOMY, IO BOHM HE JO3BOJSIOTH OTPUMATHU
KUTbKICHI XapaKTEPUCTUKU 31aTHOCTI METaTy YAHUTH OIip KPUXKOMY pYyHHYBAaHHIO, SIK1
MOXXYTb 01TH O6€3MocepeTHbO BUKOPUCTAHHI B 1HKEHEPHUX PO3paxXyHKaX.

3 ypaxyBaHHSIM JUHAMIYHOTO XapaKTEpPy HaBAHTAXKECHHS 3aJICKHICTH (5.9) Moxe

6YTI/I 3alliCaHa HACTYITHUM YHHOM:
Rl (5.12)

1€ o, Ta n”— 3HAYEHHSA MEXI IJIMHHOCTI Ta KoediieHTa n1e@opManiiHoro 3MiIHEHHS

IpU IMHAMIYHOMY HaBaHTaXEHHI.

D

B mnepmomy HaOmvkeHHI BIUTMBOM 3MIHM BEJIMYUMHU n°, sKa OOYyMOBJICHA

D

JTUHAMIYHUM HAaBaHTA)KEHHSM, Ha BIIHOIICHHS j/k, MOJXHA 3HEXTyBaTH, a o, MOKHa
BUPA3UTH, SIK o, =5,0,, A€ &, — KOCPIIIEHT, IKUN XapaKTePU3YE CTYIIHb 301TBIIICHHS
BEJIUYUHU o, TIPU TUHAMIYHUX HABAHTAKCHHSX.

B pesynbTati, micis nepeTBOpeHb OTPUMAEMO:

9,0, =K (5.13)

msc

B 1mifi 3aneXHOCTI MHOXKHHUK &, JIOJaTKOBa CKJIaJIoOBa OKPUXUYKOUOi Jii, sKa

oOyMOBJIEHa JUHAMIYHUMH HaBaHTaXEHHSAMU. 3anexHicts (5.13) no3Bomnsie 3a

BEJIMYMHOK K KA BU3HAYAETHCA MPHU KPUTUYHIA TeMIiepaTypi T, TpHU yAapHUX

msc 9

BUIMIPOOYBAHHIX BIAHAWTH OKPUXUYIOUY JiI0, IO pPeai3yeTbcsl MPH BUIPOOYBAHHSIX
LOTO TUITY 3pa3KiB. 3 IIEI0 METOIO MPOBOJIUIIUCH CeplaibHl BUITPOOYBAHHS HA YIapHUMA
3ruH 3paszkiB apmi 13 crani 12XH3M®A, micig pi3HUX peKUMIB TEPMOOOpOoOKHU. 3a

pe3ynbTaTamMy IUX BUMPOOYBaHb BU3HAYAIACh BEJIMYMHA KPUTHYHOI TEMIIEpaTypu T. .
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JI1st oTpUMaHHS JaHUX 100 BEJIUYUHU R, Ta 3HAYEHb o, 1 n MpPH T, IPOBOJAUIUCH

cepiajgbHl HU3BKOTEMIIEPATYpHI BUIIPOOYBaHHS TJIAJIKMX 3pa3KiB Ha OJHOBICHUM PO3TAT
[26]. BukopuctaHHsS pI3HHX PEXHMIB TepMOOOpOOKH (Tabi. 5.2), BKIIOYAOYN 1
MIBUKICHUM ~€JIeKTpOHArpiB 3a0e3Meymyio MUPOKUM 1HTEpBaJ 3MIHU PO3MIpiB
MIKpOCTPYKTYPHHX CKJIaJIOBUX — PO3MIpy 3epHa Ta KapOimHMX 4acTok (Taba. 5.2) i

JI03BOJIIIIO OTPUMATH iHTepBal Bapiauii T, Bix -183°C go +10°C (puc. 5.11).

2,01

A J0XH3M®A(1)
e 10XH3M®DA(2)

— + 10XH3M®DA(3)

~ 184 e 10XH3M®DA4)

é >

N ] il -

= . . -t

2 1,61

=N

e

>

=)

<

& 1,44

S

=

o

o]

=

S 1,24

<

=

1,0 .

-200 -150  -100 -50 0
Kpurnuna temnepatypa T ,OC

Pucynok 5.11 — 3anexHicTh mapaMeTpy OKpUXUyIOUoi ii K, 33 AMHAMIYHUX
BUIIPOOYBaHb BiJl BETUYMHUA KPUTHUYHOI TEMIIEpATypH T, .

SIx mokazan pe3yibTaTH MHUX AOCTIIKEHb, HE3BAXKAIOYM Ha IIMPOKHHA iara3oH
3MIHM KPUTUYHOI TEMIIEpaTypu KPUXKOCTI BeJIMYMHA KOE(Ill€EHTa MEXaHIYHOT
CTaOUIBHOCTI TIPH I Temmepatypi T., fKa XapaKTepU3ye OKPHUXUYIOUY A0 HaIpi3y
[lapmi € mpakTHYHO CTAIOK BEIWYHHOO 1 ckimamae K _=1,70 +/- 0,04. Lle mo3Boisie

BUKOPUCTOBYBAaTH 3HA4Y€HHS K, JUIS KUIBKICHOT OIIHKKA CTYNEHI0 OKPUXYCHHS

SC

KOHCTPYKIIIWHUX CTaJIel MPU CTAaHAAPTHUX BUNIPOOYBAHHSAX HA YIApPHUM 3THH.
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(HarpiB y MacuBi)

Ne Cepenni |Cepennn| Cepenni | Haiioins | Cepenns | Haitoins | Xpuxka |I'panunst|[panuns| Bignocue
Pexxum TepmooOpoOKku W po3Mip|0-KBajp. [ po3Mip| I o- I |MIOHICTh| TEKYYOC [MIIIHOCTI| 3BYXKEHHS,
ayCTeH. | BIIXWJIE | MaKeTy | UMOBIp- | KBamp. | KIMOBIp- , Ti IpH pu v, %
3epHa, H- <d >, HMH | BiOXWIE | HUAK Ruc » | T20°C, +200C,
d,,MKM |H PO3M.| MKM | PO3MIp | H-HS | PO3MID | MJ]a 502 Cg,
ayCTEH. MakeTy | Jor. |KapOigH MIIa MIla
3epeH dmpy - pO3MipiB|  HX
NS o, MKM MAaKETIB | YaCTOK
MKM CYTY Unpy
MKM MKM
12XH3M®A (1)
1 |(m)Ta=850 To=660 enexTpoHarpis 7,6 4.3 5,2 4.7 0,448 0,037 1810 910 955 72
2 |(m)Ta=850 To=600 enexTpoHarpis 7,6 48 5,2 4.6 0,487 0,028 1950 960 1015 71
3 [(6) Ta=850 To=600 enexTpoHarpis 11 5,7 7,1 6,5 0,416 0,028 1870 920 960 71
4 |(6) Ta=850 To=650 enexTpoHarpis 11 57 7,1 6,5 0,416 | 0,037 1830 940 970 71
5 |(6) Ta=870 To=650 3aB (HarpiB y MacuBi) 18,3 10,7 10,9 9,8 0,445 0,037 1820 830 880 72
6 |(m)Ta=870 To=650 3aB (HarpiB y Macusi) 15,4 7,8 9,4 8,7 0,406 0.037 1790 870 910 73
7 |(m)Ta=850*3 To=660 enekTpoHarpin 49 2,2 3,5 3,3 0,377 0,025 2070 990 1040 73
10 |(m) Ta=870 To=650 3aB (HarpiB y MacuBi) 15,4 7,8 9,4 8,7 0,406 0.037 1790 870 910 73
12XH3M®A (2)
1 |(6) Ta=850 Vu=1Kwm-1 TBian=630- 32 (1) 19,8 13,2 11,6 10,3 0,481 | 0,045 1570 760 820 76
13 |(6) Ta=850 TBian=660 exeKTpoHATPiB 11,9 7,5 8,4 7,6 0,438 | 0,037 1720 860 920 73
2 |(m) Ta=850 Vu=1Kwm-1 TBinn=630-32 (1) 19,8 13,2 11,6 10,3 0,481 0,045 1600 760 830 76
14 |(m) Ta=850 TBign=660 enexTpoHarpis 8,8 55 6,2 5,6 0,458 0,037 1980 950 1040 72
11 |(m) Ta=850 TBign=600 enexTpoHArpiB 8,8 55 5,9 52 0,482 | 0,028 2000 970 1060 70
4 |(6) Ta=860 Vu=5Kc-1 TBiqn=620- 12 (1) 12 7,6 7,6 6,8 0,482 | 0,036 1830 920 970 73
6 |(m) Ta=860 Vu=5Kc-1 TBinn=620- 12 (1) 12 7,6 7,6 6,8 0,482 | 0,036 1860 940 990 70
7 |(m) Ta=870 Va=3Kc-1 Torn=650 3aB 15,4 8 9,4 8,7 0,413 - 1720 840 900 73
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12XH3M®A (3)
1 |(6) Ta=850 To=600 enekTpoHarpin 15 7,1 9,2 8,6 0,386 | 0,028 1740 850 890 79
2 |(6) Ta=850 To=660 enexTpoHarpis 15 7,1 9,2 8,6 0,386 | 0,037 1700 800 850 80
3 |(m) Ta=850 To=600 enexTpoHarpiB 13,6 6,4 8,5 7,9 0,385 | 0,028 1760 840 880 78
4 |(m) Ta=850 To=660 enexTpoHarpiB 13,6 6,1 8,5 7,9 0,371 0,037 1780 750 820 80
9 |(m) Ta=850 Vu=1KwMm-1T0=630-3u (1iu) 23 11,4 13,0 12,0 0,394 | 0,045 1500 670 740 80
5 |(6) 5-1 Ta=870 To=650 3aB (HarpiB y 17,6 9,5 10,5 9,6 0,423 - 1600 740 810 80
MacHBi)
6 |(mm) 5-1 Ta=870 To=650 3aB (HarpiB y 17,1 7,7 10,3 9,6 0,371 - 1580 710 820 81
MacHBi)
7 |(6) 5-2 Ta=1000 To=650 3aB (HarpiB y 67,5 38,4 22,4 21,3 0,311 - 1520 730 820 79
MacHBi)
8 |(m) 5-2 Ta=1000 To=650 3aB (HarpiB y 36 20,2 17,8 16,4 0,405 - 1500 710 790 81
MacHBi)
10 |(m) 5-1 Ta=850*3 To=660 enexTpoHarpis 5,8 2,5 41 3,8 0,364 0,025 2200 900 1060 75
12XH3M®A (4)
1 |(m) Ta=850 To=600 enexTpoHarpis 12,2 7,4 1,7 6,9 0,467 0,028 1910 950 1040 73
2 |(m) Ta=850 To=660 enexTpoHarpin 12,2 7,4 1,7 6,9 0,467 0,037 1840 860 900 75
3 |(m) Ta=880 Va=1Kwm-1 To=630-32 (1) 28 17 15,0 13,7 0,437 - 1600 700 760 77
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BucnoBku:
3a yMOBH IOCTIMHOI BEJTWYMHHU >KOPCTKOCTI HANPY>KEHOT'O CTaHy j=const ICHYE
OJIHO3HAYHUU 3B'I30K MK  JIOKAIbHUMU Ta HOMIHAIbHUMU XaPAKTEPUCTUKAMU
pyHHYBaHHS.

Po3pobsiena MeToAnKa BH3HAYEHHS KPUTUYHOI TEMIEpaTypu KPUXKOCTI T, B

IIMPOKOMY 1HTEpBaJIl 3MIHM 3HaYeHb ITOKa3HWKA JedopMalliiiHOTO 3MIITHEHHS
n = 0.01-0.15, ska 3abe3meuye CTamiCTh BEIMYUHU KOPCTKOCTI j = const
Halpy>KeHOTO CTaHy B MOMEHT pYHHYBaHHS Ta BpaxoOBY€ CXWIBHICTh
KOHCTPYKIIIHHOT cTasil 10 eopMaIiitHoro 3MiITHEHHSI.

3HaueHHs Koe(illieHTa MEXaHIYHOI CTa0UTFHOCTI K, MPU KPUTHYHIN Temmeparypi

T, JA€ HIDKHIO OIIHKY OKPUXYyH4oi Jii KOHIEHTPATOpiB HaIpy>KEHb.
MakcumanbHa BEJIMYMHA CTYNEHIO HEAOOIIHKM OKPUXYYIoUuoi il 3a IuM
MOKa3HUKOM He mepeBulrye 11%, mo npu po3paxyHkax Moxke OyTH BpaxoBaHO

BBEJICHHSM BIJIIOBITHOTO KOC(IIIIEHTY.
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PO3/ILI 6

3B'J30K MIX BEJIMYNHOIO JIOKAJIBHOI'O HAIIPYXXEHHA o

PYMHYBAHHS I MIHIMAJIBHUM PIBHEM KPUXKOI MILIHOCTI R,
KOHCTPVYKIIMHUX CTAJIEM

Sk Oyno mokaszaHo, BUIIE BEIMYMHA JIOKAJTLHOTO HAMPY>KEHHS PYHHYBaHHS o

B OKOJIi KOHIIEHTpaTOpa HampyKeHb 3aJeKUTh Bil MapaMeTpiB KOHIIEHTparopa i
3MIHIOETHCSI B 3aJI€KHOCTI BiJl TEMIIEpaTypu BUIPOOOBYBaHb, MPOTE€ OCHOBHOIO ii
OCOOJIMBICTIO € Te, IO i BEJIMYMHA 3aBXKAMU TMEPEBUIILYE PIBEHb KPUXKOI MIITHOCTI

MeTany R,., SKAA BU3HAYAETHCS 3a PE3yJbTaTaMH BUMIPOOYBaHb CTAaHJIAPTHUX

IIAJKUX 3pa3KiB  Ha OJHOBICHUH po3Tar. CTymiHb [hOTO TEPEBUILCHHS

.. (2 . e o .
XapaKTepU3y€eThCs KOEQIIEHTOM k, = R—' 1 BIJIIFPa€ KJIFOYOBY POJIb MIPU pyHHYBaHHI1

MC
KOHCTPYKIIIHHUX CTajJeil B yMOBaxX KOHIIEHTpaIlli HAIpPYy>KEeHb, OCKIJIbLKH 3MEHIIYE
BEIIMYUHY OKPUXUYIOUOi i1 KOHIIEHTpATOpa HANpyKeHb (q, = j/k, ).

B pamkax 3amnpornonoBaHux (GizudHuX ysaBiacHb [50,60] momo MikpoMexaHi3My
KPUXKOTO PyHHYBaHHS MOJIKPUCTAIIYHUX METAIIB OYyJI0 MOKAa3aHo, 1110 OCOOJIUBICTIO
IPOIIeCy 1HIMIIOBAaHHSA KPUXKOrO PYWHYBAaHHS B YMOBaX KOHIICHTpAIlii HAIpPY>KCHb
BILIMBAE HA BEIIMYUHY o, HE TUIBKK po3MmipiB 3T, a i X KIIBKOCTI B “process zone”.
Came 1€ TPU3BOAUTH 10, Ha TEPIIMA TIOTJISA, TapagoKCaabHOTO e(dEeKTy,

NICPEBHIICHHS JIOKATHHOTO HANPY)XCHHS PYWHYBaHHS o, HajJ piBHEM KPHUXKOI
MinHOCTI R,. [49,51], oo moB’s3aHo 3 HAA3BUYAWHO MAJMMH PO3MipaMH ‘“‘process

zone”.
Hacnigkom nokamizaiiii mpoiiecy 1HIIIIOBaHHS KPUXKOTO pyHHYBaHHS B

TPaHUYHO MajoMy 00’€Mi y BICTpS KOHIICHTPATOpPA € 3aJCKHICTh BEIMUYUHUA o, BIJ

00’emy “process zone”, MO 0OYMOBJIEHO BITUBOM KUIBKOCTI 3apOJKOBHUX TPIIIUH B

Ha IMOBIPHICTb 1HILIIOBAaHHS KPUXKOT'O PYWUHYBAHHS:
pV
I:n :1_[1_ Fo] ) (61)
ne F,- UMOBIpHICTH BTpatu ctabuibHOCTI oaHiei 3T; p- ryctuna 3T; Vv -

00’eM; BIIMOBITHO pV = N - 3arajibHa KUIbKICTE 3T B 00’eM1 V .
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KirouoBoro xapakrtepuctukoio B piBHOCTI (6.1) € ryctuna p» 3T. Bupas

TYCTUHU 3apOJKOBUX TPIIMIMH MOXXHAa OTPUMATH B paMKaxX 3alpolOHOBAHOI B
[49,61,62,63] monmemi yrBopeHHs 3T B pe3ysbTaTi HECYMICHOCTI MiKPOTUIACTHYHHX
aedopmarliii, 1m0 BHHHUKAIOTh B  TPOIEC] IUJIACTUYHOTO  JaedopMyBaHHs

MOJIIKPUCTAIIIYHOTO METaly. 3riJHO 1i€l Mojieni yMoBa yTBopeHHs 3T Mae BUTIIA;
CLick t-Mm)+&] >z, (6.2)

A€ C - KOHCTAHTAa,I0 BU3HAYAETHCA IIPYKHUMH KOHCTaHTaMHU I'PATKH, L - JOBXHWHA

TUCIIOKAIIHHOTO CKYIMUEHHS, ¢ - IHTCHCHBHICTh JOTUYHUX MIKpOHANPYXEHb; k_ -
xoediienr (k, =./D, /o, A€ D, - JUCHEPCisd NTOTUYHUX MIKPOHAMPYXKEHb & - B
CUCTEMax KOB3aHHS; t - Oe3po3MipHa BEIMYMHA JOTUYHHUX HANPYyXeHb &, ,

b

“NpUKIANeHUX ~ 0 AUCIOKAUIMHMX CKymueHb (t=¢././D. ); M - OpieHTalildHuiHA
(dakTop;t, - KPUTHUUYHUN pIBEHb JOTUYHUX HAIPYXKEHb YTBOPEHHS 3apOJKOBOI
TPIIIUHH.

B piBHOCTi (6.2) ¢, - BHU3HAYa€ pIBEHb JOTUYHUX MIKPOHAIPYXKEHb IO

BUHUKAIOTh B pPE3yJbTaTl B3a€MOJIl 3€pHA CEPEAHBOI OpI€HTalli M 3 MJIACTUYHO

nedopmoBanoro matpuiiero. [Ipu nedopmariii € <e, :

e
£, = k\/; (6.3)

pu e > e, .

g, = kﬂ-\/g—kﬂ{i—l} (6.4)
d e,

ne k, Ta k_, - koedimienTu. BenuunHa (iaykTyariiii Harpy>KeHb B CUCTEMI KOB3aHHS,
ne GOpMYIOThCSI TUCITOKAIlIHI CKYTYEeHHS, BA3HAYAETHCS G - (k t — M ).

YMoBa yTBOpeHHS 3a0JI0KOBAHOTO JUCIOKAIIITHOTO CKYTYCHHS Ma€ BUTJIISIL;

\/E[E(kot—M)%f]é me, (6.5)
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7e r - BIACTaHb BiJ TPaHUIll 3epHA 10 JKepesa TUCIOKalid B CYyCiTHbOMY 3€pHi

(r << L); 7, - KpUTUYHE JOTUYHE HATPYKEHHS MOYATKy POOOTH TaKOTO JDKEpesia; m -
OpieHTAIlIMHUM (HaKTOp AMCIOKAIIMHOTO JyKepena. SIKIo 3HeXTyBaTH (IyKTyalli€r
r, BUpa3 UMOBIPHOCT]1 YTBOPEHHS JUCIOKAIIHHOTO CKYIMYEHHS MOXKHA MPEICTaBUTH

HAaCTYIITHUM YHWHOM:

T ax M ax "|
I:’nucl =2 _[g(t)| Jg(m)dm|dt1 (66)
A ]
e
m=[o-(kt-M)+&.]1/lt, ~riL]. (6.7)

DyHKIIIS pO3NOJLUTY TYCTUHU g(m), sIKa BU3HAYAETHCSI PO3MO/ILIIOM OpIEHTAIIII
rpaHullb 3epeH. B BiAmoBimHOCTI 3 BUpazoM (6.2) KpUTUYHE 3HAYCHHS

t, BUBHAYA€CTbCA 3aJIC)KHICTIO:

I ]
tc=Z|LM +0:[\/:_§L| (6.8)

B 3arasibHOMYy BUIAJKy, MIBUAKICTb T€HEparii AUCIOKALINHUX CKYIMYEHb B

OJIMHHUIII 00’ €My MOXKHA 3aITUCATH SIK:

(6.9)

A€ k, - KOe(DILIEHT, IO 3aJIE€KUTh BiJ TYCTMHU KapOlIHMX YaCTOK 1 pO30pieHTamli

3€epeH.

Sk Oyno mokazaHo B po6oTi [50], mepeBuIlieHHs JTOKAJIbHOTO HAMPYXEHHS o ,

HaJl pIBHEM KPHUXKOi MIITHOCTI R 0OyMOBJICHE 3aJICKHICTIO HMOBIPHOCTI

MC
pyMHYBaHHS Bijl KYJIBKOCTI 3apOAKOBHUX TPIIIUH ( p *V ),II0 TEHEPYIOTHCA B “process
zone” (3anmexHicTh (6.1)). Jns anamizy QaktopiB, 1m0 KOHTPOJIOKOTH e edexT
JIOIIUTBHO BUKOPHUCTOBYBaTU posnofin Beiibyna [28]. B pob6orax [20,30] Oymo
MOKAa3aHo, 110 LeH PO3MOJLT MOKE BUKOPUCTOBYBATUCH JIJISl alPOKCUMAIIli KPUXKOTO
pYWHYBaHHS TOJIKPUCTAIIYHUX MeTaniB. B pgaHomy Bumaaxky posnonin BeitOyna
MO>KHa 3aIllMCaTH B BUTJISL:

F (c;)=1-exp[cpV(c, —o,)"], (6.10)
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ne F, (c,)- UMOBIPHICTh PYHHYBaHHS IPH PIBHI HAIPYyXeHb o ,; o, - TPAHUYHE

HaIlpy’>K€HHS pyHHYBaHHA; p - ryctuHa 3T; v - 00’em “process zone”; pV =N -
KiIbKICcTh 3T; ¢ ¥ m - KOHCTAHTH.

BinnoBigHO, po3risiaouu o, IK HaWOLIbII HMOBIPHE JIOKAJIbHE HANpY>KEHHS

pyiiHyBaHHs , U3 (6.10) orpumaemo:

1 1
Of =0y +[Cp_V]l/m (1—H)l/m . (611)

B poboti [64] mokazaHO 1CHYBaHHS 3B’SI3Ky MK BEJIIMUYUHOK T'PAaHUYHOTO

HaIlpy>K€HHA o, Ta PIBHEM KPHUXKOi MIIIHOCTIR,, :

o, =aR (612)

th MC 1

7€ a =07-08

[Ipy 1bOMy, 3HAUEHHA m MPAKTUYHO HE 3aJEXKUTh BiJ pO3MIpy 3€pHA, a
BHU3HAYAETHCSI HEOTHOPIAHICTIO 3€PEHHOI CTPYKTypu. BenmuumHa ¢ 3MEHIIyeThCS 3
MOAPIOHEHHSAM 3€pHa Ta 3AJIEKUTH BiJ MIPM HEOJHOPITHOCTI 3€PEHHOI CTPYKTYypH. B
MIMPOKOMY THTEPBaJIL PO3MIPIB 3€PEH d = 5—120 um JJIsl TUTIOBUX PO3IOJILIIB PO3MIpPIB
3€pEH ¢ 3MIHIOETHCS B MEXKAX: 1x10 % —2.5x10 .

3rigHo (6.5) ryctuHa p 3T 3anexuTh BiJl TEMIEpAaTypH, KOTpa BIUIMBA€E Ha

BEJUYHUHY 7, , IPU JIOCATHEHHI SKOi B1IOYBA€ThCS PO30JOKYBAHHS JUCIOKAIIMHOTO

Y 1
CKyIMYEeHHS B pe3yJbTaTi MOYaTKy pPOOOTH IUCIOKAIIWHOTO JpKepena. 3aeKHICTh
BEJIMYMHU 7z, MOYKHA BUPA3UTH HACTYITHUM YHHOM:

R (6.13)

T

7€ t, - arTepMiyHa CKJIaJ0Ba, BEJIMYMHA KOTPOI 3aJIEKUTh BiJ MapameTpiB JKepena
®panka-Pia B BepilrHI 3a0JI0KOBAHOTO AUCIOKALIMHOTO CKYMYEHHS; 7, - TEPMIYHO

3aJIe)KHa CKJIaJg0Ba.
TakuM YMHOM, BUpPA3 BEJIUYMHHU JOKAIBHOTO HAIPYKEHHS pPyMHYBaHHS MOKHA
MPEACTABUTH B BUTJISIIL:

+[;]l/m(l_%)l/m’ (614)

cp(ty V

1e p(r, ) - 3AJIEKHICTh p BIJ BEIMYWHU JOTUYHUX HANIPY>KEHb 7, .
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3anexHictb (6.14) no3Boisie B SIBHOMY BHIVISZII BH3HAUUTH KIIFOUOBI

napaMeTpH, III0 BU3HAYAIOTh BEJIMYMHY JIOKAJILHOTO HANPYKCHHS PYWHYBaHHS, IPOTE
aHATI3YIOYM  CKCIIEPUMEHTAJIbHI JIaHI BEIWYUHU  JIOKAJBHOTO  HAIPYXEHHS
PYWHYBAaHHS CIIiJI BpaxOBYBaTH, 10 o, BHU3HAYAETHCS 3a KPUTUYHOI TEMIIEPATypH

T. . YMOBa iHILIIOBaHHS pyWHYBaHHS B BEPIIHUHI KOHIIEHTpATOpa!

Op =0+, (615)

1€ o, - MAKCHMAJIbHO BEJIMYMHA PO3TATYIOUMX HANPYKEeHb B PZ.
BpaxoByroui, mo Ttemmeparypa T. Ma€ JOCTaTHbO HU3bKI 3HAYCHHS, B
NepuioMy HaOJMMKEHI WIEHOM +t, B 3alexHocTi (6.13) MoXHa 3HEXTyBaTH.

BigmosigHo:

SETE j[6a+2‘tth(Tc I (616)

7€ j - JKOPCTKICTh HAIIPY>KEHOTO CTaHy B BEPIIMHI KOHIICHTpaTopa[58,57];
o, - arepMiyHa CKJIa/I0Ba IPaHMIll TUIMHHOCTI; 7, (Tc) — BEJIMYMHA TEPMIYHOI
CKJIQJIOBOi IOTUYHUX HANIPYKEHb 32 KPUTUYHOT TEMIEPATYPH T, .

[TincraBnsitoun (6.14) B (6.16) 3 BpaxyBanusam (6.15) orpumaemo:

1
co(ry + 7, (TOV

aR

]1”“(1—3)“m = jlo, + 27, (T)]. (6.17)

MC[

Bupa3z (6.17) sBisie coOor0 HemiHiHE PIBHSHHS BIIHOCHO rt,(T,). Haxanb

HEMOXKJIMBO OTPUMATH PIIICHHS I[HOTO PIBHSHHS B SBHOMY BUIJISIII, MPOTE BHUpa3
JI03BOJISIE BCTAHOBUTU OCHOBHI MEXaHIYHI XapaKTEPUCTHKH, KOTPl BIUIMBAIOTH HA

BEJINYMHY JIOKAJIBHOIO HANPYKEHHS pYHHYBAHHA o ,

6, =aRye + f(c,m,o,,j) (6.18)

Jlnst sIKicHOTO aHamizy 3alekHICTh (6.18) MOXHA TpPENCTaBUTH B SIBHOMY

BUIJISIAL, SIKIIO IPYTUI 4iieH B piBHOCTI (6.18) ampokcuMyBaTy BUPa30M THUITY 10
7,,(Tc

10 € JOIIYCTUMMM JJIs1 HU3bKUX TEMIICpATyp. B ObOMY BHUIIAJKY:
47
- J (6.19)

=aR
. . 2 .
(Rye - jo, + (i, —Rye)? +8j2)

o

f
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3anexHictb (6.19) 103BOIISIE BCTAHOBUTH OCHOBHI (DaKTOPH, 110 BIUIUBAIOTH

Ha BEJIMYMHY JIOKAJIbHOT'O HANPYXKEHHS 1HILIIOBAHHS KPUXKOTO PYMHYBAHHS B OKOJII
KOHIIEHTpaTopa HANpy>KeHb JTOBIUIBHOI T'€OMETpli, BKIIOYAIOUM TOCTP1 TPILIMHH.

BinnosinHo 10 (6.19) 6a30Buil piBeHb o, 33Ja€THCS BEIMYMHOIO KPUXKOI MIITHOCTI

R,. Ta KOPETyeThCs B OIK 301IBIICHHS Y BUITAJKY, SKIIO 00°’eM vV “process zone” y
BEpPILMHI KOHIIEHTpATOpa 3MEHIIYEThCS Ta CIaJa€ IHTEHCUBHICTh reHepyBaHHA 3T B
pe3ynbTaTi MOHMXKEHHS TemrepaTypu. [Ipu nboMy, 3MEHIEHHS pO3MipiB 3€peH Ta
3017IBIICHHS CTYNEHIO OJHOPIAHOCTI 3€PEHHOI CTPYKTYypH MOBUHHI MPU3BOJUTH HE

TUIBKU J10 3017BIIEHHS PIBHS R, , i€ ¥ 10 301IbIIEHHS IPUPOCTY BEIUYMHU OTIOPY

Me >
KPUXKOMY PYHHYBaHHIO B JIOKaJIbHIM 00JIacTi y BEpIIMHI KOHIIEHTpaTopa (Apyruii
YJIEH B 3aJIEKHOCTI 6.18 Ta 6.19), OCKUIbKM 3HAYEHHS MapamMeTpy C 3MEHIIYETHCS 3
MOAPIOHEHHSAM 3€pHAa, a MHapaMeTp m 3MEHIIYEThCA 3 MOHWKEHHAM JucHepcii
po3MipiB 3epeH [65]. [Ipu oMy i3 3asekHoCTi (6.19) BUIUIHBaAE, 110 HA BEIMYUHY

JIOKQJIbHOTO HANpYy’>KEHHS pPYHHYBAaHHS o, Ma€ BIUIMBAaTU pPIBEHb aTE€PMIUYHOI
CKJIQJIOBOi TPaHULI IUNIMHHOCTI o, Ta BEJIMYHUHA KOPCTKOCTI HAIIPYKEHOTO CTaHy | Y
BEpILMHI KOHLEHTparopa. BmmuB nux ¢akTtopiB OOyMOBIIOE 3aJIEKHICTh o, BiJ

TEMIIEPATYPH .
30UTbIIEHHSI BEJMYMH o, Ta | MPUBOJUTH 10 MIABUIIEHHS KPUTUYHOI
TEMIIEpaTypyu KPUXKOTO PYWHYBaHHS T, 1 BIAMOBIAHO A0 30UIBIIEHHS JIOKAJIHHOTO

HanpyXeHHs o, . L1 ¢akropu B 3HAUHIA MIpl PO3LIMPIOIOTH HAIl YSBJIEHHS IPO

¢G13M4Hy TpUPONYy Ta BIACTHUBOCTI JIOKAJIBHOTO HAIPYKEHHS pPYWHYBaHHS, B
NOPIBHSHHI 3 MOCTylaraMu cHOPMOBAaHMMHU B CEpPEAUHI MHUHYJIOIO CTOJITTS MPO
HE3aJIeKHICTh BEJIMYMHM o, BIJ TEMIEpaTypd Ta IKOPCTKOCTI HAIPYKEHOTO
crany[58].

B po6oti [47] moka3aHO, IO SBHINE TCPEBUINSHHS BEIWYUHU JIOKAJIBHOTO

HaIpYy>KeHHS PYWHYBaHHS o, HaJ PIBHEM KPHXKOi MIITHOCTI R,. Ma€ MPUHIIUIIOBO

BAXXJIMBE 3HAYEHHS, OCKUJIBKM caMe€ 3JaTHICTh METally YHHUTH OMip KPUXKOMY
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pYHHYBaHHIO B YMOBaxX KOHIIGHTpAIlil HAmpyXeHb € OCHOBHUM IOKa3HUKOM

BUCOKOTO piBHA HOro ciaykOOBHX XapakTepuUCTUK. B nmaHoMmy BuIaAKy
KOHIIEHTPAaTOPH HANpPY>KEHb BiAIrpaioTh ABOSKY POJIb, 3 OJHOTO OOKY KOHIIEHTpAIlis
HANpyXeHb TMPU3BOJUTH [0 30UIBIICHHS PIBHS MAIIOYMX B METall PO3TATYIOUHX

Hanpy>KeHb, a 3 1HIIOTO OOKY B CHITY JIOKQIbHOI'O MAacIITAOHOTO e(eKTy (MpUpICT o,

31 3MEHIICHHAM 00’eMy ‘“process zone) 30UIBLIYETHCS CYNPOTHUB 1HIIIIOBAHHIO
KpUXKOMY pyiliHyBaHHIO. HaBenmeni B [47] po3paxyHKH TOKa3ajid, IO MpH

BIJICYTHOCTI TaHOTO e€(eKTy (TOOTO MpHU YMOBI &, = R,,. ) OUIBIIICTh KOHCTPYKIIHHUX

CTaJlel CepeHbOI Ta BUCOKOI MIIIHOCTI HEMOXJIMBO OyJ0 O BUKOPHUCTOBYBATH B
AKOCT1 KOHCTPYKUIMHOIO MaTepially, OCKUIbKM IpU HasBHOCTI KOHIIEHTpaTopa
HanpyxeHb pazaiycom 0,25MM. BOHU O pyHHYBaJMCS KPUXKO BXKE IPU KIMHATHHUX

TemriepaTypax. Takum YMHOM BiTHOIIICHHS

K, = 2 (6.20)

MoskHa po3rasaaTH SK HapameTp, L0 XapaKTepus3ye Ciy>KOOBI BIACTHBOCTI
MeTaly B IUIaHI MOTO 3aTHOCTI YHHUTHU OMIp PyHHYBaHHIO B YMOBaxX KOHIIEHTpaIli

Hanpy»eHb (mapaMeTp KOHIIEHTPATOPOCTIHKOCTI)

Bupa3s (6.20) 3 BpaxyBaHHsM (6.19) MoxHa IEPETBOPUTH B:

L LA ! : (6.21)
RMC (R, - jo, ++/(jo, —Ryc)> +8j2)

\Y

Ha pwuc.6.1 mnpencraBieHa 3aleXHICTh BETUYMHU IHOTO TapaMeTpy BiX
MIITHOCTI KOHCTPYKIIIWHUX CTaJield, B SAKOCTI KiJIBKICHOI Mipl $SKOi BHKOpPHUCTaHA

BEJIMYMHA aTEPMIYHOI CKIIAJIOBOI ¢, MEXKI IJTMHHOCTI.
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Pucynok 6.1 — 3anexxHicTh mapaMeTpa KOHIEHTPATOPOCTIMKOCTI BiJl MIITHOCTI CTaIl
(aTepMiuHOT CKJIaZ0BOi). ® — (hePUTO-TIEPIITHI CTPYKTYpH, ¢ — COpOIT Ta TPOCTUT
A — BinyIIeHUH MapTEHCUT
3riIHO LIMM JAHUM, B IIUPOKOMY IHTE€pBaJl MIIHOCTI (o, =140 ...1500 Mlla, mo
BIJINOBIJIA€ 1HTEpBAIY 3MIHM BEJIMYMHA MEXI IUIMHHOCTI o, = 365..1530 Mlla)
napameTp k, 3MIHIOETbCS B CEpPEAHbOMY BiI k, =1.4 10 k, =1.28 . 3arajbHa
TEHJICHIIIST 3MIHM TlapaMeTpy k, ToOJisira€ B 3MEHIICHHI I[1€i BEJIWYUHU 3

MIJBUILEHHAM pPiBHA MIIHOCTI. [likaBuM € Toil (akT, MmO B iHTEpBaJl 3HAYEHb

o, =400..600 Mlla (o,, =430..650 MIla) crani 3 QepUTO-NIEPIITHOIO CTPYKTYpPOIO
MaloTh BUIIl 3HAYEHHS TapaMeTpy k, B MOPIBHSHHI 3 CTAJISIMU, IO MAIOTh CTPYKTYPY
COpOITYy YU TPOCTUTY.

Sk BunmBae 3 Bupazy (6.21), Ta ekciepUMEHTAIbHUX JaHUX HABEJAEHUX Ha

pucyHky 6.1, 3aranbHa TEHAEHI[IS 3MEHIICHHS PIBHS k, MPU MEpPeXoJil Bia (pepuTo-

NEPJIITHUX CTaJIel 10 MAPTEHCUTHUX CBIIYUTH MPO T€, 110 MPUPICT BEJIUUYUHU R, 3
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pPOCTOM MIIIHOCTI TEpPEBHUIIye TpUPICT mapameTpy 4 (puc.6.2), mo Biairpae

KJIIOYOBY POJb B TMEPEBHINEHHI o, HaA R,.. B 1HTepBali 3HAYCHb
(o, =283 —1500 MIIa) arepmiuHOi CKJIaOBOI MeEXIi IIMHHOCTI PiBeHb R,, 3POCTAa€E B

s =2.77 pa3u, B Toi yac sk koediieHT 4 B § = 1.59 pas.

3000 06=2,777 12- 6=1,59
/9/ 1 O
2500 1 ©
o0 - G
104 o) -5 o)
2000 o o ° o © 7
o “,' 9 - 5 L’
= ) ,.". 3 /!
S 1500 4 . 8- )
/’. <t 7
o A
o 1000{ ®F < 'l »© o
/II bad II
, 6
500 - o
5-
0 T T T 4 T T T
0 500 1000 1500 0 500 1000 1500
c , Mlla
2 ? (a) c ,Mlla (B)

PucyHok 6.2 — 3aKkOHOMIPHOCTI 3MiHU BEJIMYMHU KPUXKOI MIITHOCTI R, () 1
Koe(dirieHTy 2 (B) mpu 30UTBIIEHH] aTEPMIYHOI CKJIAJIOBOI o, MEXI IJTUHHOCTI o, .

Panime Oyno mnoka3zaHo, 110 30UTbLIEHHS BEIWYMHU R,. [OB’A3aHO 3

3MEHILIEHHSIM PO3MIPIB 3apOJAKOBUX TPIMIMH, KOTPl CYTTEBO 3aJIekKaTh Bl CTYIEHIO
JMCIIEPCHOCTI  MIKPOCTPYKTYpH cTaii [54]. 3rigHo BUKIAJCHUM  YSIBICHHIM
BEeIMYMHA KoedilieHTa 4 3anexuTh Bia ryctuHd 3T, mjo yTBOPIOIOTHCA B 00J1acTi
’process zone” y BEpIIUHI KOHIEHTpAaTOpa HaNpyXKeHb NPHU PYWHYBAHHI METAIy B
YMOBaX KpUTHYHHUX Temneparyp. Od4eBUAHO, M0 3OUIBIICHHA JIUCHEPCHOCTI
MIKPOCTPYKTYpH € OAHUM 3 (DaKTOpiB, IO CHOPUSIOTH 3MEHIIECHHIO TyCTHHU

TeHEpYBaHHSI 3aPOJIKOBHUX TPIIIIUH.
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BucHoBku:

1. CrymiHb MEpEeBUIICHHS JIOKAIBHOTO HANPY>KEHHS KPUXKOTO PYWHYBaHHS o
HaJ MiHIMaJIbHHM PIBHEM KPHXKOi MIIIHOCTI R,. (mapamerp k, = o, /R, )
3aNexuTh B KiIbKocTl 3T, 110 yTBOpIOIOTHCA B 00°eMi “process zone™. Lleit
napameTp XapaKTepu3ye 3MaTHICTh KOHCTPYKIIIHHUX MaTepiaiB YMHUTH OIIp
PYWHYBaHHIO B YyMOBax HEOJHOPIAHUX CHJIOBHX TOJIB, CTBOPIOBAHUX
KOHIICHTpaTOpaMH HaNpyXKeHb, Ta MOXE PO3TJBIIATUCSA SK MOKA3HUK SKOCTI
KOHCTPYKLIWHUX CTajei.

2. BenmunHa TOKATbHOTO HAMPYXKEHHS o, TMEPEBUILYE KPUXKY MIIHICTh R,. B

cepenaboMy B 1.28-1.40 pa3 i THMOBHX KOHCTPYKIIIMHUX CTajei, Ta Mae

TEHJICHITIO /1O 3HUKEHHS 3 MIJIBUILIEHHAM PIBHS MIITHOCTI o,
3. B inTepBani 3Ha4eHb MIITHOCTI o ,,=430...650MIla KOHCTPYKIIIHHUM CTAJIAM 3

(bepuTO-NIEPIITHOI CTPYKTYPOIO XapaKTepHE OLIbII BHCOKE 3HAYCHHS

napameTpy k, B IOPIBHSHI 13 CTAJSIMU 31 CTPYKTYpPOIO COpOITY UM TPOCTHTY.
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3AT'AJIBHI BUCHOBKHA

. Kputnune 3HaueHHS JOKalnbHOI TUIACTUYHOI AedopMallii € CTOXaCTUIHOIO
XapaKTEpPUCTHKOID, BEJIMYMHA SKOI B MeXax ‘‘process zone” MOXKe
3MIHIOBAaTUCS OUIBII HDK Ha TMOPSAJAOK, MPU I[OMY JUISI  THUIIOBHX
KOHCTPYKLIWHUX CTaje BeIMYMHA HAMOUIbII WMOBIPHOI  KPUTHUYHOI
nedopmMariii 3HaxXoAUThCs B okouti 2%.

. Jns cramedt michs rapTyBaHHA Ta BIJITYCKY CIIOCTEPITa€ThCS TEHICHITIS

3MEHIIICHHS] BEJIIMYUHU JIOKAJBHOTO HANpYXEHHS pyWHYBaHHI o, 13

30UIBIICHHSIM TEMIIEpaTypH, IO OOYMOBJIEHO BIUIMBOM KuibkocTi 3T B

“process zone” Ha BEIUYUHY o, .

. Ki1touoBOI0 yMOBOIO BCTAaHOBJIEHHS 3B SI3KY MIXK JIOKAIbHUMU TA 2100a16HUMU
XapaKTepUCTHUKAaMH KpPUXKOTO pPYHHYBaHHsS € CTaje 3HAYCHHS BEIMYUHU
KOPCTKOCTI HaIlPY>KEHOT'O CTaHy j = const , 1[0 PEaJi30BYETHCSA B PO3POOIICHI

METO/MII BUBHAUYECHHS KPUTHYHOT TEMIIEPATYPH KPUXKOCTI T, .

. Bennunna xoedimieHTa MEXaHIYHOI CTaOUIBHOCTI K 3a KPUTUYHOI

ms

TCMIICpAaTypu T, MOXKE BUKOPHCTOBYBATHUCA IJIA OI_[iHKI/I CTYIICHA OKPUXYCHHA

KOHCTPYKUIWHUX CTaJIe B yMOBaxX KOHUEHTpALl1 HAPYKEHb.
CryniHb TEPEeBUIIECHHS BEIMYMHU JIOKAJbHOTO HAMPYXEHHS KPUXKOTO

pPYWHYBaHHS o, HaJ MIHIMAJIbHUM PIBHEM KPHXKOi MIIIHOCTI R, (mapamerp

k, =0, /R,. ) XapakTepHU3ye 3JaTHICTh KOHCTPYKUIMHUX MarepiaiaiB YUHUTH

v
omip pyHHYBaHHIO B YMOBaX HEOJIHOPIAHUX CHJIOBUX IIOJIB, CTBOPIOBAHUX
KOHLIEHTpAaTOpaMU HamnpyXeHb, Ta MOXE PO3IISAATUCA K MOKA3HHUK SKOCTI
KOHCTPYKIIMHUX cTajed. BenuunHa 1p0r0 MEpPEeBUIIEHHS k, = o, /R,
3QJIEKUTh Bl KUIBKOCTI 3apOAKOBUX TPIIIMH, SIKI YTBOPIOIOTHCA B “process
zone”.

. B HIMPOKOMY 1HTEpBaI MILHOCTI KOHCTPYKIIHHUX cTajein

o, =370...1530MIla, cryniHp TepeBUIEHHS o, Hal R,. (mapameTp

k, =0, /R,. ) J&KUTh B Mexkax 1,28—1,40 Ta Mae TEHACHINIO O 3HWKEHHSA 13
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MIIBUIIEHHSM PIBHS MIIHOCTI crajeil. lle MokHa TOSCHUTH Pi3HOIO

IHTCHCUBHICTIO T€HEPYBaHHS 3apOJKOBUX TPIIIMH B (PEPUTO-NIEPIITHUX Ta
MapTEHCUTHUX CTaJIsX.

. BukopuctanHsi KOHIIEHTpaTopa HaNpyXeHb y BUTIIAMI KIJIBIIEBOTO HAAPI3Y
pamiycom 2 MM. Ta THOWHOI 1,4MM. Ha TJIAJKUX NHJIIHAPUIHHUX 3pa3Kax
aiaMeTpoM 8MM.  J03BOJISIE  BH3HAYUTH  PIBEHb  KPUXKOI  MIITHOCTI
KOHCTPYKIIIHHUX  CTajled  3a BEJIMYMHOIO HOMIHAJIBHOTO HaNpPYKCHHS
pyvinyBaHHs. lle cCyTTeBO crmpoirye METOAUKY EKCIEPUMEHTaIbHOTO

BU3HAUEHHS MIHIMAJIbHOTO PIiBHS KPUXKOi MIIHOCTI R Ta JI03BOJISIE

MC
BIJIMOBUTHCH B1JI TPYJOEMKHUX 1 BapTICHUX CeplalbHUX HU3BKOTEMIEPATYPHUX

BUINPOOYBaHb 3 BUKOPUCTAHHSIM TapiB TeIII0.



114
CIIMCOK BUKOPUCTAHUX IKEPEJI

. Ponp mucnokanuii B ynpouHeHuu M pazpyuieHunn MetaioB /B.C. MBaHoga,
JLK. lN'opnuenxo, B.H. 'emunoB u 1p.]. — Mocksa: Hayka, 1965. — 180 c.

. Stro A.N., A technology of the fracture of metals / A. N. Stro. // Adv. Phys. —
1957. — Ne24. — P. 418-440.

. Gilman J.J. Fraction of zinc-monocrystals and bicrystals // Trans. Met. Soc.
AIME. —-1958. - Vol. 212, N. 6. - P. 783-789.

. Grovan E. Dislocations in metals / E. Grovan — New York: AIME, 1954. —
64c.

. Ileru H. Meramnorpaduueckue acnektsl paspymenus / H. Ilery. -Mocksa:
Mup, 1973. - 420 c.

. Yashiro K. Ab initio study of the lattice instability of silicon and aluminium
under tension / K. Yashiro, M. Oho, Y. Tomita. // Material Science. — 2004. —
Ne29. — P. 397-408.

. Cottrell A. H. Theory of fracture in steel and similar metals / A.H. Cottrell. //
Trans. Met. Soc. AIME. — 1958. — Ne2. — P. 192-198.

. Petch N. I. Evaluation of frictional stress by using o stress — strain curves /
Petch. // Philosophical Magazine. — 2004. — Nel. — P. 866-878.

. Orovan E. O. Brittle fracture of notched specimens / E. O. Orovan. // Reports

on Progress in Physics. — 2004. — Ne11. — C. 185-199.

10.ITetpoB }O.H. [ducnokaionHasi CTpykTypa U 0COOCHHOCTH PAacIpOCTPaHECHHUS

BsI3KOM TpeuuHbl B apMko — xenese / FO. H. Tlerpos, A.C. paunnckuii, B.J.

Tpedunos. // YDXK. —1968. — Ne9. — C. 1535-1539.

11.Cemenuenko B. K. IloBepXHOCTHBIC SIBICHHS B MeTalylax U CIUlaBax /

Cemenuenko. — Mocksa: ['oc. U3/1-BO TEXHUKO-TEOPET. JIUT., 1957. — 498 c.

12.Epemenko B.H. Turan u ero crmnassl / Epemenko. — Kues: AH YCCP, 1960. —

111 c.

13.Cottrell A. Fracture and society / A. Cottrell. — Waterloo: Canado, 2005. —

200p.



115
14.Knott J.F. The Science and engineering of fracture /J.F Knott. // ®i3uko-

xiMiuHa MexaHika matepiamiB. — 1993. — Ne3. — P. 42-65.

15. TpeduioB B. N. dusznueckrne OCHOBBI MPOYHOCTH W IactTudHoctH / B. .
Tpedunos. — Mocksa: Meranyprusnat, 1963. — 290 c.

16.Stroh A.N. A theory of the fracture of metals / A. H. Stroh. // Advances in
physics. — 1959. — No5. — P.119-130.

17.Munbman 1O. B. Mexanusm pazpymenus metamios / 0. B. Munsman, B. H.
Tpedunos. — Kues: Haykopa qymka, 1966. — 259 c.

18.Modde A. Jledopmarms 1 nmpousocTs kpuctamwios / A. Hodde, M. Kuprnues,
M. Jleurkas. // KypHas pycckoro ¢Gpu3HKo-XUMHYECKOTro oomecTBa. — 1924, —
Ne5. — C. 499-503.

19.Ludwik P. Elemente der technologyschem Mechanic / P. Ludwik. — Berlin:
Springer, 1909. — 202 c.

20.KpacoBchkuit A. XpymKoCcTh METaJUIOB TMPH HUBKUX TemrepaTrypax / A.
Kpacoscekuii, FO. Kamranom. — Kues: HaykoBa mymka, 1980. — 340 c.

21.Bomme I''A Meroa OIEHKM KPUTHYECKHX TEMIIEpaTyp XPYMKOCTH IIO
KputepusiM TpeniuHoctoikoctu cranu 1612A®/ I'.A. Bomne, K.K. Ps6oii. //
3aBojckas adoparopusi. — 1984. — Nel. — C. 66-69.

22.MaxytoB H. A. MeTonapl onpeneneHuss KpUTHYECKUX TEMIIEPATyp XPYIKOCTH
JUIsl MaTepuasoB U snemMeHToB KoHcTpykuuii/ E. M. backo, H. A. MaxyTtos. //
3aBojickas adoparopusi. — 1981. — Ne9. — C. 78-81.

23.Wenpun I'. C. O BnusHUM MHUPUHBI 00pa3II0B HA BEIUYNHY yIapHOU BSI3KOCTH
M TIOJOXKCHUE KPUTUYCCKOW Temmeparypbl xpynkoctu cramu Cr.3mc /
I'. C. llenpun. // 3aBoackas nadoparopust. — 1982. — Ne6. — C. 71-72.

24.Anukosckuii B. B. O0 omnpeneneHun KpUTHUYECKOW TeMIepaTypbl XPYIKOCTH
cTajieu 51 3JIEMEHTOB KOHCTPYKLIMH KPEIEKHBIX 15631 (17071

sHeproodopynoanusi/ B. B. Anuxorckmii, 0. U. 3Be3nun. // 3aBoackas

nabopatopus. — 1982. — Nel2. — C. 58-62.



116
25.Uyp A. M. [edbopMalinoHHbIN KPUTEPUHN AJI ONPEACICHUs KPUTHUECKON

TEMIIEPATYPhl XPYNKOCTH MAaTePHAIIOB IIPH UCIBITAHUU HA YAaPHYIO BSI3KOCTH/
J. M. yp, C. A. llnak. // 3aBoxackas nadoparopus. — 1981. — Nell. —
C.70-74.

26.Yxuk I'. B. ConpoTuBneHue oTpbeiBy U NpoyHOCTh MeTaiuioB / I'. B. Yxuk. —
Mocksa: AH CCCP, 1950. — 255 c.

27.Konenbman JI. A. CompoTHBICHHE CBAPHBIX Y3JI0B XPYIKOMY pa3pyIIeHUIO /
JI. A. KonenbmaHn. — Jlenunrpan: MammHoctpoenue, 1978. — 232 c.

28.Hill R. The mathematical theory of plasticity / Hill. // Oxford press. — 1950. —
Ne2. — C. 250-260.

29.Krone K. Paspymienue otpeiBom 1o miockoctsiMm crnaitHoctu / K. Kione. —
Mocksa: Meranyprus, 1986. — 234 c.

30.Curry D. A. Relationship between fracture toughness and microstructure in the
cleavage fracture of mind steel / D. A. Curry, J. F. Knott. // Met.Science. —
1979. — Ne10. — P. 1-9.

31.Beremin F. M. A local criterion for cleavage fracture of a nuclear pressure
vessel steel / Beremin. // Met. Trans. — 1983. — Nel1. — C. 2277-2287.

32.Wiesner C. S. The 'Local Approach' to Cleavage Fracture - Concepts and
Applications / C. S. Wiesner.- Cambridge: Abington Publishing, 1996. - 103 p

33.Development of a simplified approach for using the local approach to fracture /
[M. D. Fant, V. L. Le Cog, O. Cleizergues and other.]. // Journal de physique
IV Coloque. — 1996. — Ne6. — C. 503-512.

34.Tsann Lin. Statistical analysis of cleavage fracture ahead of sharp cracks and
rounded notches / Lin Tsann, A.G. Evans, R.O. Ritchie //Acta metall. - 1986. -
Vol. 34 Ne 11, P. 2205-2216

35.Kotpeuko C. A., Mexanuka u pu3rka KBa3uxXpymnKkoro pa3pylieHus MeTaljIoB
B YCIOBUAX KOHIeHTpammu HampsikeHuid. CooOmienue 2. Teopermueckue
npencrasienus / C. A. Korpeuxo, }0.5. Memikos // IIpoGiembl TpoYHOCTH -

1999. - Ne 3, C. 5-16.



117
36.Kotpeuko C. A., OcHOBbl (PuU3MUECKOH TEOPUM KBA3UXPYIKOTO

pa3pyllICHUs] TOJUKPUCTAIUIMYECKMX METAUIOB B HEOJHOPOAHBIX MOJIX,
co3gaBaeMbIX KoHIleHTpatopamu HampsbkeHuit / C. A. Korpeuko, 1O. 4.
Memkos //M®duHT. — 1998. - T. 20, Ne 4, C. 46-58

37.Korpeuko C. A. Craructuyeckas MOJAEIb XPYHKOTO  pa3pylieHUs
nonukpuctammaeckux MeramwioB / C. A. Korpeuko // M®uHt. — 1994, —
T. 16, Ne 10, C. 37-49

38.I'ypeeB A. B. Brnusaue CTpPYKTYpHBIX HaIlpsOKEHUHM Ha MPOYHOCTH
noymkpuctamaeckux marepuanio / A. B. T'ypees, E. Il. bormanos //
[Tpo6iemsr mpounoctu. - 1984. - Ne 1, C. 68-73

39. Kotpeuko C.A  Cratuctuueckas MOJAEIb  XPYNKOTO  pa3pylICHUs
nomukpuctammnueckoro metammia / C. A. Korpeuko, HO. 5. Memkos,
I'. C. Mettyc // M®uHT. -1994. - T. 16, Ne 1, C. 37-49.

40.Wang G. Z. On locations initiating cleavage fracture in precracked specimens
of low alloy steel and weld metal / G. Z. Wang, J. H. Chen. // International
Journal of Fracture. — 2001. — Ne108. — P. 235-250.

41.Wang G. Title / G. Wang, J. Chen, G. Liu. // International Journal of Fracture.
—2002. — Ne118. — P. 57-76.

42.Wang, G.Z. A Comparison of Fracture Behavior of Low Alloy Steel with
Different Sizes of Carbide Particles / G.Z Wang, J.H. Chen // Metallurgical and
Materials Transactions. — 1996. — Ne27A. — P. 1909-1917

43.Wang, G.Z. On the measurement and physical meaning of the cleavage
fracture stress in steel/ G.Z Wang, J.H. Chen // International Journal of
Fracture. — 2002. — Ne118. — P. 221-227/

44 Wang G. The use of Quarter-Point Crack-Tip Elements for T-stress
determination in boundary element method analysis/ G. Wang, J. Wang, J.

Chen. // Engineering Fracture Mechanics. — 2003. — Ne70. — C. 2499-2512.



118
45.Wang, G.Z. Cleavage fracture criterion of low alloy steel and weld metal in

notched specimens / G.Z Wang, J.H. Chen // International Journal of Fracture.
—1998. — No89. — P. 269-284

46.bpoek /1. Beenenne B ocHOBHI MexaHuku paspymenus / JI. bpoek. — Mockaa:
Bricmas mkoma, 1980. — 119 c.

47 Memkos 1O. S. CtpykTypa MeTaymia u XpynkocTh CTajabHbIX u3aenuit / FO. S1.
Memikos, I'. A. [laxapenko. — KueB: HaykoBa gymka, 1985. — 214 c.

48.Kotpeuko C. A. IIpenensHas npounocts / C. A. Korpeuko, FO. A. Memkos. —
Kues: HaykoBa nymka, 2008. — 295 c.

49.Kotpeuko C. A. HoBblii HHXEHEpPHBI METOJ  MPOTHO3UPOBAHUS
TEMIIEpAaTypHOH 3aBHCUMOCTH TPEHIMHOCTOMKOCTH CTajel sl COCyJ0B
nasnenusi / C. A. Korpeuxo. // TIpobnemsr npounoctu. — 2003. — NoS. — C. 5-
12,

50.Kotpeuko C. A. JlokanbHblil MacmiTaOHBIN 3G (EKT Mpu XPYIMKOM pa3pylIeHUU
metamioB / C. A. Korpeuko, C. A. Mamenos. / M®uHT. — 2011. — Ne5. — C.
687-705.

51.Kotpeuko C. A. Kputnueckoe HampsKEHUE CKOJIA U «XpYyMHKas MPOYHOCTHY
nosmkpuctammaeckux metawioB / C. A. Kotpeuko. / MOuHT. — 1992, — NoS5.
- C. 3741

52.MemxoB FO. . Mexanuka u @Qu3uKka KBa3UXKPYIKOTO pa3pylIeHUs
MOJUKPUCTAIUIMYECKUX METAJUIOB B YCIOBUSIX KOHUEHTPALMKM HAIPSKEHU.
Coob6mienue 1. DxcnepumenTaabHbie 3akoHoMepHocTy / FO. A. Memikos, I'. C.
Mertyce, . . Huxonenko. // IlpoGrembl mpounoctu. — 1997. — Nod. —
C. 5-16.

53.Kotrechko S. Advances in fracture resistence in materials / S. Kotrechko, Y.
Meshkov, G. Mettus. — Kyiv: Sel. Pap. From ICF-8, 1993. — 314 c.

54 . MemikoB lO. fI. ®usndeckue OCHOBBI pa3pyIICHUS CTATbLHBIX KOHCTPYKIIHM /

IO. 4. Mewkos. — Kues: HaykoBa nymka, 1981. — 295 c.



119
55.Chen J. H. Fracture behavior of C-Mn steel and weld metal in notched and

precracked specimens. Part 2. Micromechanism of fracture / J. H. Chen, G. Z.
Wang. // Metallurgical Transactions. — 1990. — Ne21. — C. 321-330.

56.ASTM-1921-05 Standard test method for determination of reference
temperature, T, for ferrite steels in the transition range

S7.IMucapenko I'. C. [edbopmupoBanre U IpOYHOCTh MAaTEPUATIOB MPHU CIOKHOM
HanpsbkeHHoM coctostaum / . C. [Tucapenko, A. A. Jle6enen. — Kues: Hayxka,
1976. - 300 c.

S58.Horr JI. OcnoBbl Mexanuku paspymenus / Jx Horr. — Mocksa:
Meramnyprus, 1978. — 256 c.

59.Mexannka ¥ (puU3MKa KBa3UXPYIKOTO pPa3pyLICHHUs MOJUKPUCTALITMUYESCKUX
METaJUIOB B yCIIOBUAX KOHIIEHTpaluu HamnpspkeHuid. Coobmienue 3. BsizkocTb
MetaiioB U craBoB / C. A.Kotpeuko, 0. S. Memxkos, /1. 1. Hukoneunko, I'.
C. Metrtyc. // [Tpobmemu mpounoctu. — 2000. — Nel. — C. 72-92.

60.Korpeuko C. A. Craructuyeckas MOJEIb XPYMNKOTO  pa3pylIeHUsS
nonuckpuctanndeckux MetamwioB / C. A. Korpeuko. // MOuHT — 1994, — Ne10.
— C. 37-45.

61.KommbroTepHoe MOAETUPOBAaHUE BIUSHUS TTApaMETPOB pacIpe/ieNieHus 3epeH
Ha CTAaTHCTHYECKHE XapaKTEPUCTHUKU MPOYHOCTH MOJUKPUCTAIIIMYECKOTO
xkeneza B xpynkom coctostHuu / [[T. II. 3umuna, C. A. Kotpeuko, FO. 4.
MemikoB Ta iH.]. / M®uHT. — 2001. — Ne6. — C. 821-831.

62.Kotpeuko C. A. BrnusHue MAMCIOKAIIMOHHBIX TIONIEH HANpsHKEHUN Ha
oOpa3oBaHHE U pa3Mephl 3apOJIBIIIEBBIX TpemUH B mosmkpucramiax / C. A.
Kotpeuxo, 1O. {. Memkos. /M®uHT. — 1997. — Ned4. — C. 43-50.

63.Kotpeuko C. A. Craructuueckass MOJENb XPYMHKOTrO paspylieHust (heppuro-
nepautHbIX ctaneit / C. A. Korpeuko. // M®uHT .— 2001. — Nel. — C. 103-122.

64.Maxynos H. A. ConpoTuBieHHE €JIEeMEHTOB KOHCTPYKIIH XpYyHmKOMY

pazpyumenuto / H. A. MaxynoB. — MockBa: Mammnoctpoenue, 1983. — 200 c.



120
65.Kotrechko S. Fracture toughness of cast ferritic steel applying local

approach / S. Kotrechko, Y. Meshkov, I. Dlouhly. // Theoretical and applied
fracture mechanics. — 2007. — Ne2. — C. 171-181.



120
JTOJATKHA

MHUHUCTEPCTBO OBPA3ZOBAHIA M HAYKH, MOJOJIEXH H CHOPTA YKPAHHDI
FOCYJIAPCTBEHHOE BhICHHIEE YYEBHOE 3ABEJIEHHNE
HPWJIHENTPOBCKAS TOCYIIAPCTBEHUAA AKAJIEMIEA

CTPOUTENIBCTBA M APXHTEKTYPbI

VTBEPKJIAIO: VTBEPAKJIAIO:

uy.Mibuyan
J AJO, Jlockytos

OTYET

(10 Hay4YHO-HCCIenoBaTebeKoil paboTe
«Onpobosanne B ycnosuax MMK nm. Fuibiua METOAMKH 10 OLUEHKE CKAOHHOCTH
cTanM K XpYNKoMy paspyuiernio, pazpaboranioil MM® um. KypaioMoBa coBMeCTHO ¢
I'BY3 «l1I'ACA», na wrpuncosom copramente JLE-3000»
(1o s0roBopy 0 TBOpYECKOM corpyannuectse Ne 3005)

nx LUIMK
A.l'. Kypne

Hauanenuk HUY. x.1.m.
"J L AA. Tuimiox

Hayuusiii pykosoanTtens,
3a8.Ka(. MaTepHaNOBeICHUS 1

00pabopru MatepHanos,
N
H.bonsaxon

Pyxosoaurens HU
K.T.H., 101eHT

(A1l Hocenko

r. Anenponerposck, 2013



121
CHucoK MCIOJTHUTEJICH.
B paGore npuHumaam yuacrue:
Or UM® um. I'.B. Kyparwomosa:

Crapumii HAy4YHBI COTPYIHHUK,
KaHauaaT GU3MKO-MaTeMaTHIECKUX HAYK HInsau A.B.

Hayunsb1i1 coTpyHuK,

KaHAUJAaT (PU3UKO-MAaTEMATUYECKUX HAYK 3anapnas A.B.
AcnpaHT I'pumenxo B.H
OT1 I'BY3 «IIT'ACA»:

Kannunar TexHu4eckux Hayk,
noteHT kadenapsl «MartepuanoBeaeHue u 00padoTka Mmarepuano» Hocenko O.I1.

CryneHTtka 5 Kypca, MarucTp dénopora U.C.

Ot «MMK um. Habuuax:
3amecturenpb HadanpHuKa [[JIMK Mypamkus A.B.

HavyanpHuK MeXaHUYECKOM IKCIIpeCC-I1adopaTopun
No2 ITJIMK 3epuunkuii J1.1.

Havansauk npokaTtHoit nadopatopuun Ne3 [IJIMK Tapacenko O.C.

HavansHuk rpynmsl npokatHoi nadopatopuu Ne3 [IJIMK [ebanu M.IO.



