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HucepraiiitHa po6oTa npucBsideHa po3poOJEeHHIO MPUHIUITIB 3HOCOCTIHKOCTI,
IO TPYHTYIOTHCS Ha 3aKOHOMIPHOCTSIX 3B’SI3KYy CTPYKTYPOYTBOPEHHS 3 TEOMETPIEI0
TpUOOJIOTIYHOTO KOHTAaKTy Ta 1X peaii3aiisi B KEpyBaHHI Mpale3IaTHICTIO
HU3BKOJIETOBAHUX  KOHCTPYKIIHHUX Ta  IHCTPYMEHTAJIbHUX  CTaled  Tpu
OOIpYHTYBaHHI ONTUMAJIBHUX PEKUMIB TEPMIYHOTO OOPOOIIEHHS.

Metogamu crepeoMeTpuuHOi MeTtanorpadii MpOBEIEHO aHali3 PO3MIPHHUX
napameTpiB TBEpJ0i IHTEpMETANIAHOI (pa3H OJTHUX 3 HAWKpaLIUX IPH eKCIUTyaTarlii 3a
YMOB BHCOKHX Ta CepeIdHIX HaBaHTAXEHb AaHTU(QPUKIINHUX CIUIaBiB —
BHCOKOO0JIOB’sHUCTOTO 6a01Ty B83 Ta #ioro CBUHIIEBO-0JI0B’SHUCTOTO 3aMiHHUKa BT,
MIKpOCTPYKTypa sikux c¢opmoBaHa 3a npunHuunoM [lapni-bousapa. Ilnsxom
NOpIBHAHHA OTPUMAaHUX 3HAUY€Hb 3 EKCHEPUMEHTAJIbHUMU Ta TEOPETUUHUMU
JITEpaTYpHUMHU JaHUMHU BCTAHOBJIEHO, IO PO3MIPU Ta PO3MOIIT CTPYKTYPHHX
CKJIa70BUX 0a0ITIB 3 MIABUIICHUMHU MEXaHIYHUMHU XapPaKTEPUCTUKAMH € OJM3bKUMHU
JI0 pO3MIPIB Ta PO3MOALTY IIJISIM KOHTAKTY MTPU KOHTAKTHIM B3a€MO/11i TBEPAMX TLJT ITi]T
gac TepTs. ToMy 3p00JICHO MPUIYIIEHHS, [0 BUCOKa 3HOCOCTIMKICTh Mapu TepTs
«cTanp-0a01T» MOB’sS3aHa 3 THM, 1[0 PO3MIPH Ta PO3MOALT CTPYKTYPHUX CKIIAIOBUX
0a01TiB 3 MiABUIICHUMHU MEXaHIYHUMHU XapaKTEPUCTUKAMU € OJM3bKUMHU J10 PO3MIpPIB
Ta PO3MOJAUTY IUISIM KOHTaKTy B CXE€Ml1 KOHTaKTy TBEpAUX Tl mpu TepTi. Takox

chOpMOBaHO OCHOBHI 3aKOHOMIPHOCTI Ta BHUMOTH JO OpTaHi3allii 3HOCOCTIMKUX

CTPYKTYP.



[IpoBeneHi ckiIepOMETpUYHI IOCIHIIKEHHS MOBEpXHI 3paskiB ctam 40X B
3arapTOBaHOMY CTaHIi MOKa3aiH, 1o mcis raptyBanHs Big 860 ta 1050 °C cepenne
3HA4YEeHHS MIKpoTBepAoCTI Hcep 3paskiB mpu HaBaHTakeHHI Ha iHAeHTOp 20T He

2, a rapryBanns Bix 1160 °C

3MIHIOETBCS Ta 3aIMINACThCA Ha piBHi 6,8-10° H/MM
36inbIrye Heep 10 8000 H/Mm?2, TIpu mboOMy pO3KHI 3HA4Y€Hb MiKPOTBEPAOCTI Y BCiX
BUITAJIKaX € MPUOIU3HO OHAKOBUM. BoHOUAC micst Bucokoro Biamycky mpu 600 °C
CepelHE 3HAYCHHs MIKPOTBEPJOCTI BIAMYIIEHUX 3pa3KiB 3  IMIJABUIIESHHIM
TemmepaTypu rapryBadns Big 860 no 1050 ta 1160 °C 36inemyerses 3 2,3-10% mo
2,9-10° ta 3,9-10° H/MM? BiAmOBiZIHO IIPU CyTTEBOMY 3POCTaHHI iIHTEpPBAIY PO3KUIY
11 3HAYCHb.

Kpim Toro, sk B 3arapToBaHHX, TaK 1 BIAMYIIEHUX 3pa3Kax B3JOBX MOAPANHHHA
BUSIBJICHO JIBa THUIIM MAaKCUMYyMIB MIKpOTBEpAOCTI. Jl0 mMepmoro BiAHOCSTHCS
HAWOMKYl OJMH JI0O OJHOTO, CEpelHs BiJicTaHb T1 MK SKHUMH TMPaKTUYHO HE
3MIHIOETBCA 3aJIEKHO BlJ TEMIIEpaTypd TapTyBaHHS 1 3HAaXOOUThCA B Mexkax
46,8...55,5 mkm. Jlo apyroro — MakCUMyMU 3 OUIBIIMM TmepiogoM T, AKui
30uIbIyeThes 3 122,1...147,6 o 240,0...250,0 ta 489,2...611,4 Mkm Ta yiTKilIe
BUSIBISIETHCS TIPU 3pOCTaHHI TEMIIEpaTypH TapTyBaHHS.

MertanorpadiuHi T0CTiKEHHS MIKPOCTpYKTypH cTtan 40X B 3arapToBaHOMY
CTaHI1 MMOKa3ajH, 0 30UIbIIEHHS TeMmiepaTypu raptyBanss 3 860 1o 1050 ta 1160 °C
CIIpUSIE POCTY CEPEIHBOr0 diaMeTpy aycTeHiTHoro 3epHa 3 22,1 mo 101,7 Ta
239,2 MKM, CEpeTHBOTO pO3Mipy MmakeTiB MapteHcuty 3 8,9 mo 53,4 ta 111,5 Mxm
BimoBinHO. [Ipu 1mboMy momnepedyHuil mepepi3 perok MapTEHCHUTY 3MIHIOETHCS B
HecyTTeBO 3 0,37 Ta 0,52 Ta 0,53 MKM BiANOBITHO.

TpaHcMmiciiiHl  €1eKTPOHHO-MIKPOCKOIIYHI JOCTIPKEHHST TMOKa3ajiu, M0 B
MIKPOCTPYKTYp1 3arapTOBaHUX BiJ] pI3HUX TeMIepaTyp 3pa3kiB ctaii 40X mpucyTHiH
MapTEHCHUT JIBOX THUIIB — MAKETHUH 3 peiKOBOIO OY10BOIO Ta royactuid. [Ipu upbomy
3 NABUUIEHHSAM Temmneparypu raptyBaHHs a0 1050 ta 1160 °C 3011bl1yr0ThCS

po3Mipu Ta 00’€MHA YacTKa TOJYACTHX KPUCTAJIB, BCEPEIUHI SIKUX 3 SBIISIOTHCS



MIKPOJBIMHUKOBI MEXKI.

JlocmDKeHHST MIKPOCTPYKTYPHU TICIsS BHCOKOTO BIJIMYCKY BHUSBHWJIH, IO
M1JBUILIEHHS TEMIIEpaTypH TapTyBaHHS CIIPUs€ 3pOCTAHHIO BeTU4YrHM KapOiiB. [Ipu
IIbOMY TIPU BIAMYCKY MAKETHOTO MAapTEHCUTY BHUAUICHHsS OUIBIN JHCIEPCHUX Ta
PIBHOOCHHX KapO1/1iB BiAOYBA€EThCS, IEPEBAYKHO, HA MEKaX PEHOK, a TOJIYaCTOro — Ha
MIKPOJBIMHUKOBUX MeEXaX BCEpeArHI KpHCTaliB MapTeHcuTy. CepemHiil miamerp
kapOi1iB 3araproBanoi Big 860, 1050 Ta 1160 °C Ta BiamymieHoi crani 40X, ckianae
0,049, 0,056 Ta 0,061 MKM BiAITOBITHO MIPH MOSBI IMICJISA TAPTYBAHHS BiJT T IBUIIIEHUX
TeMIlepaTyp KpynHUX kapOiiiB po3Mipom 01u3bK0 0,2 MKM.

AHai3 BIUIMBY MIKpOCTPYKTYypH cTaji 40X Ha pe3yiabTaTu CKIECPOMETPUUHUX
JTOCIIKEHb TMOKa3aB, 10 (DaKTOpoM, SKUM BHU3HAYa€ IUKIIYHICT T1 3MIHH
MIKpPOTBEPAOCTI NMPU HABAHTAKEHHI HA 1HACHTOP 3pa3KiB IMICJIs TapTyBaHHSA Bij
860 °C e mexi 3epeH, Big 1050 °C — Mex1 3epeH Ta IMaKeTIB MapTEHCUTY, a Bij
1160 °C — wmexi 3epeH, MakeTiB Ta OJIOKIB MapTEeHCHTYy. BojHouyac BUSIBICHE
MIJBUIIEHHS Ta 3MiHA XapaKTepy HUKIIYHOCTI 3HAYEHb MIKPOTBEPIOCTI 3 TIEPI0IOM
To, 30UTbLIEHHS PO3KMAY il 3HAUYEHb MPU 3POCTAHHI TEMIEPATYpU TapTyBaHHS
MOB’sI3aHE 13 3pPOCTAaHHSM HEPIBHOMIPHOCTI PO3MOUTY BYTJIEIIO Ta YTBOPEHHSIM B
ctaii 40X MiKpooO’eMiB, IO YEPrYIOTHCS, SIKI 32 XIMIYHHM CKJIaJ0M BIATIOBITAIOTh
BHCOKOBYTJICLIEBI a00 HU3BKOBYTJEIEBIN CTali, 110 BIUIMBAE Ha PIBEHb Ta 3HAK
HaIpy>KeHb, SKI BUHUKAIOTh MPU MAPTEHCUTHUX TEPETBOPEHHSIX Ta BU3HAYAIOTh
0CcO0JMBOCTI CPOPMOBAHUX CTPYKTYP SIK IMICIS TApTyBaHHS, TaK 1 BIAMYCKY.

TpuOonoriudi BUITPOOYBaHHS 32 CXEMOIO «JIUCK-KOJIOAKa» B PEXHUMI CyXOTo
TEpTs KOB3aHHS 31 MBUAKICTIO KoB3aHHA V = 0,5 M/c mpu HaBaHTa)XEHHS Ha 3pa3Ku
P=300 H mo cram 45 3 tBepaictio 42...44 HRC mnokazanu, 1o MiABUILICHHS
temmnepatypu raptyBanHs 3 860 qo 1050 °C He 3Ba)karouu Ha 3HUXKEHHSI TBEPIOCTI
3MeHIye Ha 19% I1HTEHCHUBHICTb 3HOIIYBaHHS SK 3pa3KiB JOCHIKYBaHOI CTajl 3
3,719:10® 10 3,012-10°8, Tak i Ha 29% konTprina 3 1,604-108 no 1,138-1078 uepes

3sMmeHImieHHss koedinienty Tepts 3 0,199 mo 0,164. Ilomampmie 3pocTaHHsS



teMriepaTypu raptyBaHHs g0 1160 °C miaBuilye 3HaueHHS KOe(IIIEHT TEpTsS 0
0,169, He3HauHO 3MeHIIye 3HOCOCTIHKICTh cram 40X mo 3,125-10°® Ta He 3minIOC
KOHTpTLIA.

AHami3 BIUIMBY OCOOJMBOCTEH  MIKPOCTPYKTYPH Ha 3HOCOCTIHKICThH
JOCITIKYBaHOT CTajIl ITOKa3as, 110 3pOCTaioya HEPIBHOMIPHICTD PO3MOJILTY BYTJICIIO
B crami 40X 3 migBUIIeHHSM TeMmmeparypu rapryBanHs 1o 1050 °C cmpusie
30UIBIIICHHIO PO3MIPIB BHCOKOBYTJICIICBUX KPHCTAJIB I'0OJIYACTOIO MApPTEHCHUTY Ta
BUJIIJIEHHIO B CEPE/IMHI HUX Ha MIKPOABIMHUKOBUX TPAHUIX MPU BIAIYCKY OLIbII
KPYIHUX MOPIBHSIHO 3 TAKETHUM MapTEHCUTOM KapOi/1iB, CTAOUIBHUX JI0 pO3Ialy IpH
IacTU4HIN nedopmartii mij yac GpukiiitHoro koHTakTy. [Ipy oMy Ha MOBepXHi
TEPTS YTBOPIOKOTHCA JUISHKH MIKPOCTPYKTYPH, SIKI MAalOTh MiJABUIIECHI MEXaHI4HI
XapaKTEPUCTUKHU, MOXKYTh BUKOHYBATH POJIb CTIMHKHX J10 PyWHYBAHHS IIJIIM KOHTaKTy
Ta (hopMyBaTH (PaKTUYHY IJIOILY KOHTAKTY.

[lopanpiie 30iMbIIEHHST TemmepaTypu TapryBanHa g0 1160 °C xowa 1
MPU3BOAUTH /10 YTBOPEHHS I11€ OIBIIOT HEPIBHOMIPHOCTI PO3MOAUTY BYTJICLIO 3 IIIE
OUTPIIMMHM  KpPUCTAJlaMH TOJYacTOr0 MAapTEHCUTY, ajieé MpH I[bOMY 3HAa4yHO
30UTBIIYETHCA  BIACTaHb MK MIKpoOO’eMaMu Marepialy 3  MiJIBUIICHUMH
MEXaHIYHUMH XapaKTEPUCTUKAMHU Ta 3MEHINYETHCS 1X KUIBKICTh Ha MOBEPXHI TEPTH,
10 3MEHIIY€ CTIUKICTh A0 3HOITYBAHHS MOPIBHSHO 13 3pa3kamu, 3arapTOBAaHUMH BiJl
1050 °C. CtBopeHa TakUM YMHOM T€TEPOT€HHA CTPYKTYpa, sika OJU3bKa J0 CXEMHU
KOHTaKTHOI B3a€MO/Ii1, € OJJHUM 3 BUpIIATbHUX (PaKTOPIB 3MEHIIIEHHS IHTEHCUBHOCTI
3HOUIYBaHHS K 3pa3KiB, TaK 1 KOHTPTLUIA, IO MIABUILY€E 3HOCOCTIUKICTD Mapu TEPTS
B IIJIOMY.

AHasoriyHi gociimkeHHs: Oynu mpoBeaeHi Ha ctaini 40XHM. BumiproBanHs
MIKPOTBEPAOCTI METOAOM JIpSIIaHHS MPU HaBaHTaXXEHHI Ha 1HaeHTOop 20 I moKazanu,
1o micias raptyBanss Big 860, 1050, 1160 °C crane 40XHM nopiBHSHO 13 CTAJLIIO
40X Mae BUIII cepelHi 3HAYEHHS MIKpPOTBEpHOCTi Ha piBHi (9,6...9,8)-10° H/MMm?,

Boanouac mpu rapryBansi Big 1160 °C MikpoTBepaicTh € HallHMX4YOI0. Bucokwii



Bizmyck mpu 600 °C He 3MIHIOE XapaKTep PO3IMOALITY MIKPOTBEPIOCTI, a JIUIIE 3HIKYE
il 3aranpHUi piBens 10 (4,7...5,4)-10° H/Mmm?. MiHiMabHi 3Ha9€HHS MiKPOTBEPIOCTI,
SIK 1 B 3arapTOBaHOMY CTaHi, MarOTh IOKpAIIeH1 3pa3Ku micis raptyBadss Big 1160 °C.

Ak 1y Bunagky crani 40X, Ha ckpeurpamax ctam 40XHM cnoctepirarotbes
JIBa TUIIM MAaKCUMyMIB MikpoTBepaocTi. CepeaHe 3HaueHHs nepiony T1 JEXUTH B
mexax 53,0...73,0 mxm. CepeaHs BiicTaHb MK MAaKCUMyMaMH 3 O1UIBIINM MEP1010M
T, 13 3poctanns Temnepatypu raptyBanns 3 860 o 1050 Ta 1160 °C 36inburyeThes 3
194,0 no 220,0 ta 250,0 mxm. Ile Bkazye Ha Te, Mo Ha BiAMiHy Bijg ctam 40X,
NiABUIIEHHA Temneparypu rapTyBaHHs ctami 40XHM He mae Takoro CHIBHOTO
BIUIMBY HAa PIBEHb Ta PO3KHUJ 3HAYEHb MIKPOTBEPAOCTI HPH CKICPOMETPUYHUX
BUMPOOYBAaHHIX, XO04a JIe[0 30UIbIIyEe BEIUYUHY MEPIOAMYHOCTI MAKCHUMYMiB
MikpoTBepaocTi T.

[Ipu pgocnimxenHi MikpocTpyktypu ctani 40XHM BusiBiieHo, 110 3arajabHU
BIUIMB TEMIIEPATypH rapTyBaHHsS Ha PO3MIPHI XapaKTEPUCTUKU ayCTEHITHUX 3€pEH,
MAKeTIB 1 KPUCTAJiB MAPTEHCUTY € aHayoriynum, sk 1 ans craiai 40X. [lpu Beix
TEMIEpaTypax TrapTyBaHHS BHUSBJICHO MAaKETHUW Ta Trol4acTU MapTEHCHUT, ajie
PO3MIpH KPHUCTAIIB OCTaHHHOTO € MEHIMMH, HiK y craimi 40X. 30iablieHHs
temneparypu raptyBanas 3 860 mo 1050 ta 1160 °C cnpusie pocTy cepeaHboro
niameTpy aycteHiTHoro 3epHa 3 13,6 mo 97,4 ta 326,6 MKM, CEpeHROTO PO3MIpY
naketiB MapreHcuty 3 7,4 no 47,6 ta 135,8 MkM, momepedHOro mepepizy penox
maprerncury 3 0,38 ta 0,44 ta 0,56 MKM BiAIOBITHO.

BuBuenHns kap6inHux BuAUIeHb micis Biamycky npu 600 °C mokasanu, 110
M1JBUILIEHHS TEMIIEpaTypy rapTyBaHHs CIPUSIE POCTY CEPEIHBOIO PO3MIpy KapOiiB
3 0,019 mo 0,042 Ta 0,057 MKM Ta 3pOCTaHHIO YacCTKH KapOifiB pO3MIpOM TMOHA
0,10 mxMm. Tlpu 1mpomy ixHiI po3Mmipu 3Ha4HO MeHIm HiX B cTaimi 40X, OCKITbKH
JIETyBaHHs cTajled MoiOJieHOM 3a0e3neuye MiABUIICHY JUCHEPCHICTh Ta OUIbII
OJIHOPIJIHE BUAICHHS KapOigHoi da3u. Lle moBoauTs, 1110 MOpGoIoridHi 0COOIMBOCTI

OyZI0BU roJI4aCTOr0 Ta MaKETHOTO MAapTEHCUTY BIUIMBAIOTh HA PO3MIPU Ta PO3MOALI



KapO11HOT (pa3u Micisg BUCOKOTO BiIMYCKY.

AHani3 3B 53Ky CKJIEPOMETPUYHUX JOCIHIJKEHb 3 €JIEMEHTAMH CTPYKTYpHU Ta
posmnoaiioMm Byriaero B ctaini 40XHM nokazas, 1110 BUSIBJICHE ITiBUILIEHHS 3HAYEHHS
nepiogy T, mpu 301nblIEHH] TeMIepaTypHl rapTyBaHHS TOB’s3aHE 13 3pOCTAIOUOI0
HEPIBHOMIPHICTIO PO3MOJILTY BYTJIEHIO Ta piBHEM BHYTPIIIHIX HaNpyXeHb. Ajie, Ha
BigMiny Bin ctam 40X, mepiog T, Ta po3kua 3HaU€Hb MIKPOTBEPAOCTI B CTali
40XHM 3MiHIO€TbCS HE B Takii 3HAYHIA CTETMEHI, IO MiATBEPKYETHCS MEHIIUM
BIUIMBOM TEMIIEpaTypy TapTyBaHHS Ha PICT KUIBKOCTI Ta pPO3MIpYy TIOJIYacTUX
KpucTaiaiB MapTeHcuTy. Jlomatkose seryBanHs craii 40X Hikenem Ta MOJIOAEHOM
CTpuMy€ 30UIbIIEHHS OOJacTel CKyMYEHHs BYIJIELIO Ta 3pOCTaHHSA B HHUX HOro
KOHIIEHTpaIlli 3 MiABUIICHHAM TEeMIlepaTypu TapTyBaHHs. Lle cympoBOmKyeThCS
3HIDKEHHSIM PIBHSL BHYTPIIIHIX HAaNpyKEeHb MiJ 4Yac rapTyBaHHsS Ta 3POCTaHHAM
ctifikocti ctani 40XHM o yTBopeHHs rapTyBaJIbHUX TPIIMH MOPIBHSIHO 31 CTAJLIIO
40X.

BunpoOyBaHHS Ha 3HOLIYBAaHHS, MPOBEACHI 3a YMOB, AHAJIOTIYHUX [0
BUNpoOyBaHHs ctaji 40X, mokasaiu, 1o MABUIICHHS TeMIIepaTypH TapTyBaHHS J10
1050 °C, 36inbimye omip 3HonryBanHi0 ctam 40XHM mumre Ha 5,7% 3 2,599-10°8 no
2,451-10°® ta mesnauno 3menmye xoedinicar Tepra 3 0,154 mo 0,150. IMomanbme
3poCTaHHs Temneparypu TaptyBanHs A0 1160 °C 30uiblye 1HTEHCHUBHICTH
sHouryBanHs craixi 40XHM Ha 8,5% no 2,821-1078 BigHOCHO 3pa3kiB, 3arapToBaHmuX
BiJI CTaHAAPTHOI TeMIEpaTypH, Ta koeditieHt Tepts 10 0,156.

Amnani3 BBy Mopdosorii kap6iaHoi (ha3u Ha 3HOCOCTIHKICTh cTaii 40X Ta
40XHM nokazas, 1110 XapakTep po3Moiay, MiClle BUIICHHS, KIJIbKICTh Ta MEXaHIYH1
BJIACTUBOCTI KapOiHOI (a3u € OJHUMH 3 OCHOBHUX (DaKTOpIB, SIKI BIUIMBAIOTH HA
MILIHICTb 1 OMIp MaTepialliB 10 pyHHYBaHHS NP 3HOIIYBAHHI.

3a 10MOMOTr 00 MAaKPOCKOMIYHOTO aHaNI3y HUTi(iB epepi3y CyLUITbHOKAaTaHOTO
BaroHHOTO KoJjleca MICJis €JeKTPOAYTOBOTo HarutaBieHHs mija ¢urocoMm craii 0812C

BUABWIIM 30HM HAIUIABJIICHOI'O IHapy, CINIABJICHHA ABOX HAIIIABJICHHUX mapiB,



CIUIaBJICHHSI OCHOBHOTO Ta HAIUIaBJIEHOTO METATy Ta TEPMIYHOTO BILJIUBY.

CkyepoMeTpHYHi JTOCTIHKEHHS TEepIIuX JBOX 30H NpW HaBaHTakeHH1 100 r
BUSIBWIM, IO CEpPEHI 3HAYEHHs iX MIKPOTBEPAOCTI BIIPIZHSAIOTHCS HECYTTEBO Ta
cknagaroth 1923,5 Tta 1853,6 MIla BignosigHo. BojgHouac MakcuMalibHI Ta
MIHIMaJIbHI 3HAYEHHS MIKPOTBEPJOCTI 30HU HAIUIABJICHOTO IIapy PI3HATHCS Maike
BIBiUl Ta ckiamarTh 1440 ta 2780 MIla Biamosimno. Ilpu 1mpomMy Ha ckpedrpami
YITKO BUSBISETHCS MEBHA MepioguuHicTh 3 mepiogom T,. Ha BiaMiHy Bix 1bOTO
MIKPOTBEPICTh 30HU CILJIaBJICHHS JIBOX HAIUIABJICHUX ILAPIB 3MIHIOETHCS B MEXKax
1540...2150 MlIla, makcumalibHi Ta MIHIMAJIbHI ii 3HAYEHHSI BIAPI3HAIOTHCS JIMIIE HA
30%, a mepion T2 BUSBUTH BaXKKO.

CriBcTaBiieHHS JOCTIIKEHb MIKPOTBEPIOCTI Ta MIKPOCTPYKTYPH MOKA3ye, 110
Ha CKpeurpami 30HHM HaIUIaBJIEHOro 1Iapy BIACTaHb MK MiHIMyMaMU CHIBIAJa€ 3
HEHTPaMH OCEH MEePBUHHUX KPHUCTAIITIB CTPYKTYpPH, & MK MakCUMyMamu — 3
LEHTpaMHU MI>)KOCHUX JIUIIHOK. BoiHOYac HeBenuKUii po30ir 3HaY€Hb MIKPOTBEPIOCTI1
30HU CIUIABJICHHS JIBOX HAIUIABJICHUX IIAPIB MIATBEPPKYETHCSI TOMOIEHHICTIO il
CTPYKTYpH.

BunpoOyBaHHST Ha 3HOILIYBAaHHA BHSIBWIM, ILIO MpU OJIM3BKIM TBEPAOCTI
CepelHs 3HOCOCTIMKICTh 30HHU HATUIABJICHOTO MIaPy 3 HEOAHOPITHOIO 32 MEXaHIYHUMHU
XapaKTEpUCTUKaMHU OynoBor ckiaamae 12,63-10® ta e Bumor, HiXK y 30HH
CIUIaBJICHHS JBOX IapiB 3 TOMOIEHHOK MIKPOCTPYKTYPOIO, IO Ma€ 3HAYCHHS
14,60-10%. BogHoYac 3HOCOCTIMKICTh HAIUIABIEHOTO INAPY 3 OPICHTOBAHMMHM
KPUCTAIIITAMH, CIPSIMOBAHMMH TMEPICHIUKYISIPHO 10 TOBEPXHi, 3HAXOAUTHCA B
npsMiid 3aJ€XKHOCTI BIJ JHUCIEPCHOCTI TMEPBUHHMX KPHUCTAIITIB, sIKa BU3HA4ae
sHaueHHs nepioay To. Ii 36inpmenns y 2,5 pasu nokpantye Ha 15,9% 3HOCOCTIiHKICTH
nmuToi neHaApuTHOI cTpykrypu 3 11,5-108 mo 13,7-10°® ta ma 27,0% nopisasaHO 3
romoreHHowo. Ilpu 1bOMy HEOOXiHO 3a3HAYUTH, IO MAKCUMAJIBHUU MPUPICT
3HococTiiikocTi crami 0812C y auTomy craHi, sik 1 mokpamieHoi cram 40X, mae

cTpykrypa 3 mepiomgom Tz =200,0...250,0 Mkm. 30iIbIIEHHS IIHOTO TEPIOAY [0



500,0...600,0 MmxM moTripIrye 3HOCOCTIUKICTh 000X CTaJeH.

CknepoMmeTpuuHi gociimkeHHs ctainl X6B® micis craHaapTHOI TEpMIYHOT
00poOku (raptysanns Big 1000 °C B omuBy, Biamyck mpu 200 °C) npu HaBaHTaKEHHI
P = 20 r nokasanu, o cepeaHe 3HAYEHHS MIKpOTBepaoCTi cknanae 9,8 - 10° H/mm?,
a CTPYKTYpa 3a MEXaHIYHUM XapaKTepUCTUKaMU OJu3bKa 10 onHOopiAHOi. IIBuaKicHa
enexkTpoTepmiuyHa o6podka Big 760, 820, 950 Ta 1060 3 mBHAKICTIO HarpiBaHHS
V,=(1...2) - 10° K/c Ta mactynaum Bigmyckom npu 200 °C 3 HarpiBaHHAM y nedi
COpHsi€ JIHIMHOMY 3pPOCTAHHIO CEPEJHBOrO 3HAYEHHS MIKpOTBepAocTi 3 3,6 10
8,5 10° H/mm? Tlpu raprysanni Big 1100 °C BinOyBaeThcsl pi3Ke 3pOCTaHHS
CEpENHLOr0 3HAa4eHHS MiKpoTBepaocti mo 22,6 - 10° H/MM?, a mpu noganbmioMmy
nigBuieHHl temrnepatypu go 1200 °C — Take came pi3Ke 3MEHIIEHHS [0
8,5 - 10° H/mm?2.

Busnauennsi TBepaocti 3a MeroioM PokBena crami mokasano, IO MiCHs
CTaHJapTHOI TepMiuHOi 00poOku BoHa ckiiasae S8 HRC. [Ipu BUKOpUCTaHH] BEIMKUX
IIBUKOCTEH HArpiBaHHS 3 MABUIIEHHSM TeMrepatypu rapTyBadHs 3 760 1o 1100 °C
TBEPIICTh 3pa3KiB 30UIblIyeThC Maibke diHIHHO 3 45 mo 58 HRC. Ilopanbiue
nigBumieHHs temmneparypu 1o 1200 °C mpusBoauts 1o ii 3HmwkenHs go 55 HRC.
BigHocHO HU3BKI 3HAYE€HHS TBEPAOCTI ISl Temmeparyp rapryBanHs 760, 820 Ta
950 °C cBiguaTh, OYEBUIHO, TIPO HE3ABEPIICHICTH MPOIIECIB ayCTEHITU3AIII 3a TAKUX
TEMITepaTypHO-IIBUIKICHUX YMOB TrapTyBaHHS.

AHaJi3 pe3ysbTaTiB BUPOOYBaHb HA 3HOCOCTINKICTD MTOKA3aB, 1110 TapTyBaHHs
3 TJIBUIIIEHOTO MBUAKICTIO HarpiBaHHs Big Temneparypu 1100 °C 3amxkye B 2,2 pa3u
3 3,15:10° ngo 1,44-10® macoBy iHTeHCHBHIiCTH 3HOmIyBaHHS crami X6BD vy
MOPIBHSIHHI 13 3pa3KaMu IICs CTaHAAPTHOI TepMIdyHOI OOpOOKH, a Mojajblie
30inbIIeHHs TemnepaTypu rapryBanns 10 1200 °C — B 1,7 pasu go 2,43-10°8. TIpu
IbOMY pO30ODKHICT, 3HaueHb He mnepeBunrye 7...10%. Boagnowac cepemnHs
IHTEHCUBHICTh 3HOIIyBaHHS crTaili X6B®, 3araproanoi Bim 1060 °C 3a ymoB

IMBUIKICHUX HarpiBasb ckaagae 1,96-107%. i sHauenHs KONMMBAIOTHCA B IMPOKOMY
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nianaszoni Big 0,88 10 3,41-1078, a po36ir nepesurye 40%. ITpu iboMy MakcUMaIbHi
3HAYCHHS OJIM3bKI JI0 3HaYE€Hb 3HOCOCTIMKOCTI 3pa3KiB MICJIs CTaHIapTHOI TEPMIYHOT
00poOKH, a MiHIMaJbHI — Micis WBUAKICHOrO raptyBaHHs Bix 1100 °C. BuBuenns
MOBEPXOHb TEPTs 3pa3kiB, 3arapToBaHux Bif 1060 °C, 13 3MIHHUMH 3HAYECHHSIMHU
3HOCOCTIMKOCTI HA CTAmigX 3 MAKCHMAJIBLHOIO Ta MIHIMAJIBHOK 1HTEHCHUBHICTIO
3HOITYBaHHS MMOKa3ajM, 0 IPH MAaKCHMaJIbHOMY 3HOIIIYBAaHHI Ha MOBEPXHIX TEPTS
ctain X6B® crocTepiratoThCsi 30HU CXOIUTIOBAHHS, SIK1 YEPTYIOTHCS 3 00J1aCTAMU, 110
HOCSITh 3JIMIIKHU BiJ CIIJIB LUKIIYHOI IacTuuHoi Aedopmanii. Ha cramii 3
MIHIMQJIBHUM 3HOLIYBaHHSAM (OPMYEThCS TIOBEPXHS TEPTd, Ha SKIM 30HU
CXOIUTIOBAHHS Mail)ke HE CIIOCTEPIraroThCsA, a PO3MIPH Ta XapakTep MONIKOIKEHb
CB1/IUaTh MPO 3HAYHO MEHIIY BEJIUYMHY TJIACTUYHO1 AedhopMallii.

Busuenns dazoBoro ckiany micis rapTyBaHHs ctaii X6B® 3a mpomnomororo
€JIEKTPOHHOT MIKPOCKOIII TOKa3ajo, [0 3aJIeKHO BIiJl MIBUAKOCTI HArpiBaHHS 1
TEMIIepaTypyd AayCTEHITH3alli BIH MOXE 3MIHIOBAaTHCS BiJ MIKPOCTPYKTYpH
(kap0imu + MAPTEHCUT «MATPUIll») TPH CTAHAAPTHIM TEpMIUHIM 00poOIl 10
KapOiu + 000JIOHKHU ayCTEHITY + MAPTEHCUT  «MaTpulll»  Ta  3aJIHIIKU
KapOiiB + TUCTIEPCHUI MapTEHCUT + MApTEHCUT «MATPUIl» TPU [IBUIKICHHUM
aycTeHITH3alli 1 rapTyBaHHI  Big  Temmepatypu 1060 °C;  3anuiku
KapOiiB + TUCTIEPCHUN MapTEHCUT + MAapTEHCUT «MaTPHIl» TPU I[IBUIKICHIN
eniekTpoTepMiuHiii o0pobii Bim 1100 °C; nucniepcHU MapTEHCUT + MapTEHCUT
«MaTpUlll» TpU TEeMIlepaTypl TapTyBaHHS TMpPHU IMBUJIKICHOMY HarpiBaHHI Mij
aycrenitTu3zauio 1200 °C.

[TopiBHIOIOYH TEOPETUYHO Ta EKCIICPUMEHTAILHO OTPHMaHi ImapaMeTpH ILIsIM
KOHTakKTy, 3 PO3MipaMU Ta PO3MOJIJIOM MO 00’e€My TYroIuiaBKoi KapOiaHoi (as3u
3p00JICHO MPUITYIICHHS, 10 TTPU KOHTAKTHIN B3a€MOJIii 3a3Ha4eHI KapOiy MOXYTh
dbopmyBatu pakTUuHy IOy KOHTaKTy. IIpu TepMiuHiii oOpoOili 3a cTaHAaAPTHUM
PEKUMOM OTpUMaHa CTPYKTypa Ma€ HEKOTEPEHTH1 SIBHO BUPAKEHI1 MKl MapTEHCUT-

TYrOIUIaBKUM KapOiJl, 1110 TPU3BOAUTH 10 BUKPUILTYBaHHS KapOigHOT a3y Mpu TepTi.
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Ile 3MeHmIye yac iCHyBaHHS TUISTHOK KOHTakTHOI B3aemomii. [lpu npomy ynamku
TYroIUIaBKUX KapOiJiB MOXYyTh BUKOHYBAaTH pOJb aOpa3MBHUX YaCTHUHOK, IO
1HTeHCU(IKYIOTh TIPOIIEC 3HOIIYBAHHS.

[TigBumenHs 3HocoCcTiHKOCTI cTan X6B® OinbIn HiXK yaBIY1 MICHSA TapTyBaHHS
Big 1100 °C BigOyBaeThCcsi B pe3ynbTaTi 3aMiHM MOTEHUIWHUX TUISIM KOHTaKTy y
BUTJISA/II TYTOIJIAaBKUX JIETOBAaHUX KapOidiB Ha OMOPHI MIKPOAUISIHKH 31 CTPYKTYPOIO
JUCIIEPCHOTO MapTeHCUTY 13 3aMIIKaMU LUX KapOiniB. BaxinBoro mnepeBaroro
TAaKOro0 CTPYKTYPHOTO CTaHy € 3HUKHEHHS MDK(Pa3HUX MEX «KapOig-MaTpHILIs,
3MEHIIICHHS WMOBIPHOCTI BUKpPHWIIYBAaHHA KPYMHUX KapOiliB Ta 30UIbIICHHS
CTIAKOCTI1 O pyHHYBaHHS MPU KOHTAKTHIN B3aEMOJ1T MiKpOOO’€MIB 3 IMiABUIIEHUMH
MEXaHIYHUMU XapaKTEPUCTUKAMH.

[lopanpme 3poctaHHs TtemmepaTypu raptyBaHHs 10 1200 °C  3HMKye
3HOCOCTINKICTh cTani X6B® wyepe3 moBHY IMCOIIAIIO TYrOIUIABKUX KapOiJiB,
3MEHIIEHHS TBEPAOCTI NOTEHIINHUX TUISIM KOHTAKTY Ta ii HAOJM>KEHHS 1O TBEPIOCTI
«MAaTpULID», 1110 3MEHILYE TeTEPOTr€HHICTh MIKPOCTPYKTYPH.

[IpyyrHOIO [MKIIYHOTO XapakKTepy 3HOIIyBaHHS cTall X6B® micns
raptyBanHs Biji 1060 °C € HeomHOPIAHICTH (DA30BOTO CKIIAMY 3a TJIMOWHOIO Yepes
HAsSBHICTh y CTPYKTYpl IIMPOKOTO IHTEPBAIy JlaMeTpiB KapOiaiB, pO3MIp SIKUX
BIJIMBAE SIK HA OCOOJIMBOCTI 3apOJKEHHSI ayCTEHITY, TaK 1 HACTYIIHE YTBOPEHHS B
MICLISIX JUCOIalli MiKpoo0O’ €MiB JIETOBaHUX TYroIuiaBKkux kapOimiB. IlepeBaxaHHs
Ha TOBEPXHI TEPTs AUISIHOK 3aJMIIKOBOTO ayCTEHITY, SIKUM OTOYY€ TYTOIUIaBKi
KapO11, HEraTUBHO BIUIMBAE HA 3HOCOCTIUKICTD, CIIPUSi€ BUHUKHEHHIO HAa MOBEPXHI
TEpPTS TMPOIIECIB TUIACTUYHOI Jedopmarlii, CXOIUIIOBAaHHS Ta PyWHYBaHHS. 3MiHA
($a30BOTO CKJIaAy B 30HI KOHTAaKTy, /i€ OUIBIIICTh TYrOIJIAaBKUX KapOidiB abo ix
3JIMIIKIB OTOYEHA JUCIEPCHUM MApPTEHCUTOM, CYTTEBO 3MIHIOE SK MEXaHI3M
3HOIIIYBAaHHS, TaK 1 CTIMKICTh A0 3HOIIYBaHHS JOCIKYBaHOT CTal.

AHanoriyHi BUCHOBKM OyJiM OTpUMaHl MPHU JOCIIIKEHHI MIKPOCTPYKTYpH

iHcTpyMeHTabHUX cTanert 9Xd 1 7XHM®b micns mBUAKICHOT eNeKTPOTePMIUHOT



12

00poOku 3 mBHIKICTIO HarpiBaHHs V, = 10 K/c go temmepatyp 750, 800, 850 Ta
970 °C.

3a I0MOMOTOI0 CTEPEOMETPUYHUX JTOCIIIKeHb MiKpoTomnorpadii moBepXoHb
NoKa3ajH, o MiBUIICHHS TemrepaTypu raptyBanHs 10 1050 °C crpusie 3HUKEHHIO
IIOPCTKOCTI Ta 301IBIIIEHHIO HECYUYOi MOBEPXHI BIAMYIIEHUX 3pa3KiB cTam 40X i
yac TepTsA MOPIBHSAHO 13 3pa3kamu, 3araptoBanumu Bij 860 °C. BcraHnoBieHo, 110
Mopdosoris kap6imHoi a3y BIUIMBaE Ha PIBHOBAXKHY IMIOPCTKICTh, CTPYKTYPHO-
F€OMETPUYHI MapaMeTpu Ta HECydy CIPOMOXHICTh mnoBepxHI cram 40X, dxa
bopMy€eThCS 111 YaC KOHTAKTHOI B3a€MO/Iii TIPU TEPTI.

3niiiCHEHO ajanTaliio 0O0paHOi apXITeKTYpH IITYYHOI HEHMPOHHOT MEpexi —
(yHKLIOHATY MHOXHUHU TaOmuuHux ¢QyHKUid. COporHo3oBaHO 3MIHY (13UKO-
MEXaHIYHUX BJIACTUBOCTEW MOBEpXHI KOHTAKkTy cTam 40X Ta moB’s3aHy 3 HEIO
JWHAMIKY 3MI1HHU OITOPY 3HOILITYBAHHIO B 3aJICKHOCTI B1J] TEMIIEpaTypy rapTyBaHHs. 3a
pe3yapTaTaMl  MOJCNIOBaHHS  CEPTHU(PIKOBAHUX  CTPYKTYPHO-TE€OMETPUUHHUX
napamMeTpiB TOBEPXHI 3aJeKHO BiJ 1i MIOPCTKOCTI TPOBEIEHO aHali3 HECy4oi
CIIPOMOXKHOCTI MMOBEPXHI KOHTAKTY 3pa3kiB ctam 40X mia yac Teprs.

HoBuzna pobotu mosnsirae B HacTynmHoMy. Brepiie chopMyIr0BaHO OCHOBHI
3aKOHOMIPDHOCTI Ta BHMOTH [0 Oprasizaimii MIKpOCTPYKTYpH, SIKi 3 METOI0
MOKpAIICHHS TPUOOJIOTTYHUX XapaKTEPUCTHK CTajell MOB’S3yHOTh ii €JIEeMEHTU 3
CXEMOI0 KOHTaKTHOI B3a€MOJIii TOBEPXOHb TBEPJUX TUI MPU TEPTi. 3a JOMOMOTOIO
KOMIUIEKCHUX  JIOCHI[DKEHb  IOJ0  BH3HAYECHHA  BIUIMBY  OCOOJIMBOCTEH
MIKPOCTPYKTYpU Ta (a3oBOro ckiaay Ha 3HOCOCTIMKICTh KOHCTPYKLIMHUX Ta
IHCTPYMEHTAJIbHUX CTaJIeW TICIs TEpPMIYHOI OOpOOKHM, a TaKOXX B JIUTOMY CTaHi
M1ATBEPAKEHO MPABUIIBHICTh 3aPOTIOHOBAHUX 3aKOHOMIPHOCTEH.

Brnepie na npukiazni koucrpykiiiaux cranein 40X ta 40XHM BcranoBieHo,
10 OJHUM 3 BHU3HAYAJIbHUX (PAKTOPIB B PO3MOAUT Ta BEIWYMHI HAIPY>KEHb, 110
BUHUKAIOTh TIiJ] Yac TapTyBaHHsA CTalielf, € ByIJIenb. PicT TeMmepaTypu

ayCTeHITH3allli CIpUsie YTBOPEHHIO o01acTel 3 HOro miIBUILIEHOI KOHLIEHTPALIELO,
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10 TMPU3BOIUTH O 3POCTaHHSA BHYTPIUIHIX HANpyKEeHb MiJ 4ac MapTEHCUTHOTO
NEPEeTBOPEHHS Ta € TMpPUYMHAMHU TPIIMHOYTBOpeHb. Kpim TOro, 3pocraroya
HEPIBHOMIPHICTh  BYIVICII0O BH3Hauae MOPQOJOTiI0  YTBOPEHHMX  KPHUCTaiB
MapTEHCUTY, fKa € OJHUM 3 BHU3HAUaJbHUX (PAKTOPIB, IO BILIMBAE MOPQOJIOTIIO
KapO1J1HOi (pa3u MicJIs MOATBIIOTO BUCOKOTO BIIMYCKY.

HonaTtkose neryBanHs ctaii 40X HikeneM Ta MOJiOI€HOM ralbMy€e YTBOPEHHS
Ta YKpPYIMHEHHS o0JacTel 3 MiJBHUILEHOI KOHIICHTPAIUEK BYTJICIIO 13 3pOCTaHHIM
TeMIlepaTypu aycTeHiTu3ailii. [{e cynpoBOIKYEThCS 3HMKEHHSIM PiBHSA BHYTPIIIHIX
HaIllpy>KE€Hb MiJ 4Yac rapTyBaHHS Ta 3pocTaHHsM cTiikocTi cram 40XHM 1o
YTBOPEHHS rapTyBaJbHUX TPIIIMH HOPIBHAHO 31 cTayuio 40X.

Brnepie nmokazaHo, 1110 METOJT CKJIEPOMETPIi € YYyTIMBUM /10 BACOKOKYTOBHUX Ta
CyOCTPYKTYpHUX MEX, a UMOBIPHICTh BHUSBJIEHHS OCOOIMBOCTEN MIKPOCTPYKYTpHU
NOB’s13aHa 3 HAaBaHTAKEHHSM Ha 1HIAEHTOP Ta KPOKOM BuMiptoBaHHs. KpiM Toro BiH
MOXe OyTH 3acCTOCOBaHMM Jis OI[IHKM BEJIIMYMHHU, 3HAKy Ta PO3MIPIB IOJIB
3aJIMIIKOBUX HaNpyKEHb, 5IK1 (POPMYIOTBCS B CTPYKTYpax 3arapTOBaHHUX CTaJICH.

Briepiie BcTaHOBIIEHO 3B’ SI30K IHTEHCUBHOCTI 3HOIIIYBaHHS JINTOI CTPYKTYPH 3
JMCTIEPCHICTIO TIEPBUHHUX KPHUCTaNITIB. BUsBIIEHO, 110 301IbIIIEHHS AUCIEPCHOCTI
CTPYKTYPH IEPBUHHUX KPUCTATITIB P 30€pexKEHH1 iX Opi€HTalll] TEPICHIUKYISPHO
JI0 TIOBEPXHI KOHTAKTHOI B3a€MOJII CHpHUsIE MIJBUILEHHIO 3HOCOCTIMKOCTI METaIy y
BIJIJTMTOMY CTaHI.

Brnepine BusiBieHo, mo mopdosiorist kapOiaHoi (a3u BILTMBAE HA PIBHOBAKHY
HIOPCTKICTh, CTPYKTYPHO-T€OMETPHYHI MapaMeTpu Ta HECy4dyy CIPOMOXKHICTb
MOBEPXHI CTajeH, sika (OPMY€EThCA il Yac KOHTAKTHOI B3a€MOJIl MpU TEPTi, IO
MO3HAYAETHCS Ha 11 TPUOOJIOTTYHUX XapaKTEPUCTUKAX.

Knwouosi  cnosa: 06abiT, cxeMa KOHTAaKTHOI B3aeMOAIl MpHU  TEPTI,
KOHCTPYKIliiHA CTaJIb, TEMIIEpATypa rapTyBaHHs, CKIIEPOMETPIs, PO3MOIIT BYTJICIIIO,
MaKeTHUH Ta TOJYacTUU MapTeHCUT, Mopdosoris kapOimHoi ¢das3u, IeHIpUTHA
CTPYKTypa, AHCTHEPCHICTh TIEPBUHHUX KPUCTAIITIB, I1HCTpyMEHTaJbHA CTab,

MIBUJIKICHA €NIeKTpOoTepMiuHa 00poOKa, ha3oBUid CKIIaJl, 3HOCOCTINKICTD.
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ANNOTATION

Bespalov S.A. Structural and morphological wear resistance principles and their
implementation in the management of the low alloy steels operability. — Qualification
Scientific work as a manuscript.

Thesis for the Doctor’s degree of Engineering Sciences in specialty 05.02.04 —

Friction and wear in machines». — National Aviation University, Kyiv, 2020.

The thesis is devoted to the development of wear resistance principles which
based on connection regularities of structure formation with tribological contact
geometry and their implementation in management of working capacity of low alloy
constructural and tool steels at justification of optimal modes of heat treatment.

The analysis of the dimensional parameters of the solid intermetallic phase of
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one of the best antifriction alloys when operating under the conditions of high and
average loads — high-tin babbit B83 and its lead-tin substitute BT, whose
microstructure is based on the principle of Sharpi-Bochvar, is undertaken via
stereometric metallography. Comparing the observed values with the experimental
and theoretical literature data, it was found that the size and distribution of
microconstituents of babbits with high mechanical properties are close to the size and
distribution of contact patches during the contact interaction of solids during friction.
Therefore, it is assumed that the high wear resistance of the ‘steel-babbit’ friction pair
IS due to the fact that the size and distribution of the structural components of the
babbit with the increased mechanical properties are close to the size and distribution
of the contact patches in the contact scheme of solids at friction. The principles and
requirements for the organization of wear-resistant structures are also formed.

The scratch-hardness test of the surface of the specimens of 40X steel in the
quenched state showed that after quenching from 860 and 1050 °C the average value
of the microhardness of the Hmig Specimens at loading on the indenter 20 g does not
change and remains at the level of 6,8-10° H/mm?, and quenching from 1160 °C
increases the Huig to 8000 H/mm?2. In this respect, the spread of microhardness values
is approximately the same in all cases. At the same time, after high tempering at
600 °C, the average microhardness value of the released specimens with increasing
quenching temperature from 860 to 1050 and 1160 °C increases from 2,3-10% to
2,9-10% and 3,9-10% H/mMm?, respectively, with a significant increase in the interval of
spread values.

Aside from that, both types of quenched and tempered specimens revealed two
types of microhardness peaks along the scratch. The first are the closest to each other,
the average distance Ti where it practically doesn’t change depending on the
quenched temperature and locates in the range of 46,8... 55,5 mkm. The second are
the peaks with a larger T, period, which increases from 122,1... 147,6 to 240,0...
250,0 and 489,2... 611.4 mkm and are clearly detected as the quenching temperature
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increases.

Metallographic studies of the microstructure of 40X steel in the quenched state
showed that increasing the quenching temperature from 860 go 1050 Ta 1160 °C
contributes to the growth of the average diameter of austenitic grain from 22,1 to
101,7 and 239,2 um, the average-sized martensite packages from 8,9 to 53,4 and
111,5 um, respectively. The cross-section of the martensite rails changes slightly from
0,37 and 0,52 and 0,53 pum respectively.

Transmissive electron-microscope investigations have shown that in the
microstructure of quenched 40X steel specimens there is a martensite of two types:
lath, with a rail structure and plate. At the same time, raising the quenching
temperature to 1050 and 1160 °C, the size and the volume fraction of needle-like
crystals, within which the microtwin border appear, increase.

After high tempering, microstructure studies have found that the quenching
temperature raise contributes to the increase in the value of carbides. At the same
time, when the lath martensite is released, the release of more dispersed and equiaxed
carbides occur mainly at the boundaries of the rails, and the needle — at the microtwin
borders inside the martensite crystals. The average diameter of the carbides of the
quanched from 860, 1050 and 1160 ° and the tempered 40X steel is 0,049, 0,056 and
0,061 um, respectively, when larger carbides of about 0,2 um in size appear after
quenching.

The influence analysis of 40X steel microstructure on the results of scratch-
hardness tests showed that the factor that determines the cyclicity of T1 change in
microhardness when loading on the indenter of specimens after quenching from
860 °C is the grain boundaries, from 1050 °C — the grain boundaries and lath
martensite, and from 1160 °C C — grain boundaries, laths and blocks of martensite.
At the same time, an increase and change in the nature of the cyclicality of the
microhardness values with the T, period were detected, an increase in the variation of

its peaks as the quenching temperature increased appeared due to the uneven increase
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of the carbon distribution and the formation in the 40X steel of alternating
microvolumes corresponding to the high or low carbon steel in chemical composition,
which affects the level and sign of stresses that occur during martensitic
transformations and determine the features of the formed structures both after
quenching and tempering.

Tribological tests according to the ‘disc-plate’ scheme in the dry friction mode
of sliding with a sliding speed V = 0,5 m/s when loading on the specimens P = 300 H
on 45 steel with a hardness of 42...44 HRC showed that raising the quenching
temperature from 860 to 1050 °C, despite the decrease in hardness, reduces the wear
rate of both the specimens of the investigated steel from 3,719-10% to 3,012-10°8 by
19% and the counterface from 1,604-1078 to 1,138-108 by 29% due to the reduction
of the friction coefficient from 0,199 to 0,164. Further increase in quenching
temperature to 1160 °C change the friction coefficient to 0,169, slightly reduces the
wear-resistance of 40X steel to 3,125-10-8 and does not change the counterface.

The influence analysis of the microstructure features on the wear resistance of
the investigated steel showed that the increasing of uneven carbon distribution in 40X
steel with increasing the quenching temperature to 1050 °C contributes to the increase
of high-carbon crystals size of needle martensite and the separation in the midst of
them the carbids on microtwin boundaries while tempering of larger carbids
compared to lath martensite, which are stable to decomposition by plastic deformation
during frictional contact. In this case, areas of microstructure formed on the friction
surface that also have high mechanical properties, can serve as fracture-resistant to
contact patches and form the actual contact area.

Further increase of quenching temperature to 1160 °C, though, leads to
formation of even more uneven carbon distribution with even larger crystals of needle
martensite, but at the same time the distance between material microvolumes with the
increased mechanical properties and their quantity on the friction surface decreases,

which reduces the wear resistance compared to specimens tempered from 1050 °C. A



24

heterogeneous structure consequently created, which is close to the contact scheme,
Is one of the decisive factors for reducing the wear intensity of both the specimens
and the counterface, which increases the wear resistance of the friction pair as a
whole.

Similar studies were conducted on 40XHM steel. Measurements of
microhardness by scratching at an indenter while loading of 20g have shown that after
quenching from 860, 1050, 1160 °C, 40XHM steel has higher average values of
microhardness at the level (9,6...9,8)-10° H/mm? compared to 40X. At the same time,
during quenching from 1160 °C the microhardness is the lowest. High tempering at
600 °C does not change the nature of the microhardness distribution, but only reduces
its overall level to (4,7...5,4)-10° H/mm?. Minimum microhardness values, as in
quenched state, have improved specimens after quenching from 1160 °C.

As with 40X steel, two types of microhardness peaks on the 40XHM steel
scratch-chart are observed. The average value of the T1 period lies in the range of
53,0...73,0 um. The average distance between peaks with a larger T, period increases
from 194,0 to 220,0 and 250,0 um when increasing the quenching temperature from
860 to 1050 and 1160 °C. This indicates that, unlike 40X steel, the quenching
temperature of 40XHM steel increase does not have such a strong effect on the level
and variation of microhardness values in sclerometric tests, although it does increase
the magnitude of the periodicity of T, microhardness peaks.

In the 40XHM steel microstructure’s study, it was found that the overall effect
of quenching temperature on the dimensional features of austenitic grains, laths and
martensite crystals is similar to that of 40X steel. Lath and needle martensite were
detected at all quenching temperatures, but the crystal sizes of the latter were smaller
than in 40X steel. Increasing the quenching temperature from 860 to 1050 and
1160 °C contributes to the increase in the average austenitic grain diameter from 13,6
to 97,4 and 326,6 um, the average size of the martensite laths from 7,4 to 47,6 and
135,8 um, transverse cross sections of martensite rails from 0,38 and 0,44 and
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0,56 um, respectively.

Studies of carbide precipitates after tempering at 600 °C have shown that raising
the quenching temperature promotes an increase in the carbides’ average size from
0,019 to 0,042 and 0,057 um and an increase in the carbides’ proportion larger than
0,10 um. However, their size is much smaller than in steel 40X, since the steel
alloying with molybdenum provides increased dispersion and more homogeneous
separation of the carbide phase. This proves that the morphological features of the
needle and lath martensite structure influence the size and distribution of the carbide
phase after high tempering.

The link analysis of sclerometric studies with structural elements and carbon
distribution in 40XHM steels showed that the increase in the T, period value with
increasing quenching temperature is associated with increasing uneven carbon
distribution and the level of internal stresses. However, unlike 40X steel, the T, period
and the microhardness values scattering in 40XHM steel do not change to a large
extent, which is confirmed by the smaller influence of quenching temperature on the
growth of the number and size of needle martensite crystals. The additional alloying
of 40X steel with nickel and molybdenum restrains the increase of carbon cluster
areas and the increase in their concentration with increasing quenching temperature.
This is accompanied by a decrease in the level of internal stresses during quenching
and an increase in the resistance of 40XHM steel to the formation of quenching cracks
compared to 40X steel.

Wear tests conducted under conditions similar to the 40X steel test showed that
raising the quenching temperature to 1050 °C increases the wear resistance of
40XHM steel by only 5,7% from 2,599-10-8 to 2,451-10°® and slightly reduces the
friction coefficient from 0,154 to 0,150. Further increase in quenching temperature
to 1160 °C increases the wear rate of 40XHM steel by 8.5% to 2,821-1078 relative to
the specimens quenched at standard temperature and friction coefficient to 0,156.

The carbide phase morphology effect on the wear resistance of 40X and 40XHM
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steels analysis showed that the distribution pattern, the separation site, the amount and
mechanical properties of the carbide phase are one of the main factors that influence
the strength and resistance of materials to fracture during wear.

The macroscopic analysis of the crossing of all-rolled car wheel polished
sections after the arc surfacing under flux of 08G2C steel revealed the weld pad zones,
the alloying of two weld pad zones, the alloying of the core and weld metal and
thermal impact.

Sclerometric studies of the first two zones at a load of 100g revealed that their
mean microhardness values differ insignificantly and are 1923,5 and 1853,6 MPa,
respectively. At the same time, the maximum and minimum values of the weld pad
microhardness zones differ almost twice and are 1440 and 2780 MPa, respectively.
In this case, the scratch-chart clearly shows a certain periodicity with the T, period.
In contrast, the microhardness zones of the two weld pads alloying varies within
1540...2150 MPa, its maximum and minimum values differ by only 30%, and it is
difficult to detect the T, period.

Studies on microhardness and microstructure comparison show that on the weld
pad zones’ scratch-chart the distance between the minima coincides with the axe
centers of the primary crystallites of the structure, and between the maxima - with the
center-to-center area. At the same time, the small difference in the microhardness
values zones of the two weld pads alloying is confirmed by the homogeneity of its
structure.

Wear tests revealed that at close hardness, the average wear resistance of the
weld pad zone with the structure inhomogeneous in mechanical properties is
12,63-10® and is higher than that of alloying zones of two pads with a homogeneous
microstructure having a value of 14,60-10-8. At the same time, the wear resistance of
the weld pad with oriented crystallites directed perpendicularly to the surface is
directly dependent on the primary crystallites dispersion, which determines the T,

period value. Its increase by 2.5 times improves the wear resistance of the cast
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dendritic structure by 15.9% from 11,5-108 to 13,7-108 and by 27.0% compared to
the homogeneous one. It should be noted that the maximum increase in the wear
resistance of the as-cast 08I'2C steel, as well as the improved 40X steel, has a structure
with a T, =200,0...250,0 mkm period. Increasing this period to 500,0...600,0 mkm
impairs the wear resistance of both steels.

After standard heat treatment (quenching from 1000 °C in oil, tempering at
200 °C), sclerometric studies of X6VF steel at a load of P =20 g showed that the
average microhardness value is 9,8 - 10° N/mm?, and the structure according to
mechanical properties close to homogeneous. Fast electrothermic treatment from 760,
820, 950 and 1060 with a heating rate of V,=(1...2)-10°K/s and subsequent
tempering at 200 °C with furnace heating contributes to a linear growth in the average
microhardness value from 3,6 to 8,5 - 103 N/mm?. At quenching from 1100 °C there
is a sharp increase of the average microhardness value to 22,6 - 10° N/mm?, and at
further increase of temperature to 1200 °C — the same sharp decrease to
8,5 - 10° N/mm2,

The determination of steel hardness by the Rockwell method showed that after
standard heat treatment, it compiles 58 HRC. When using high heating rates with
increasing quenching temperature from 760 no 1100 °C, the specimens’ hardness
increases almost linearly from 45 no 58 HRC. Further increase of temperature to
1200 °C leads to its decrease to 55 HRC. The relatively low hardness values for the
quenching temperatures of 760, 820 and 950 °C indicate, obviously, the
incompleteness of austenitic processes under such temperature-speed quenching
conditions.

The analysis of wear resistance test result showed that the quenching with
increased heating rate from a temperature of 1100 °C decreases 2.2 times from
3,15-10°8 to 1,44-10® mass intensity of X6VF steel wear in comparison with the
specimens after standard heat treatment, and further increase of quenching

temperature to 1200 °C — in 1,7 times to 2,43-10® However, the values difference
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does not exceed 7... 10%. At the same time, the average wear rate of X6VF steel
quenched from 1060 °C under fast heating conditions is 1,96-10°8. Its values range
from 0,88 to 3,41-10°%, with a difference exceeding 40%. The maximum values are
close to specimens’ wear resistance values after standard heat treatment, and the
minimum values are after the fast quenching from 1100 °C. Examination of the
friction of specimen surfaces quenched from 1060 °C with variable values of wear
resistance at the stages with maximum and minimum wear intensity showed that with
maximum wear on the friction of X6VF steel surfaces, there are setting zones that
alternate with areas which carry residues of cyclic large deformation. At the stage of
minimal wear, a friction surface is formed, where the setting zones are almost absent,
and the size and nature of the damage indicate a much smaller amount of large
deformation.

The phase composition after quenching of X6B® steel by electron microscopy
study showed that, depending on the heating rate and austenitic temperature, it can
change from microstructure (carbides + martensite ‘cover die’) with standard heat
treatment to the carbide + austenite shell and austenite ‘cover die’ and carbides
residues + dispersed martensite + martensite cover die with fast austenitizating and
quenching from a temperature of 1060 °C; carbide residues + dispersed martensite +
martensite ‘cover die’ at fast electrothermic treatment from 1100 °C; dispersed
martensite + martensite ‘cover die’ at quenching temperature at high temperature
under austenitizating 1200 °C.

Comparing the theoretically and experimentally obtained parameters of the
contact patches as with the refractory carbide phase size and volume distribution, it is
assumed that the indicated carbides can form the actual contact area when dealing
with contact interaction. In standart heat treatment conditions, the resulting structure
has incoherent well-defined martensite-refractory carbide boundaries, which results
in the carbide phase being crumbled during friction. This reduces the time of contact

interaction areas. In this case, fragments of refractory carbides can act as abrasive
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particles, which intensify the wear process.

Increasing the X6B® steel wear resistance more than twice after quenching from
1100 °C is a result of the potential contact patches in the form of refractory alloyed
carbides replacement on the supporting microparticles with the structure of dispersed
martensite with the carbides residues. An important advantage of such a structural
condition is the interfacial boundaries of the ‘carbide cover die’ disappearance,
reducing the large carbide crumbling probability, and increasing the fracture
resistance in contact interaction of micro-volumes with high mechanical properties.

Further increase in quenching temperature to 1200 °C reduces the wear
resistance of X6B® steel due to complete dissociation of refractory carbides, hardness
reduction of potential contact patches and its approach to the ‘cover die’ hardness,
which reduces the heterogeneity of the microstructure.

The reason for the cyclic nature of X6B® steel wear after quenching from
1060 °C is the phase composition heterogeneity in depth due to the presence in the
structure of a wide range of carbide diameters, which size affects both the austenitic
initiation and subsequent formation of dissociation of micro-volumes alloyed
refractory carbides at the sites. The predominance of residual austenite, which
surrounds refractory carbides, on the friction surface, adversely affects the wear
resistance, contributes to the processes of plastic deformation, setting and fracture
occurring at the friction surface. Changing the phase composition in the contact zone,
where most refractory carbides or their residues are surrounded by dispersed
martensite, significantly alters both the wear mechanism and the wear resistance of
the test steel.

Similar conclusions were obtained in the study 9X® and 7XHM®F tool steels
microstructure after fast electrothermal treatment with heating rate V, =10 K/s to
temperatures of 750, 800, 850 and 970 °C.

Stereometric studies of surface microphotography have shown that raising the

quenching temperature to 1050 °C contributes to a roughness reduction and an
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increase in the bearing surface of tempered 40X steel specimens during friction
compared to specimens quenched from 860 °C. It is established that the carbide phase
morphology affects the equilibrium roughness, structural-geometric parameters and
bearing capacity of the 40X steel surface, which is formed during the contact
interaction over friction.

Adaptation of the selected architecture of artificial neural network - the
functionality of the table functions set is done. The change in the physical and
mechanical properties of the 40X steel contact surface is predicted and the related
dynamics pattern of the change in wear resistance depending on the quenching
temperature. According to the modeling results of certified structural-geometric
parameters of the surface, depending on its roughness, the bearing capacity of the 40X
steel contact surface specimens during friction is analyzed.

The novelty of the thesis is as follows. For the first time, the main regularities
and requirements for the microstructure organization are formulated, which, in order
to improve the tribological characteristics of steels, associate its elements with the
contact interaction scheme of solids surfaces during friction. By means of complex
researches on influence determination of microstructure features and phase
composition on the constructural and tool steels durability after heat treatment, and
also the correctness of the proposed regularities in the as-cast condition is confirmed.

For the first time, by the example of 40X and 40XNM constructural steels,
carbon has been found to be one of the determining factors in stresses distribution and
magnitude that arise during the steels tempering. Increasing the austenitic temperature
promotes the formation of regions with its increased concentration, which leads to an
increase in internal stresses during martensitic transformation and is the cause of
cracks. In addition, the increasing carbon unevenness determines the morphology of
the formed martensite crystals, which is one of the determining factors affecting the
carbide phase morphology after further high tempering.

Increasing austenitic temperature, the additional 40X steel alloying with nickel

and molybdenum inhibits the formation and coarsening of regions with high carbon
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concentration. This is accompanied by a decrease in the internal stresses level during
quenching and an increase in the 40XNM steel resistance to the tempering cracks
formation compared to 40X steel.

It has been shown for the first time that the sclerometric method is sensitive to
large-angle and substructural boundaries, and the possibility of detecting
microstructure features is related to the indenter load and the measurement step. In
addition, it can be used to estimate the magnitude, symbol, and size of residual stress
fields that are formed in structures of tempered steels.

For the first time, the correlation between the cast structure wear rate and the
primary crystallites dispersion is established. It is found that increasing the primary
crystallites dispersion structure while maintaining their orientation perpendicular to
the surface of the contact interaction contributes to the increase the wear resistance of
metal in the as-cast condition.

For the first time, it is revealed that the carbide phase morphology affects the
equilibrium roughness, structural-geometric parameters and bearing capacity of the
steel surface, which is formed during the contact interaction at friction influencing its
tribological characteristics.

Keywords: babbits, contact interaction scheme at friction, structural steel,
quenching temperature, sclerometry, carbon distribution, lath and needle martensite,
carbide phase morphology, dendritic structure, primary crystallites dispersion, tool

steel, FAST electrothermal processing, phase composition, wear resistance.
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BCTYI

Oorpynmyeannsn euoopy memu 00CAi0HceHHA.

Po3BuTOoK MammHOOYIyBaHHSI BUMarae miJBUILCHHS MOTYXXHOCTI, HaAIHHOCTI
Ta JOBrOBIYHOCTI JeTajed MalIMH 1 MEXaHI3MIB 3a yMOB iXHBOI poOOTH Yy
PI3HOMAHITHHX, Y TOMY YKCJIl arPECUBHUX CEPEJOBUINAX MPU PI3HUX TEMIIEpaTypax.
CydacHi 3HaHHA mpo (HI3UKO-MEXaHIYHI BJIACTHBOCTI MaTepialliB  HAIaI0Th
MO>KJIMBOCTI 010 3a0€3MedYeHHs IXHhOI TPUBAIOi Oe3aBapiiiHOI eKCITyaTamii. Ase
om3pko 90 % MamMH Ta MEXaHI3MIB BUXOMATH 3 Jady HE BHACIIAOK IXHBOTO
MOBHOTO PYHHYBaHHS, a TIOIIKO/XKEHHS Ta 3HOITYBAaHHS JeTaJIeH il T1€0 CHII TEPTSI.
[TomkopKyBaHICTh POOOYMX IMOBEPXOHb MOPYILIYE HOPMAJIBHUI pPEXUM pPOOOTH,
BUKJIMKAE yJaapu Ta BiOpalii, 3aiJjaHHd Ta 3aKJIUHIOBaHHS, CTa€ MPUYUHOIO
JOJJATKOBUX HABAHTAXKEHb, 110 BPEIIITI PEIIT IMPU3BOJIUTH JI0 aBapiHUX cUTyarlii [1,
69, 530, 532].

OTxe HaJIlHICTh, JOBTOBIYHICTh Ta TPUBAIICTh €KCILIyaTallli MEXaHI3MIB B
OUTBIIOCT] BUMAIKIB MOB’A3aH1 3 TPUOOJIOTIYHUMHU XapaKTEPUCTUKAMHU MaTepialiiB
€JIEMEHTIB PYXOMHUX CHpsDKeHb. ToMy Ha JaHUl yac BHUHSTKOBOIO 3HAYCHHS
HaOyBalOTh JOCHDKEHHS B rainy3l TpuOomarepiaio3HaBCTBAa, OJHUM 3
HallBXJIMBIIIMX  3aBJaHb  SIKOTO € BCTAHOBJIGHHS  B3a€MO3B’SI3KY  MIXK
3aKOHOMIPDHOCTSIMU TPOLIECIB TEPTSd Ta 3HOUIYBaHHS 3 TPUOOTEXHIYHUMH
BJIACTUBOCTSIMU, CTPYKTYpHUM Ta (Da30BUM CKJIAJOM MaTepialliB, KEpyBaHHS
CTPYKTYPOYTBOPEHHSIM Ta MEXaHIYHUMHU XapaKTEPUCTUKAMU 3 METOI 3MEHILICHHS
TEPTS 1 3HOCY, a TaKOX PO3POOJEHHS MPHUHIMIIB CTBOPEHHS TPUOOTEXHIUHUX
MaTepiajiiB 3 BACOKOO HaJA1MHICTIO MPH €KCILTyaTalli 32 yMOB KOHTAKTHOI B3a€EMOJII1.
HalyTtuii mpu mibOMy IOCBiJI MOKE IOTIOMOTTH Y BUPIIICHH] aKTyaJlbHUX MHUTaHb 13
32011a/I)KEHHS] CHEPreTUYHUX Ta MaTeplalbHUX PECYpPCIB, BUTPAT HA BIIHOBJICHHS Ta
PEMOHT, TiABHMIICHHS OE3MEKHU Ta MPOTYKTUBHOCTI MexaHiuHux cuctem [11, 19, 20].

He3Baxaroun Ha MMpOKE MOIIMPEHHS HOBUX MaTepiajiB, CTajl MOCIIAIOTh

BOXJIMBE Miclle B Cy4acHUX TexHonorisx [481]. Uepe3 CyKymHICTh BHUCOKHX
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MEXaHIYHUX Ta eKCIUTyaTaIlliHUX BJIACTUBOCTEH BOHH IMIUPOKO 3aCTOCOBYETHCS IS
BUT'OTOBJICHHS JIeTajel KOHCTPYKIIH Ta IHCTPYMEHTY, 10 MPaIl0I0Th, 30KpeMa, pu
CEpEeIHIX Ta BUCOKUX MUTOMUX 3YCHUJUISX 1 IIBUJKOCTSX, yIAPHUX HABAHTAKEHHSX Ta
tepri. Cram MaloTh MHUPOKUN CHEKTP MEXaHIYHUX XapaKTepUCTHK, SIKi
BU3HAYAIOTHCS OYJ0BOIO 11 MIKPOCTPYKTYpHU Ta (Pa3oBUM CKJIAA0M, SIKi, IEPEBAXKHO,
bOpMyIOThCS TIpU TEPMIiUHIM 00poOIi B pe3yibTaTi mepeOymoBH pPENNTKHA Ta
NIepepOo3NOIITy BYTJICIIO, a YacoM 1 JieryBaabHUX eleMeHTiB [481]. Omxke mpu
pO3poOJEHHI HOBUX Ta BJOCKOHAJIEHHS ICHYIOUMX TEXHOJOTIYHHUX METOIiB
MIJIBUIIICHHS! 3HOCOCTIMKOCTI CTajIeBUX BUPOOIB HEOOXIIHO BPaxOBYBaTHU MPOIECU
CTPYKTYpHHX 1 (a30BUX TIEPETBOPEHb, SKI BiIOYBAIOTHCS Y  BHUXITHUX
MIKPOCTPYKTYpax Ta YTBOPEHHMX MiJ 4ac TEPTs, a TAKOK OCOOJMBOCTI MEXAHIYHOI
B3a€MO/Ii1 MOBEPXOHb MPU KOHTAKTHINA B3a€EMO]IIi.

HeoOxinHo 3a3HaynTH, MO0 OUIBIIICTh aHTU(GPUKLIIMHUX MaTepialiiB JOCBIJ
pa3oM 3 TEOPETUYHUMHU Ta EKCIICPUMEHTAILHUMH JOCIIKCHHSIMHA BKa3yIOTh Ha
HEOOX1THICTh BpaxXyBaHHS HE TUIbBKU KOMIUIEKCY (PI3MKO-MEXaHIUHUX BJIACTUBOCTEH
1 pa3zoBOrO CKIIay MaTEpialliB 3 MiABUIIIEHUMH TPUOOIOTTYHUMH XapaKTEPUCTUKAMH,
ane il mopgororii orpumanux ¢as. KpiMm Toro, IMCKpeTHICTh KOHTAKTY TBEPJUX Tl
Opy TEPTI € OJHUM 3 BU3HAYAIBHUX (DAKTOPIB HJisi MPOIECIB PYyWHYBAaHHS, SKi
BiJIOYBAIOThCS Ha JIOKAJbHUX HAaBAaHTAXKCHUX MUISHKAX moBepxHi [38]. BomHouac
MPUHIIMIN CTBOPEHHS 3HOCOCTIMKUX CTPYKTYP, SIKl 3yCTpIHAIOThCA B JIITEPATypl, HE
BPaxOBYIOTh TaKWW BaXJIWBHUA (akT. B 3B’S3Ky 3 IIUM aKTyaJIbHUM € MHUTAaHHS
MOIIyKy Ta (OpMyBaHHSI OCHOBHHMX 3aKOHOMIPHOCTEM Ta BHMOT JI0 OpraHizaiii
MIKPOCTPYKTYp aHTHU(DPUKIIMHIX MaTepiaiiB, 110 MAalOTh 3a0e3MedyBaTi TPUBAIHIMA
TEPMiH CIOy>KOM Tap TepTs, siKi O TMOB’S3yBalM iXHIO BHYTPINIHIO OyIOBY 3

0COOJIMBOCTSIMU KOHTaKTHOT B3a€EMO/I1i, 30KpeMa ii reoMeTpii.

36’430k podomu 3 HAYKOGUMU RPOZpAMAMU, RIAHAMU, MEMAMU.
HNuceprainiitna poOoTa BUKOHYBajJlaCh B [HCTUTYTI  MeTanodi3zuku

iMm. I".B.KypnomoBa HAH Vxkpainu ta Texuiunomy neatpi HAH Ykpaian y pamkax
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BimoMunx OropkeTHux TeM: «JlocmimkeHHs ¢i3MyHOI TPUPOIU  TPOIIECIB
CTPYKTYPOYTBOpEHHSI Ta (ha30BUX TMEPEXOiB Yy CKIAJHOJIETOBAHUX CTaJIsX
CHEI[IaJIbHOTO TPU3HAYECHHS B HEPIBHOBAKHHUX YMOBaX» (HOMEp Jep>KaBHOL
peectpamii  0100U001580, 2000-2002 pp.), «Po3pobka ¢i3muHUX OCHOB
CJIEKTPOTEPMIYHOI OOpOOKM MaJIONIErOBaHUX CTajied €BTEKTOIAHOTO CKIIATy JUIs
pEeiOK BHCOKOIIBUAKICHHX JIHIM 3ali3HUYHOTO TPAHCHOPTY» (HOMEp IepiaBHOI
peectpamii 0106U000553, 2006-2008 pp.), «JlocmimkeHHS BIUIMBY TEPMIYHOI
00pOoOKH, XOJOJHOI TUIACTHYHOI Jedopmallii Ta MOKPUTTS MOBEPXHI Ha (i3UUHI Ta
MEJIMKO-TEXHIYH1 BJIACTUBOCTI CTajied Ta CIUIaBiB JJisl IMIUIAHTAHTIB» (HOMEp
nepxkaHoi peectpanii 0107000078, 2007-2011 pp.), «OcobIUBOCTI CTPYKTYpPHHUX
CTaHiB, fKi (OpPMYyIOTbCA B CIUIABAX NPH CYTTEBO HEPIBHOBAKHMX YyMOBaxX, IX
J1arHOCTHKA 1 BIUIMB Ha (DYHKI[IOHAJIbHI Ta (P13UKO-MEXaHIYH1 BIACTUBOCT1» (HOMEp
nepxkaBHoi peectpauii 01070002113, 2007-2011 pp.), «TexHonoriudi OCHOBHU
OJiep>KaHHsI 0araTomapoBUX CTPYKTYp B KOHCTPYKLIMHHUX CTalsX METOIaMH
HIBUIKICHOI €JeKTPOoTepMOoOpoOKm» (HoMmep AepskaBHOi peectparii 0110U001583,
2010-2012 pp.); B paMkKa BHUKOHAaHHA UUIBOBOI KOMIUIEKCHOI TIPOrpaMu
dbynnamentanbaux gociuikeHb HAH VYkpainn «®yHnameHTalbHI OpoOsieMH
HAHOCTPYKTYPHHX CHCTEM, HaHOMAaTeplajiB, HaHOTEXHOJOTi»: «Po3polka
HAayKOBHMX 3acaj] Cy4yaCHMX METOJIB JOCJIPKCHHS 1 JIIarHOCTUKU ME30CKOMIYHUX
CUCTEM Ta CTBOPEHHS TMPHUCTPOiB HAa  OCHOBI  0araTOKOMIOHEHTHHUX
MeTaJIieIeKTpUYHUX mapiB» (Homep aepxkaBHoi peectpariii 0110U005430, 2010-
2014 pp.); B paMKa BUKOHAHHS LIJIbOBOI KOMIUIEKCHOI pOrpaMu (pyHIaMeHTaIbHUX
nocmimxenb HAH Vkpainn «®yHnameHTanbHi NpoOJeMU CTBOPEHHS HOBUX
HAaHOMATepialiB 1  HaHOTeXHoJjorih»: «Po3pobka  ¢Gi3uyHMX 3acam Ta
EKCIIEPUMEHTAJIbHUX OCHOB CHUHTE3y OaraTopyHKIIOHAJIbHUX HAHOCUCTEM Ha 0asi
HU3BKOBUMIPHUX ME30CKOMIYHUX CTPYKTYp, SKi YTBOPIOIOTHCSI B METAJIEBUX Ta

HaIBIIPOBITHUKOBUX MaTepianax» (HoMmep aepxkaBHOi peectparii 0115U002893,

2015-2019 pp.).
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Mema i 3a60aHH:A 00CIIONHCEHHA.

Merta qucepTalliitHoi po60TH — po3p0OJICHHS MPUHIIUIIIB 3HOCOCTIMKOCTI, 1110
IPYHTYIOTbCS Ha 3aKOHOMIPHOCTSIX 3B’SI3KY CTPYKTYPOYTBOPEHHSI 3 TE€OMETPI€I0
KOHTaKTy B3a€MOJIIi Ta X peaiizallis B KepyBaHHI Ipale3/1aTHICTIO HU3bKOJIETOBAHUX
cTajieit mpu oOrpyHTYBaHHI ONTUMAIBHUX PEKUMIB TEPMIYHOTO OOPOOJICHHS.

Jl7is foCSITHEHHST METH B poOOTI BUPIIITYBAJINCh TaKi 3aBIaHHS:

—  BCTaHOBUTHU Ta C(HOPMYIIOBATH OCHOBHI 3aKOHOMIPHOCTI T4 BUMOTH JI0
oprasizaiii 3HOCOCTIHKHX CTPYKTYp, BpPaXOBYIOYHM IMapaMeTpu MIKpOreoMeTpii
OyZ10BM MOBEPXHI BIJOMHX IIUPOKO PO3MOBCIOIKEHUX aHTU(PUKIIITHUX MaTepiaiiB
Ta YMOBH JTUCKPETHOCTI KOHTAKTHOI B3a€MO/IIi IPU TEPTI;

—  MPOBECTH aHaJli3 BIUIMBY (a30BUX CKJIAJ0BUX Ta PO3MIPHUX MapaMeTpiB
MIKPOCTPYKTYPH Ha 3HOCOCTIMKICTh CTaJeid Ta BU3HAYUTH HAWOLIbII 3HAYMMI JJIS
MOKpPAIIEHHS TPUOOJIOTIYHUX XAPAKTEPUCTHK;

— aganTyBaTH c(OpMYJbOBaHI 3aKOHOMIPHOCTI OpraHizallii 3HOCOCTINKUX
CTPYKTYp 3 BpaxyBaHHAM BIUIUBY Mopdosorii (a3oBUX CKJIAJAOBUX [0
LIJIECOPSIMOBAHOTO  (DOpMYBaHHA  MIKPOCTPYKTYPHM  KOHCTPYKLIMHMX — Ta
IHCTPYMEHTAJILHUX CTaJei MIC/s pi3HUX BHUIIB TEPMIYHOI OOpPOOKH Ta y JTUTOMY
CTaHi;

—  OOrpyHTYBaTH JOIUIBHICTh BHUKOPHUCTAHHS METOAY CKJIEpPOMETpii aJis
JOCITIJIKEHHS 3B’ 513Ky PO3MIPHUX MapaMeTPiB MIKPOCTPYKTYPH, PO3IOALITY BYTJICIO
Ta BHYTPIIIHIX HaNpy>XeHb KOHCTPYKIINHUX Ta 1HCTPYMEHTAJIBHUX CTajeil micis
TEpMIYHOI 0OpOOKHU Ta y TUTOMY CTaHI;

—  BCTAHOBUTHU BIUIUB MOP(oorii Oy1I0BM MapTEeHCUTY Ta KapOigHOi ¢azu
Ha HaIpY>KEHUW CTaH Ta 3HOCOCTIMKICTh KOHCTpYKUIHHUX cTanei 40X ta 40XHM
MICTsl TApTYyBaHHS BiJl PI3HUX TEMIEPATyp Ta BUCOKOTO BIITYCKY;

—  BCTaHOBUTH BIUMB Mopdosorii kapOigHoi a3 Ha PIBHOBAXKHY
HIOPCTKICTh, CTPYKTYPHO-TE€OMETPHYHI MapaMeTpu Ta HECydy CIPOMOXKHICTb

noBepxHi craini 40X, sika GopMyeThbCs MiJ Yac KOHTAKTHOI B3a€EMO/IIT P TEPTI;
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—  BCTAaHOBUTHU BIUIMB T'€TEPOTEHHOCTI MIKPOCTPYKTYPH Ta TUCHEPCHOCTI
JCHAPUTHOI CTPYKTYPHU Ha CTIMKICTH 10 3HouryBaHHs ctaii 081 2C y nutoMy craHi;

—  BCTAHOBUTHU BIUIMB (pa30BOT0 CKJIay Ha TPUOOJIOTIUHI XapaKTEPUCTUKU
iHCTpyMeHTanbHUX crajied X6B®, 9Xd 1 7XHM®b micnga cranaapTHOTro
TEPMIYHOTO OOpOOJIECHHS Ta 3 BUKOPUCTAHHSAM IIBHJIKICHOTO HAarpiBaHHS 10 PI3HUX
TEeMIIepaTyp CTPYMaMH BUCOKOT IIUTbHOCTI;

- 3 METOIO MPOrHO3YBaHHS TpUOOJIOTTYHUX BJIACTUBOCTEH,
[IJIECTIPSMOBAHOTO  PETYJIOBAHHS  MIKPOCTPYKTYpH Ta  (a3oBOro  CKIIany
MOBEPXHEBUX IMIapiB BUKOPHUCTATH Cy4acH1 1HGOpPMAIHI TEXHOJIOTIT IIISIXOM
noOyI0BM Ta aJiarTallii apXITeKTypH IITYYHOI HEUPOHHOI MEepEeX1 ISl MOJICJIFOBaHHS
(b13MKO-MEXAHIYHUX BJIACTHBOCTEH 1 CEPTHU(PIKOBAHUX CTPYKTYPHO-T€OMETPUYHUX
napaMeTpiB NOBEpXHI Il BU3HAYCHHs, PO3PAaXyHKY Ta aHali3dy Hecy4oi
CIIPOMOXKHOCTI TOBEPXHI KOHTAaKTy 3paskiB craii 40X, 1m0 yTBOPIOETHCS MiJ 4Yac
TEPTSL.

O6’ekm  OocniddceHHs ~ —  MeXaHO-(I3UYHI  TMPOIECH  KOHTAKTY
HU3BKOJIETOBAHUX CTaJIEH.

Ilpeomem  OocniddicenHss ~ —  3aKOHOMIPHOCTI  BIUIMBY  XapakTepy

CTPYKTYPOYTBOPEHHS Ha 3HOCOCTINKICTh HU3bKOJIETOBAHUX CTaJICH.

Memoou oocnioscenns.

VY po0oTi BUKOpUCTaHI ONTHYHA, TPAHCMICIiHA Ta CKaHyBaJbHAa €JIEKTPOHHA
MIKpPOCKOITISl, PEHTI€HOCTIEKTPAJIbHUNA aHalll3, KUTbKICHUI MeTanorpagiyHuil aHami3,
BUMIPIOBAHHS TBEPAOCTI 3a Merodamu bpiHemns Tta PoxBena, BuUMiproBaHHS
MIKPOTBEPAOCTI METOJIOM 1HACHTYBAHHS Ta APANAHHS, TPUOOIOTTYHI BUIPOOYBaHHS,
CTEpPEOMETPHUYHI JOCIIKEHHS MIKpoTonorpadii  MOBEPXOHb, METOIHU
MaTEMaTUYHOTO MOJICIIOBAHHS. AHaI3 PO3MIPIB MIKPOCTPYKTYPHUX CKIIAIOBUX
3MICHIOBAJIM 3a JIOTIOMOTOI0 KoMl toTepHoi mporpamu Image-Pro Plus 4.5. s
BU3HAUEHHS 3MIHU IIUPUHU MOAPSATUHYU B3JIOBXK 11 JOBKUHU MPU CKICPOMETPUUHUX

JOCITIKEHHSX BUKOPUCTOBYBaJIM KOMIT I0TepHY nporpamy GetData.
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Haykoea nosuszna ompumanux pe3ynvmamis.

B po06oTi BupinieHa BakjiiBa HayKoBa Mpo0jieMa, sKa MoJjIsrae B po3pooseHH1
NPUHIUIIB 3HOCOCTIMKOCTI, IO BPaxOBYIOTh 3B’SI30K CTPYKTYpHO-(a30BOTO Ta
HANpPY>KEHOT'0 CTaHy 3 T€OMETPI€I0 KOHTAKTHOT B3a€MO/11i HU3bKOJIETOBAHUX CTaJICH,
Ta BUPAKAETHCS Y TAKUX MOJIOKECHHSX.

1. Bmepuie po3poOjeHO OCHOBHI MPUHIMIHN OpraHi3aiii MIKpOCTPYKTYpHU
CTaJiel 3 METOIO MOKpAIeHHs TXHIX TPUOOJIOTIYHUX BIACTUBOCTEH, SIKI BPaxOBYIOTh
MOPQOJIOTIYHI OCOOIMBOCTI OYy0BU 3MIIHIOBAILHUX (a3, iXHIA po3Mip 1 XapakTep
pPO3MOALTY Y TBEPJAOMY pPO3YMHI, a TAaKOX MapaMeTpu MiKporeoMerTpii OyaoBHU
MOBEPXHI Ta YMOBH JUCKPETHOCTI KOHTAKTHOI B3a€MO/IIi PH TEPTI.

2. Brmepie BCTaHOBIICHO, IO IS KOHCTPYKIiHHUX ctaner 40X ta 40XHM
OJIHUM 3 BU3HAYAJIbHUX (PAKTOPIB y PO3IMOALIL Ta BEIMYMHI 3aJIUIIIKOBUX HAIPYKEHb,
K1 BUHMKAIOTh MiJI Yac rapTyBaHHs, € ByrJelb. PicT TeMnepaTypu aycTeHITU3AIlIl
nonaa 1000 °C cnpusie yTBOpeHHI0 00JacTeil 3 Horo MiJBUILEHOI0 KOHIICHTPAIIIETO,
10 TPU3BOJUTH JI0 3POCTAHHS BHYTPIIIHIX HAMpPY>KEHb IiJI 4aC MapTEHCUTHOTO
NepeTBOPEHH Ta micis raptyBaHHs Bin 1160 °C € nmpuunHaMu TPIITUHOYTBOPEHD.
BusiieHa 3pocTtaroua HEpIBHOMIPHICTh PO3MOJILITY BYTJIELIO BU3HAYaE MOP(OIIOTIIO
YTBOPEHOTO MAapTEHCHUTY, 30UIbIIyI0un KUIbKICTh (0 15...17% Ta 12...14% nns
cram 40X ta 40XHM BinoBigHO) Ta pO3MIPU KPUCTATIB TOIYACTOIO MAPTEHCUTY
(mo3...5mxmTa go 1,5...3,5 MM B nonepeunomy nepepisi ais crani 40X ta 40XHM
BIJIMOBIHO), 10 CBOEI YEProro BIUIMBAE Ha Mopdosoriro kapOimHoi ¢a3m micis
BHCOKOTO Biamycky. IIpu mpoMy mpu BiAMYCKY TOJYacTOTO MApTEHCHUTY BEIHMKHUX
po3MipiB  KapOiJOyTBOPEHHS  MPOXOAUTh B  CEPEIMHI  KPUCTAIIB  Ha
MIKPOJBINHUKOBUX MeEXaX, YTBOPIOIOUM 3HA4YHI CKYMUYEHHsS KPYyMHUX KapOidiB (3
cepenniMm aiametpoM 0,12...0,2 Mkm) BUIOBKEHOT (hopMH, po3Mip, hopma Ta Miclie
BUJIIJICHHS SIKUX BU3HAYAE TXHIO IM1JIBUINEHY CTIMKICTh /IO AUCOINAIIT TPH MJIACTUIHIH
nedopwmariii. Mikpo6’emu  Marepiady 3 Tako  MOpQoJoTiero  Oya0BU

XapaKTEPU3yIOThCS HASBHICTIO BHYTPIIIHIX MIKPOCIIOTBOPEHb, SIKI BOJOJIIOTh
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BUIIMMH BIJHOCHO OTOYYIOYOi MIKPOCTPYKTYpH MEXaHIYHUMHU XapaKTePUCTHKAMHU,
30KpeMa MIKPOTBEPAICTIO, Ta CTIMKICTIO 10 pyWHYBaHHs Ipu TepTi. Taka OymoBa
MIKPOCTPYKTYpPH J03BOJISIE 3MEHIIUTH A0 19% 1HTEHCUBHICTH 3HOIIYBAHHS SIK
3pa3KiB JOCTIHKYBaHUX CTaleH, Tak 1 10 29% crpspKeHOro 3 HUM KOHTPTLIA Yepe3
3MeHIIeHHs koedimienTy tepts 3 0,199 no 0,164.

3. Bmepume BusBieHo, mo wmopdoioria kapOigHoi (asum BIUMBaE Ha
pPIBHOB@)XXHY IIOPCTKICTb, CTPYKTYpPHO-TEOMETPHUYHI MapamMeTpu Ta Hecydy
CHPOMOJKHICTh TOBEpPXHI TEepTs cTajiei, ska (OpMyeTbcs MiJ 4Yac KOHTAKTHOL
B3a€MOJIIi, [0 CYTTEBO IO3HAYAETHCS HA ii TPHUOOJOTIYHMX XapaKTepUCTUKAaX.
[TinBuienHsa Temneparypu raptyBanss 10 1050 °C cnpusie 3HUKEHHIO TapaMeTpiB
HIOPCTKOCTI, a TakKoX 30UIbIICHHIO (YHKIIOHAJBHUX TMapaMeTpiB HECY4oi
CrpoMoskHOCTI BUCTYMIB 3 10,5 10 16,7% Ta Bnaaux 3 88,3 10 92,8% mnoBepxHi TepTS
BianymieHoi craii 40X mopiBHSHO 13 3pa3kaMu, 3arapToBaHumu Bij 860 °C.

4. Opepxayiv NoJajIbIINK PO3BUTOK NMUTAHHS, OB s3aH1 3 JIETYBaHHSAM CTall
40X HikeneM Ta MOJIOAEHOM, IO TajibMy€ YTBOPEHHS MAUISIHOK, 30aradyeHuM
ByIJIelleM, 13 3pOCTaHHAM Temmeparypu aycrteHituzamii. ILleit  mporec
CYNPOBOJIKYETHCS 3HUKEHHSIM PiBHSI BHYTPILIHIX HAMPYKEHb I1]] 4ac TapTyBaHHS Ta
BIZIMOBITHO 3pocTaHHsM cTiikocTi ctami 40XHM 1o yTBOpeHHsS TrapTyBajbHUX
TPIIIMH MOPIBHAHO 31 cTayutio 40X.

5. Bmepme mokazaHo, 10 METOA CKJIEPOMETpli € UyTJIMBUM J0
BUCOKOKYTOBUX Ta CYOCTPYKTYPHUX MEX 3€peH, a MMOBIPHICTh BHUSIBJICHHS TaKHUX
(dparMeHTiB MIKpPOCTPYKTYpPH TMOB’si3aHa 3 ii pO3MIPHMMHU MapamMeTpamu, piBHEM
HaBaHTAXXEHHS Ha 1HJACHTOP Ta KpOKOM BuUMiproBaHHs. [lokazano, 1mo 1eid Meton
MOXe OyTH 3acTOCOBaHWM i OIIIHKM BEJIMYWHU, 3HAKy Ta PO3MIPIB TIOJIB
3aJIMIIKOBUX HANPYXEHb, IKI (POPMYIOTBCSI B CTPYKTYP1 CTaJIe M1 Yac rapTyBaHHSI.
OnTuManbHUM I TIPOBEACHHS CKJICPOMETPUYHUX JOCHiIXKeHb cranein 40X,
40XHM ta X6B® B 3araproBaHoMy Ta BIAMYUICHOMY CTaHaX BH3HAYEHO

HaBaHTaxeHHs Ha iHAeHTOp B 20 T, a 1y1st ctani 081 2C y nutomy crani — 100 1.
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6. HaOynu momanpIiuii po3BUTOK MUTAHHS 3B’SI3KY 3HOCOCTIMKOCTI CTajieu y
JUTOMY CTaHi 3 TUCIIEPCHICTIO i1 JEHPUTHOI CTPYKTYpH. BUsiBieHO, 1110 301IbIIICHHS
y 2,5 pa3u KUIbKOCT1 OCeil ACHAPUTIB Ta BIAMOBIHO 3MEHIIICHHS BiACTaH1 MK HUMHU
3 500...600 mo 200...250 MKkM mipH TXHIH Opl€HTAIll]l TEPIEHAUKYISIPHO A0 TOBEPXHI
KOHTAKTHOI B3a€MOJIi copusie 3MeHIIeHHI0 Ha 15,9% wmacoBoi 1HTEHCHBHOCTI
sgomyBaHHs 3 13,7 - 107 10 11,5 - 1078 crani 08T°2C y mutoMy cTaHi, a HOPIBHAHO 3
TOMOTE€HHOIO CTPYKTYporo — Ha 27,0%.

7. PO3BHHYTO MPAKTUKY BHKOPHCTAHHS KOMIT IOTEPHOTO MOJEIIOBAHHS JIJIS
MPOTHO3YBaHHS TPUOOJIOTIUHUX BiactuBocTed craned. [llnsaxom mnoenHaHHS
pPE3yNbTATIB EKCIEPUMEHTIB Ta MOJICTIOBAHHS 3 BUKOPUCTAHHSAM 1HTEICKTYaTbHUX
CUCTEM Ha OCHOBI IITYYHUX HEHUPOHHHUX MeEpex, MOOYyIOBaHUX HA MOJEl
GyHKIIOHATY Ha MHOXHHI TaOJUYHUX (PYHKIIH, OYyJI0 CIPOTHO30BAHO 3MIHY
(yHKLIOHATBHUX MapaMeTpiB HECYYOi CIIPOMOYKHOCTI MOBEPXHI Ta BIAMOBIIHO 10
HUX 1 TpUOOJOriYHI XapaKTepUCTUKH BiamymeHnoi crami 40X 3amexHO Bij
TeMIlepaTypu ii rapTyBaHHs. BcTaHOBIIEHO, 1O BIJIMOBIIHO O OTPUMAHOI MOJAEINI
HalKpalll MOKa3HUKU 3HOCOCTIMKOCTI JOCSATalOThCs Mpu raptyBaHHi ctam 40X B
TemiiepaTypHomMy npoMixkky BiJ 1050 qo 1100 °C, a maiiripu — npu 950 °C ta nonan

1200 °C.

Ilpakmuune 3HaueHHA OMPUMAHUX PE3YTIbIMAMIE.

3anponoHOBAaHO OCHOBHI MPUHIIMIIK Ta BUMOTH JI0 OpraHizailii 3HOCOCTIHKHUX
CTPYKTYp, SIKI AAalOTh 3MOTY MpH LUIECHPIMOBAHOMY (OPMYBAaHHI CTPYKTYpPHO-
($a30BOro Ta HaIMpPY>KEHOTO CTAaHY IOKpAIlyBaTH TPUOOJOTIYHI XapaKTEPUCTUKU
CTajeH.

HaykoBo 00TpyHTOBaHO Ta pPO3pOOJICHO TEXHOJOTIYHI PEXKUMU TEPMIYHOT
OOpOOKHM Ui MiJBUIIEHHS 3HOCOCTIMKOCTI KOHCTPYKIIWHUX HU3BKOJIETOBAHUX Ta
IHCTPYMEHTAJIbHUX CTAJICH.

Ha miacraBi gochiKeHHs] 3aKOHOMIPHOCTEN BIUIUBY TEMIIEPATypPHO-YACOBUX

YMOB TapTyBaHHS Ha CTPYKTYpHO-(pa30BUN Ta HAMPYKCHUH CTaH MOKpAIIlyBaHHX
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cTajneu Ha [IpuBatHOMY aKI[IOHEPHOMY TOBapHCTBI «KuiBcbkuit
CJICKTPOBAarOHOPEMOHTHUH  3aBOJ»  PEKOMEHJOBAHO  ONTHMANbHI  PEKUMHU
TEPMIYHOTO OOpOOJICHHS Bay By3Jia Majoi MIECTEpPHI TATOBOTO PEAyKTOpa Ta
mectepHi kommnpecopa EK-7 enexrpomoizma EP-9M 3 Meroro mokpamieHHsT iXHIX
eKCIUTyaTaI[iHIX XapaKTePUCTHK.

OcHOBHI pe3yabTaTH pOOOTH BIPOBAIKEHO Y HAaBUAJIBHHI mpolec Kadempu
IH)KeHEpHOI MeXaHIKM YKpaiHChKOI akaaeMii JpyKapcTBa TpH BUKIAJaHHI
JEKUIMHUX KypcCiB IS MIATOTOBKM OakaiaBpiB Ta MaricTpiB 3a HampsiMamu 131

«IIpukmnanna mexanika» Ta 133 «["ay3eBe MalIMHOOY TyBaHHSD».

Ocooucmuii enecok 3000ysaua.

VYeci HaykoBl pe3ysibTaTH y3arajlbHEHHS, BUCHOBKM Ta pPEKOMeEHAallli,
BUKJIAQJICHI y JUCEPTAIliHIA pOOOTI Ta BUHOCATHCA HA 3aXUCT, OTpUMaHi 37100yBauemM
ocobucro. CTpykTypa auceprallii, a TaKOX y3araJlbHEHHsS OTPUMAaHUX Pe3yJbTaTiB
O0OroBOpPEHO Ta MPOBEACHO 3 Pa3oM HAYKOBHM KOHCylIbTaHTOM. [Ipu mpoBeneHHi
JIOCITIJIKEHb, a TaKOXX OMYyOJIKOBAHMX Y CITIBABTOPCTBI 3 IHIIMMU HAYKOBIIMHU
HAYKOBUX MpaIsiX, JUCEPTAHTY HAICKUTD:

[509 — 515, 557, 572] — nocraHoBKa 3aBIaHHs, TUIAHYBAaHHS Ta MPOBEICHHS
EKCIIEPUMEHTAILHOT YaCTUHU IIOJI0 PO3POOJIEHHSI METOI0JIOr i, anpobarrii Ta o0ro-
BOPEHHS PE3yJIbTAaTiB JIOCTIKEHb 3aCTOCYBAHHS METOJy CKIEPOMETPIi JJIsi BU3HA-
YEHHSI MEXaHIYHUX XapaKTEPUCTHUK, CTPYKTYPHHUX Ta (Da30BUX CKIIAJIOBUX CTAJICH;

[568, 571] — mocraHOBKa 3aBOaHHs, IUIAHYBaHHS Ta IMPOBEICHHS
EKCIIEPUMEHTAJIbHOT YaCTUHU Ta OOTrOBOPEHHS pE3YJbTaTiB JOCHIIKEHb BILIUBY
XIMIYHOTO Ta (a30BOTr0O CKJIady, a TaKOk MOPQOJIOTii MApTEHCUTHOT Ta KapOiaHOT
(a3 Ha 3HOCOCTIUKICTh KOHCTPYKIIIHHUX CTaJeH;

[635, 636] — mocTaHOBKa 3aBIaHHs, POBEICHHS CKCIICPUMEHTAIBHOI YaCTUHI
Ta 0OrOBOPEHHSI pPe3yNbTaTIB HOCHIKEHb BIUIMBY XIMIYHOTO Ta ()a30BOTO CKJIaay, a
TakoXX MoOpQoJiorii MapTeHCUTHOI Ta KapOiaHoi (¢a3u Ha 3HOCOCTIHKICTH

IHCTPYMEHTAJIHUX CTasel;


http://pk.kpi.ua/specialities/s-131/
http://pk.kpi.ua/specialities/s-131/
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[659, 662, 676] — mocTaHOBKA 3aBAAaHHS, NMPOBEJCHHS CKCICPUMCEHTAIBHOI
YaCTHHU Ta OOTOBOPEHHS Pe3yJbTaTiB JOCIIKEHb BIUIMBY MOp¢oJorii kapOiTHOi
dazn Ha HIOPCTKICTb, CTPYKTYpHO-TEOMETPUYHI IapaMeTpu Ta HeCcyudy
CIPOMO>KHICTh ITOBEPXHI1 CTaje, sika POPMYETHCS 1] YaC KOHTAKTHOI B3aEMOJIT ITpH
TEPTl, a TAaKOX MPOTHO3YBAaHHS 3a JOINOMOIOI0 MaTeMaTUYHOI'O MOJEIIOBAHHS
IUISIXOM BHUKOPUCTAHHS IITYYHUX HEHUPOHHUX MEpPEX JTUHAMIKH 3MIHH
TpUOOJIOTIYHUX BIACTUBOCTEH B 3aJIEKHOCTI BiJ] TEMIEPATypHUX YMOB TEPMIUHOT
00poOKH;

[136, 137, 140, 335, 352 — 354, 393] — mocTaHOBKa 3aBJaHHS Ta OOTOBOPEHHS
pe3ysbTaTiB  AOCTIP)KEHb BIUIMBY BHCOKOCHEPI€TUYHMX METOIB 3MILHEHHS
NOBEPXHEBUX IIAPIB HAa MEXaHIYHI Ta (PYHKIIOHAJIbHI BIACTHUBOCTI MOBEPXOHb
KOHCTPYKIIMHUX CTallel, (PYHKIIIOHAJBHUX Ta CIELIAIbHUX CIUIABIB.

ABTOp rOOKO BASYHUM 32 JOTIOMOTY, OCTIMHY TBOPYY MIATPUMKY Ta TUTIIHI
KOHCyJsbTalll uwieny-kopecnonnaenty HAH Vkpainn B.M.YBapoBy, A.T.H., npod.

3.A. Jlypsriniii 1 1.¢.-M.H., ¢.H.c. [L.LFO.BonoceBuuy.

Anpooauia pezynomamie oucepmauii.

OCHOBHI pe3yJIbTaTH, Ta MOJIOKEHHS MPEACTABICH] B AMCEPTaLliHIi poOOTI,
JIOTIOB1IAJIMCH Ta 0OTOBOPIOBATIMCH HA MIDKHAPO/IHUX Ta BITYM3HAHUX KOHPEPEHITISAX:
MexnayHaponHas HayuyHas KoH(pepeHuus «bepliTeHOBCKHE  YTEHHS IO
TEPMOMEXaHUUECKOW 00paboTKe MeTauTMuecKux wmarepuaioB» (MockBa, 26-27
okTsi0pst 2004), Mexnynapoanas koHpepenus «CoBpeMeHHOE MaTepraIOBeICHHE:
noctkenus ¥ mpoosieMb» MMS-2005 (Kues, 26-30 centadps 2005), MixuapoHa
HayKkoBa KoH(pepeHiis «®dDi3uka KOHJACHCOBAaHMX CHCTEM Ta MPHUKIAIHE
matepiano3HaBcTtBo» (JIbBiB, 11-13 xoBTHa 2007), 4 MixHapoaHa KoH]epeHIis
«MexaHika pyWHYBaHHS MaTepiajiB 1 MIIHICTh KOHCTPYKLii» (JIbBIB, uepBeHb
2009), I Mexnynaponnas HaydHast KoHpepennus «HaHOCTpyKTypHBIE MaTepHAaIIbI
— 2010: benapycb—Poccus—Ykpannay HAHO-2010 (Kues, 19-22 nosiO6psa 2010),

IT Beceykpainceka koHbepeHiliss Monoaux BueHHX «CydacHe MaTepialoZHABCTBO:
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matepianmu Ta TexHosoriiy CMMT-2011 (KuiB, 16-18 mucromaga 2011),
III Mexnynapoanast HayuHas koHpepenius « Hanoctpykrypubie Matepuainsl — 2012:
Poccus—Yxpauna—benapyce» HAHO-2012 (Cankrt-IlerepOypr, 19-22 Hosa0ps
2012), IV MexnynaponHas HaywyHas kKoH(pepeHuus «HaHopasMepHBIE CHUCTEMBI:
cTpoenue, coiicta, TexHonorun» HAHCHUC-2013 (Kues, 19-22 wnosiopsa 2013),
VI Mexnynapoanass HayuHas KoHdepeHuusi «HaHOCTpyKTypHBIE MaTepHasibl —
2014: benapycs—Poccus—Yxkpanna» HAHO-2014 (Munck, benapycs, 7-10 oktsa0ps
2014), International meeting «Clusters and nanostructured materialsy CNM-4
(Uzhhorod, 12-16 October 2015), Kondepentiis «Cy4acHi mpoOiiemMu Gpi3uKu METalliB
1 Metamiyaux cucrem» (KuiB, 25-27 tpaBua 2016), V MexayHnapoHas Hay4dHas
koHpepenuusa «HanoctpykrypHusle wmatepuansl — 2016: benapycs—Poccus—
Yxpannay HAHO-2016 (Munck, 22-25 nosiops 2016), V HaykoBa koH(epeHiis
«Hanopo3MipHi cuctemu: 0y10Ba, BiacTuBocTi, TexHosoriin» HAHCHUC-2016 (Kuis,
1-2 rpynuasa 2016), VI HaykoBa koudepeniiss «Hanopo3mipai cucremu: Oyaosa,
BrnactuBocTi, TexHosoriiy HAHCUC-2019 (Kuis, 4-6 rpymus 2019), B minomy
pe3yabTaTH JUCEPTAIIMHOI pOOOTH JOTIOBIAIMCH HA 3aCiTaHHI HAYKOBO-TEXHIYHOTO

ceminapy 3i criertianbHOCTi 05.02.04 — Tepta Ta 3HO01TYBaHHA B MammHax 03.03.2020.

Ilyonixauii.

OcHOBHI pe3ynbTaTH AHCEpTalii omyOsikoBaHi B 42 HayKOBUX TNpalsx,
BKJIFOYAar0YM 24 CTarTi y HAyKOBUX (PaXOBHX BHUIAHHAX, 3 SAKUX 12 BXOAATH N0
HaykoMeTpuuHHX 0a3 maHmx Scopus Ta/ado Web of Science, 2 mareHTn YkpaiHu,

16 Te3 nonoBiael Ha KOH(GEPEHIISAX PI3HOTO PIBHS.

Cmpykmypa ma 00caz oucepmauii.

Hucepraiiiiina poboTa CKIagaeTbcs 31 BCTymy, 6 pO3AUIIB, L0 MICTIThH
138 pucynkiB Ta 21 TabnuIl0, BHUCHOBKIB, CIIUCKY BHUKOPHUCTaHUX JKEpenl 3
676 mo3umiit (3 Hux 78 natuHUIE) Ta 3 gojaTkiB. OOCSAT OCHOBHOTO TEKCTY
nucepranii ckianae 280 cropiHOK, a mOBHUU o0car podotu — 439 cTOpiHOK

APYKOBAHOTI'O TCKCTY.



47

PO34IN 1. ornsg METAINO3HABYUX ACMEKTIB B MOLUYKY LUNAXIB
MNIABULWEHHA 3HOCOCTIMKOCTI CTAJEN

[Tounnaroun 3 Apyroi mojoBUHU XX CTOJITTS HAAIMHICTH, EKOHOMIYHICTh Ta
€KOJIOTIYHICTh MAIMH, NPUIaAiB, amapariB, TATOBO-TPAHCIOPTHUX 3aco0iB Ta
TEXHOJIOTTYHOTO 00JIaJHAHHS MMOYaJId BU3HAYATUCA B OCHOBHOMY HE€ MOKa3HUKAMHU
MIITHOCTI, & TPUOOTEXHIYHUMH MMOKa3HUKAMH BY3JIIB Ta JI€TajieH, 0 MPAaIOI0Th B
yMmoBax TepTs. Ha TenepimHiit 4ac poib TpUOOIOTIUHUX BIIACTUBOCTEH e OlIbIIe
3pocrae [1 — 11].

Brpatu Bijg TepTs Ta 3HOLIYBaHHS B PO3BHHYTUX JepkaBax csrae 4...5%
HAI[IOHAJILHOTO JO0XOAY, a IOJOJaHHS ONOpYy TEPTIO IOIVIMHAE y BChOMY CBITI
20...25% eHeprii, 1110 BUPOOISETHCSA MPOTATOM POKY. 3a IOBHUM IIUKJI €KCILTyaTarlii
MallliH BUTPaTH Ha PEMOHT 3a 3allacHl YacCTHMHU B JEKUIbKa pa3iB MEPEBUIIYIOTh
BUTPATH Ha BUTOTOBJICHHS HOBOi TeXHIKM. TOMy sk Ha cTajli MPOEKTYBaHHS, TaK 1
1] Yac eKCIuTyaTalli MalluH Ta MEXaHi13MIB HEOOX1JJTHO BPaXxOBYBAaTH TPHOOJIOTIYHI
seuma [11 — 18].

[TigBUIIEHHS €KOHOMIYHOI Ta €KOJIOTIYHO AOLIILHOI JOBIOBIYHOCTI MAIIIHH,
TEXHOJIOTIYHOTO OOJIalHAHHS Ta IHCTpyMEHTa Oe€3MocepeaHh0 TIOB’SI3aHO 3
MIJBUIICHHSAM 3HOCOCTIMKOCTI. PimmeHHs 11i€i akTyanbHOI MPaKTHYHOI 3aaadi
MO>KJIMBE Ha OCHOBI MIMOOKHUX, HAYKOBO OOIPYHTOBAHUX PIILIEHb, 110 0a3yIOThCs Ha
pe3ynbTarax JOCHIKEHb Y LI LapuHI.

KepyBanus mnpouiecaMu TepTs, pallioHaJbHE KOHCTPYIOBAHHS PYXOMHX
COpsDKEHb Ta JeTajell MalluH, ONTHMI3allisl YMOB iXHbOI €KCIUTyaTallli, a TaKoxX
parioHaIbHUM BUOIp MaTepiaiiB 3a KPUTEPIsIMH 3HOCOCTIHKOCTI, €pO3iiHOI Ta
KOPO31HHOT CTIMKOCTI MOXYTh CYTTE€BO TOJOBXKWUTH TEPMIH >KUTTS, M1JIBUIUTH
e(eKTUBHICTh BUKOPUCTAHHS MAIlIMH, 3HU3UTH HIKIJUIUBY 110 MPOAYKTIB 3HOCY Ha
EKOJIOTIYHUH CTaH TOBKULIS MPU HE3HAYHOMY 301IBIIICHH] IXHBOT BapTOCTI. B 3B’ 513Ky
3 UM BHUHSATKOBE 3HAUYEHHS HA0yBalOTh pOOOTH B rangy3l TPUOOTEXHIYHOTO

MaTepiajJo3HaBCTBA, SIKI MOXYTh MOTVIMOMTH ICHYIOUYl Ta BIAHAWTH HOBI CIIOCOOH
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3HIDKEHHS! BTpAT MpPH TEPTi Ta 3HOIIYBAHHS LUIIXOM MIJBUIICHHS 3HOCOCTIMKOCTI

JeTanei MairH Ta Mexanismis [11, 19 — 21].

1.1. TeomeTpis NOBepxHi Ta KOHTaKTHa B3aEMoAis TBepaux Tin.

CydacHa TpuOOJOrisi BOJOIIE€ HU3KOI (DyHIAMEHTaJbHUX TEOPETUYHHX Ta
EKCIIEPUMEHTAJIbHUX 3aKOHOMIPDHOCTEH, $KI MOXYThb HaMOMMKUYMMU pOKaMH
YCIIIIHO BUPIIIYBaTH MPUKJIAAHI 3aBAaHHS B rajy3l CyXxoro, FpaHUYHOTIO TEPTS Ta
3MAllleHHs, L0 PEeali3yloThCid B PI3HOMAHITHUX BY3JlaX MAIIMH IPU KOB3aHHI,
KOYEHHI Y KOYEHHI 3 KOB3aHHSAM. AJle Ha JaHWM 4Yac BUHHKAE HEOOXITHICTH JI0
nepexoAy BiJ MPUHHATUX paHilIe PO3PAXYHKIB CUJI 1 MOMEHTIB TE€PTS, 3aCHOBaHUX Ha
BUKOPHUCTAHHI CTAJIMX 3HAYECHb 1 KOEQIIIEHTIB TEPTS Ta IHTEHCUBHOCTI 3HOIITYBaHHS,
JI0 pO3PaxyHKIB, B IKUX BPaXOBYETHCS 3AJIEAKHICTh LIUX BETUYMH Bl pI3HOMaHITHUX

napaMeTpiB yMOB KOHTaKTHOI B3a€EMO/Ii1, 30Kkpema ii reomerpii [11, 22].

1.1.1. T'eomeTpUYHI XapaKTePUCTUKHU PeaibHOI MOBEPXHI.

B mporieci BUTOTOBJIEHHS Ta MpU €KCIUTyaTalii AeTajeid MalluH Ha iXHIA

NOBEPXHI (POPMYIOTHCS HEPIBHOCTI, SIKI BU3HAYAIOTH ii Tonorpadito (puc. 1.1).

Puc. 1.1. Tonorpadiune 300pakeHHst moBepxHi [11].

[lepepi3 moBepxHi AeTall IIOUMHOLO, EPIEHIUKYIISIPHOIO 10 HEl, HA3UBAIOTh
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npodinemM noBepxHi. [geanbHuil mpodiae MOBEPXHI, SKUN 33Ja€ThCS KPECICHHIM
JeTajl, Ha3UBAEThCS HOMIHAJIIBHUM. BiaxuneHHs moBEepXHi JIeTalll BiJl HOMIHAJIBHOI,
110 BUHUKAIOTh B Pe3yibTaTi 00poOJIeHHsI, HAa3UBAIOTHCS TEXHOJOTTYHUMU. B mporieci
eKCIUTyaTarii getane (opMyIOThCS eKCIUTyaTalliiHI BIIXWICHHS. 3 OTJISIAY Pi3HOTO
MOXO/KEHHSI [IUX BIAXWICHB Ta PI3HUX METO/I1B BUMIPIOBAHHS 1 OI[IHKK HEPIBHOCTEH
MOBEPXHI  PO3PI3HAIOTH.  MAaKpOBIAXWJIEHHS, XBHUJSICTICTh, IHOPCTKICTH Ta
cyomropcerkicTs (puc. 1.2) [11, 23 — 32].

MakpoBIXuiIeHHs — II€ ITOOJMHOKI BIIXWJICHHS (POpMH BiJI HOMIHAJBHOI
reoMeTpii, M0 HE TIOBTOPIOIOTHCS, 30KpeMa OOYKOMOAIOHICTh, OIYKIICTb,
YBITHYTICTh, KOHYCHICTh. MaKpOBIIXWICHHS € HACIIJKOM BIIXUJICHb PO3MIPIB i
4yac BUTOTOBJIEHHS BUPOOIB, a TAKOXK MPY>KHUMH J1ePOopMalisiMU, 1[0 BAHUKAIOTb I11]T

BILUIMBOM 3MIHHOT CHJIM Pi3aHHS.

Puc. 1.2. Cxema MikporeoMeTpii moBepxHi TepTs TBepaoro Tina [29 — 31]:

1 — makpoBiAXUJIeHHs, A; 2 — XBWISACTICTh; 3 — MOPCTKICTh; 4 — CYyOIIOPCTKICTB;

Sw, Rw — Kpok Ta BucOTa XBIIISICTOCTI; S, Rmax — KPOK Ta BUCOTA MIOPCTKOCTI.

XBUIACTICT € CYKYIHICTIO TMEpIOJUYHUX, PEryJsIpHO MOBTOPIOBAHUX,
OJMM3BKUX 32 PO3MipaMH BHUCTYIIIB 1 3aMaJivH, BIACTAHb MIXK SIKUMU 3HAYHO OLJIBIIIE,
HI)X Yy HEpIBHOCTEW, 10 YTBOPIOIOTh LIOPCTKICTh MOBEPXHI. XBHIACTICTb
XapaKTEePU3y€EThCS PO3MIpaMH BIIXUJIEHb — KpokoM xBuii Bif 0,8 1o 10 MM 1 BUCOTOIO
xBuii Bix 0,03 1o 500 MKM 1 yTBOPIOETHCS, TOJTOBHUM YMHOM, BHACIIOK KOJIMBAHb,

110 BUHHMKAIOTh B nporneci 00poOku. dopma XBUIIb O1M3bKa 10 CUHYCOiJalbHOI.
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[lin wmOpCTKICTIO TMOBEPXHI PO3YMIIOTh CYKYHHICTh MIKPOHEPIBHOCTEH 3
BIJIHOCHO MaJIMM KPOKOM, III0 YTBOPIOIOTH peiibed moBepxHi. [1lopcTKicTh MOBepxHi
bopMy€eThCS HE TUIBKM B IMPOIIECI MEXaHIYHOI OOpoOKH, ajie 1 B IpOIeCi TepTs
TBepAux Ti1. Kpok MikpoHepiBHOCTEH MpU IbOMY CTaHOBUTH 2...800 MKM, a ix
Bucota 0,03...400 MxM.

Ha BucTymax, mo yTBOPIOIOTH IIOPCTKICTb, € OLIbII APiOHI HEPIBHOCTI —
cyomikpomopcTkicTb. CyOMIKPOIIOPCTKICTh XapaKTepU3ye TOHKY TomorpadiuyHy
CTPYKTYpPY pE€aJibHOI TMOBEpXHI, Ma€ HAHOMETPOBMI MacmTad 1 BIUIMBAE Ha
(GbopMyBaHHS Tak 3BaHOT0 (13UYHOTO penbedy. CyOMIKPOIIOPCTKICTh MPOSBIIAETHCS
K BUMNAJKOBE 1 HEIOCKOHAJE pO3TallyBaHHS KpHUCTAIOrpapiyHUX IIJIOIIKH,
XA0TUYHE PO3TAlllyBaHHS 3€PEH 1 OCTPIBLEBUX IUIBOK (B TOMY YHCJl OKCHUJHHUX 1
aacopOuiiHuX). EIeKTpOHHO-MIKPOCKOMIYHUMHU JOCIIKEHHSIMUA BCTAHOBJIEHO, 1110
CYyOMIKPOIIOPCTKICTh (POPMYETHCSI HEPIBHOCTSIMH, SIK1 MalOTh BUCOTY Bif 2 710 20 HM
[33].

3a3HadyeHl Makpo- Ta MIKPOHEPIBHOCTI BIIIrparoTh pi3HY poOJib B Ipoliecax
KOHTaKTHOI B3a€MO/I1i. Ajie OCHOBHE 3HAYEHHS B MPOTIKaHHI KOHTAKTHUX MPOIIECIB
MalTh HIOPCTKICTh Ta CYOMIKPOIIOPCTKICTb, SIKI 3HAYHOK MIpOI0 BHU3HAYAIOTHCS

CTPYKTYpOIO MaTepiany eneMeHTiB mapu tepts [11, 32, 34 — 37].

1.1.2. KOHTaKT IOPCTKUX MOBEPXOHb.

BHacniiok XBHJISICTOCTI Ta MIOPCTKOCTI MOBEPXOHb MEXAaHIYHUN KOHTAKT
TBEPJUX TUI € JNUCKPETHUM Ta BiAOYBa€ThCA HAa OKPEMUX HEBEIMKUX JUISHKAX —
wsiMax KoHTakTy [38 — 52].

CyKyIHICTh IHX IUISHOK € (DaKTHYHOI IUIOIIEI0 KOHTaKTy Ar= YAA,
3arajibHa TUTONIA SIKAX CKJIaJa€ HE3HAYHY YaCTHHY BiJ HOMiHambHOT A,=axb
(puc. 1.3). Po3mipu Ta MOJI0XKEHHS IUIAM KOHTAKTY 3ajIeKaTh BiJl YMOB KOHTaKTHOI
B3a€EMO/II1, MEXaHIYHUX XaPAKTEPUCTHUK, MAKPO- Ta MIKpPOT€OMETPii TOBEPXOHb, III0
B3a€EMO/IIIOTh, a TAKOXK TPAI€EHTA TEMIIEPATYPH.

[InsMu KOHTaKTy, SIK MPaBUJIO, PO3MOJIUIEHI HepiBHOMIpHO. Uepe3 meBHUM
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Mikpopenbed moBepxHi (puc. 1.2) BOHM TpYIYyIOThCS Ha BEpXiBKaX XBWIb Ta
YTBOPIOIOTh KOHTYPHI IUIOIII KOHTAKTy A, = Y AA., BijjaneHi oxHa BiJ OJHOI Ha
BiZicTaHb Kpoky xBwii L (puc.1.3). B Oinbmocti BUMAAKIB BEIWYHMHA KOHTYPHOI
mwiomi A, ckinamae 5...15%, a ¢daxkTuyHOI IIOIIN KOHTAaKTy A, — He OuIblle
0,01...0,1% Bim HominanasHOI A, [32, 38, 39, 53].

Ockinpky HalOUIbLIa KOHLIEHTpALlsl HAlPYXEHb JOCATAETHCA HA OKPEMHUX
IUIsIMaxX KOHTaKTy Ta MOOIU3y HUX, IUIOMAa (PAKTUYHOTO KOHTAKTy BIJIIpae
BUHSITKOBY POJIb ¥ BCIX (PI3MUHHUX 1 XIMIYHHMX MPOLIECAX, 1110 MOKYTh BIIOyBaTUCS Ha

MEXI1 PO3/ILTY KOHTAaKTYHOUuX moBepxoHs [11, 53].

1.2. OCHOBHI XapaKTepuCTUKN NpoLecy 3HOLYBaHHA.

By301 TepTs € IMCUIIATHBHOIO CUCTEMOIO, B SIKI OCHOBHA YaCTHHA pPOOOTH
30BHILIHIX CHJ BHUTPAYa€TbCs HA IOTJIMHAHHS E€HEprii NMOBEPXHEBUMH IlIapamMH
€JIEMEHTIB KOHTAaKTHUX CIpPSKEHb, 3MIHY BJIACTHBOCTEM MarepiaiiB 1 YTBOPEHHS
TeryIoTu. B Takiil cuctemi MOBHA MeXaHIYHA €HEpris MijJ 4ac pyXy 3MEHIIYEThCS
BHACIIIJIOK TEPTsI, MepeXo/ia4u B iHI (popmu eHeprii. EkciepuMeHTanbHO JOBEICHO
[54 — 56], mo B ycramenux mpouecax nmoHaa 90% eHeprii TepTs MepeTBOPIOETHCS
OesmnocepeHbo Ha Termio (puc. 1.4).

[Tponec aucunarii eHeprii peani3yeThes MPYKHO-TUIACTUYHOIO JIeopMariiero
MOBEPXHEBUX MIAPIB. AJie iXHIA HaNpyXKeHO-Ae(OpMOBaHUI CTaH MPU KOHTAKTHIN
B3aeMoJlii Mae cBoi crnernudiuHi ocobnuBocTti. Tak, Ha BIAMIHY Bil 00’€MHOTO
Hanpy>XeHO-1e(OPMOBAHOTO CTaHy, MaKCHMaJbHI HANpy>KEHHS BHUHUKAIOTh B
MOBEPXHEBUX MIKpPOOO’€Max, a piBEHb HANpPYXEHb 3aJIeKUTh B CTYNEHS
JUCKPETHOCTI KOHTAKTy i yMOB TepTs. OCKUIbKU B KO)KHOMY MIKp0o0O’ €M1 IIpH TEPTI
B1JI0YBAETHCS LIMKJIIYHA 3MiHA 3HAKy HAIPY>KE€Hb, CTBOPIOIOTHCS YMOBH [JIs1 IPOSIBY
edekty baymmunrepa, a MexaHi3M IJIACTHYHOI e(opMarltii moB’si3aHUN 3 BOXKIMBUM
HACJIZIKOM aKTHBallli MOBEPXHEBHMX IapiB — 30UIBIIEHHAM TYCTUHU JAE€(EKTIB

CTPYKTYpH METaJIiB Ta crutaBis [57 — 60].
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KOHTaKTYy

Puc. 1.3. Y3aranpHeHa cxemMa KOHTaKTy MIOPCTKUX TBepAux Tin [11, 38, 39, 53]:
Aa — HOMIHAJIbHA TUIOIIA KOHTAKTy AAT — IJIOIIA OJIHIET TUISIMUA KOHTAKTY;

AAc — KOHTypHa IJIOIIAa KOHTAKTy OKPEMOI 30HH.

EHepria TepTa

TpuboximiyHi peaku;i:
\ €K30TepMiYHi

NoBepxHeBa eHepria eHAoTepMiH

(BMPOBHMLTBO HOBUX MOBEPXOHb) Ve

™ CTpYKTYpHi nepeTBopeHHA
EHepria gedopmauii

X AN Tpubocybnimalin
(ancnokauii, ToukoBi gedeKkTn Towo)

TpubontomiHicueHu, s
Tpuboemicia

MexaHi4yHi KonnBaHHA, 3BYK

TENNO

Puc. 1.4. Posmoain exeprii mpu tepri [56].
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B ninomy mMexaHi3M 3HOIIYBaHHS MOBEPXHEBUX IIAPIB MPHU TEPTi Ta MPUIHUHH
BUXOAY 3 JIaJy KOHTAaKTHUX TOBEPXOHb 3aJIeXkKaTh BiJl KOMIUIEKCY BJIACTHBOCTEH
Marepiany, sSKuii gopmye moBepxHeBui miap. IloB’s3aHi Mk CO00K0 MeXaHIYHI,
¢i3uuHl Ta XiMIYHI BJIACTHBOCTI, a TaKOXX T€OMETPUYHI XapaKTEPUCTUKU 30HU
CIIPSKEHDb B CYKYITHOCTI BU3HAYAIOTh CTYIiHb PYHHYBaHHS BY3JIiB TEPTS Ta BUXIJ iX

3 many [60].

1.2.1. 3noc, 3HomIyBaHHA Ta ixHi mepiogm mnpu podoTi

TPHUOOJIOTIYHUX CNPSIZKEHb.

BigmosigHo n0 [61] 3HOmIyBaHHS BHU3HAYAETHCS SAK IMPOIEC BiJOKPEMIICHHS
MaTtepialy 3 TMOBEpPXHI TBEpHOro Tina Ta (abo) 30UIbIIEHHS HOTO 3aJMIIKOBOT
nedopmariii mpu TepTi, U0 TPOSABIIAETHCS B MOCTYNOBIM 3Mi1HI po3MipiB 1 (a00) popMu
Tima. 3HOC — 1€ pe3yJbTaT 3HOIIYBAaHHS, SKHM BH3HAYAETHCS B YCTAHOBIICHHX
OJIMHULISX (IOBXKUHU, 00’ €MY YU MACH).

3HOIIYBaHHS — JOCUTh CKJIQJIHE SBUIIIE, 1110 BKIIOYAE BEJIUKY PI3HOMAHITHICTh
MEXaHI13MiB, K1 JIaJIEKO HE 3aBXK/IU A1FOTh OKpEeMO 1 He3aliexkHo. [IpoTte, nocuTh yacto
ICHY€ TIPOBITHMM MEXaH13M, BIAMOBIaIbHUN 3a BU Ta IHTCHCUBHICTH 3HOIITYBaHHS.
3HOIIYBaHHS  3&JE€XKUTh BiJA  BEIMKOI  KUIBKOCTI  (pAKTOPIB, BKIIOYAIOYU
HABAHTAXKEHHS, IIBHUJIKICTh KOB3aHHS, TEMIIEpaTypy, BIACTHUBOCTI MaTepiaiiB map
TEPTsI, MACTHUIIO, TAPAMETPH HABKOJIMITHLOTO cepenoBuiia Toio [31].

[Ipouiec 3HOUIYBaHHS YacTO OMNMCYIOTh WOro I1HTEHCUBHICTIO. Aje s
BU3HAYCHHS IHTCHCUBHOCTI 3HOITYBaHHS HE 1CHY€ €IMHOTO CTaHAapTy. OAUHUII, 1110
BUKOPHCTOBYIOTBCS, 3aJI€KaTh BiJl BUIY 3HOIIYBAHHS Ta MPUPOIN TPHOOCHCTEMH, B
K1l BOHO Bi0yBa€TbcsA. |HTEHCHBHICTH 3HOIIYBAaHHS MOKe OyTH BH3HAYeHa SIK,
Hanpukian [31]:

— 00’em Marepially, BUJAJICHUA 3a OJMHUIIIO YaCy, 3 OJUHUYHOTO IUIAXY
TEPTs, 32 OJIMH 000POT AcTaii ado 3a OJIHE KOJIMBAHHS TiJIa;

— BTpara 00’e€My Ha OJMHHMIII0 HOPMAJIbHOI CHUJIM TIPH OJUHUYHOMY HUISIXY

KOB3aHHS, SIKY 1HOJIl HA3UBaIOTh KOE(]ILIIEHTOM 3HOCY;



54

— BTpaTa Macu 3a OJUHUIIIO Yacy,

— 3MiHa IIEBHOTO PO3MIpPY 3a OJAMHMUIIIO Yacy;

— BIJHOCHA 3MIHa po3Mipy abo 00’emMy y BITHOIIEHHI JI0 TUX K€ 3MIH B
eTAJIOHHOMY MatepiaJii.

Benuuuna, oOepHeHa 40 I1HTEHCHUBHOCTI 3HOIIYBaHHSA, OTpUMaia Ha3BYy
3HOCOCTIMKOCTI. BoHa € BIacTHBICTIO MaTepially YMHUTH OMIp 3HOIIYBAaHHIO B
NEBHUX YyMOBax TepTs. [HOAI pO3IIIAJAETHCS BIAHOCHA 3HOCOCTIHKICTD 3
BUKOPUCTAHHAM JOBUIbHMX cTaHmaptiB [31, 53]. B mporeci pobotu mammHu
MOKa3HUKHU 3HOIIYBAHHS JIETaNeH 1 COpsHKEHb HE 30€piratoTh CTAMX 3HA4EeHb. SIKIIO
3HOC OyIb-sIKOI THapu TepTs NpU HE3MIHHMX HaBaHTaXyBaJbHO-IIBUJKICHUX
napameTpax Bi1oOpazuTH rpagiyHo K QYHKIIO Yacy abo HUIAXY TEepTHA, TO HAXUII
KpUBOi B KOXHIM TOYI[l XapakKTepu3y€e IHTEHCUBHICTb 3HOUIYBaHHS. 3a3BUYail
ICHYIOTh TPH mepioau 3HomryBanus [27, 31, 53, 62], moka3ani Ha puc. 1.5.

[lepion mnpunpamtoBanns (puc. 1.5, cramis [) € modaTkoBHM mepiogoM
3HOUIYBaHHS, TPUBAIICTh SKOTO HEBEJIMKAa Yy TOPIBHAHHI 3 OYIKYBAaHOIO
JIOBTOBIUHICTIO By3Jia TepTs. Lls cTazis xapakTepu3yeThesi HeCTalllOHAPHUM CTaHOM
TpUOOCHUCTEMH,  MIABUUICHUM  TEIUIOBUIAUIEHHSM, 3MIHOIO  MIKpOT€OMeTpii
MOBEPXOHb Ta BEJIMKOIO IHTEHCHBHICTIO 3HOILIYBaHHS, SIKA TIOCTYIOBO 3HUKYETHCS.
[TpoTsirom mepmioi crafii MOBEpPXHi, IO TPYTHCS, «IIPHUCTOCOBYIOTHCS» OJHA JI0
OJIHO1, a TEPTS 1 3HOC 3MIHIOIOTHCSI TAKUM YMHOM, 10 TPUOOCHCTEMA NEPEXOAUTH B
CTaIllOHapHUI cTaH. ExcriepuMeHTaIbHO BCTAHOBJICHO, 1110 34 PI3HUX YMOB 1 B Pi3HUX
napax TEpTs MiCJs TPUIPAIOBAHHS HE 3aJ€XHO BIJl MOYATKOBOI IIOPCTKOCTI
BCTAHOBITIOETHCS OJHAKOBA, PIBHOBaXKHA IIOpCTKicTh (puc. 1.6) [31, 53, 63].

[Ticns 3aBepieHHS MPUMNPAIIOBAHHS HACTa€ JApyra CTajis 3 HaWOUIBIIO
TpuBaiicTio (puc. 1.5, cranis I1). Bona BigHOCUTBCS 10 HOPMAIbHOI POOOTH PyXOMHX
CIPSDKEHB, XapaKTEPU3YEThCSI CTa0ITLHUMU YMOBAMH TEPTS 1 MPAKTUYHO TOCTIHHOIO

Ta BIJTHOCHO HU3bKOIO IHTEHCUBHICTIO 3HOIITYBaHHS.
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t

Puc. 1.5. BimuB yacy ekcrutyarartii (t) Ha 3nonryBanss (In) Ta 3H0C (h) neraneit
MaIllMH 1 XapaKTepHi cTaii mporecy 3HouryBanas [31, 53, 62]:
[ — nepion npunpauroBanus; 11 — nepioa cranoro 3HOIIYBaHHS;

III — nepion katacTpoiYHOTO 3HOIIYBAHHS.

Bennka mopcTkicTh

PiBHOBa)KHA IMIOPCTKICTH

Marna mopcTKicTh

t

Puc. 1.6. Brutus vacy excrutyarariii (t) Ha cepenHio BUCOTY HepiBHOCTeH (R)

TIOBEPXHI JIeTallell pyXOMHUX cripsikeHb [31].
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B xoni 11 po3BUTKY 3HOC MOCTYIIOBO MaiiKe JIIHIHHO 3pOCTa€, MPUBOIIYH JI0
MOIIIKO)KEHHST TIOBEPXOHb.

[Tpu 3miHI popMH Ta 3a30py MIXK €JIEeMEHTaMU MMapu TEPTS, K1 MPU3BOIATH 110
3HayHOi 3MIHM yMOB 1ii po0OOTH, HacTae KaTacTpopiuHUN 3HOC, SAKHI
XapaKTEePU3Y€EThCS PI3KUM 30UIBIICHHSM I1HTEHCUBHOCTI 3HOINYBaHHA (puc. 1.5,

ctamis [1I).

Yac nycky

/

/

t

Puc. 1.7. [linstaka kpuBoi 31H0cy h(t) B mepio HopManbHOT eKCILTyaTallil MAIHA 3

nepepBamu B poOoTi [64]

3anexHicTh h(t) Ha puc. 1.5 noOynoBana 1151 HenmepepBHOT pOOOTH AP TEPT
BiJI MOYATKy MPUMPAIIOBAHHS JI0 MOBHOTO BHOpPAaKOBYBaHHS ab0 pEMOHTY. Alie
nepeBakHa OUTBIIICTh peaTbHUX TPUOOCUCTEM MPAITIOIOTH 3 3YITMHKAMU, Ta KOXKHUI
iXHIA TOBTOPHUM CTAPT CYMPOBOJKYETHCSI HOBUM MPUMPALIIOBAHHSAM, aji€ B 3HAYHO
MeHIimomy macirabi [31].

B TakoMy BuUMajaKy AiisSHKAa KPUBOi 3HOCY TICHIS MPUITPAIIOBAHHS TOBEPXOHb
OyJie MaTH BUTJISi, HaBeAeHUHM Ha puc. 1.7. Cxiquacta JjaMaHa Mo)ke OyTH 3aMiHEHa
npsaMolo, aje il KyTOBUHM KOe(DIIieHT, 10 XapaKTepU3ye CEPEeIaHIO IIBHUIKICTh

3HOLIYBaHHS, Oyje MepeBepllyBaTH MIBUAKICTb 3HOUIYBaHHS MPU HENEPEPBHOMY
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BCTaHOBJICHOMY pexuMi [64].

1.2.2. OcHoOBHI cTajii Ta BUJAM 3HOLIYBAHHSI.

Buninsiors Tpu cTanii 3HomyBanHs [31, 65]:

—  B3A€EMOIisI TOBEPXOHb;

— 3MIHU B TIOBEPXHEBUX IIapax;

— TIOMIKOJDKEHHS (PyHHYBaHHS) TIOBEPXOHb.

Bei mi cramii B3aeMomnoB’si3aHi Ta NPOTIKAIOTh Ha TMOOJWHOKUX TUIIMax
KOHTAaKTYy.

B3aemoist moBepXoHb OyBae MEXaHIYHOIO Ta MoJieKyspHoto [3]. MexaHiuHa
BKJIFOUA€E MPOHUKHEHHS Ta 3a4€IJICHHsI TOBEpXHEBUX HepiBHOCTEN. [Ipu BinHOCHOMY
NEepEMIIIEHH] TOBEPXOHb BIJOYBAETHCS MPYKHE 1 IUIACTUYHE BIATUCKYBaHHS
Marepiajly HepIBHOCTSIMH, 110 BTUIMJIMCH. 3a4ETUVICHHS! HEPIBHOCTEH MPUBOJIUTH J10
iXHBOTO B3a€MHOTO JehOpMyBaHHS, & B TPAHUYHOMY BHUIAJKY M SIKIlIa HEPIBHICTh
MO>K€ HaBITh 3pi3aThcs. MoJieKysipHa B3a€MOI1s TPOSABIISIETCS B aAre31i IUTIBOK, 1110
MOKPUBAIOTh KOHTAKTYIOY1 MOBEPXHi. B okpemux BUmaakax npu A0CTaTHIA MIITHOCTI
aAre3iiHUX 3B’SI3KIB X PYWHYBAaHHS MOXE CYMPOBOJKYBATHUCh CXOIUTFOBAHHSIM Ta
TTTMOMHHUM BHPUBAHHSIM MaTepiamy.

3MiHU B TOBEPXHEBHX IIapax BUHUKAIOTH M1 Ai€r0 AedopMaliii, TeMrepaTypu
Ta XIMIYHUX peakiiii [66].

3MiHU, 110 BUKJIMKaHI Jie(opMalli€to, MoiasraloTh y HaCTYITHOMY.

1. barartopasoBi mnpyxHi aedopmaiiii uyepe3 HEIOCKOHATICTh CTPYKTYpH
MaTepiany MpHU3BOAATH B MEBHUX YMOBAaX 0 BTOMHOTO BUKPHUIITYBaHHS MTOBEPXOHb
KOYEeHHS, a OaraTopas3oBi MpyxkHi aedopmariii MiIKpOHEPIBHOCTEH IMOBEPXOHb
KOB3aHHSI PO3IIAPOBYIOTH CTPYKTYDY.

2. lIlnactuune pgedopMyBaHHS MpU TEMIEpaTypl HUXKYE TeMIepaTypu
pekpucTamizaiii TPU3BOAWTH JO HarapTyBaHHS TIOBEPXHEBUX IIapiB, a TMpHU
HEOJHOPa30BOMY IOBTOPEHHI — IMOCIA0JIEHHIO, PO3MYIIYBaHHIO CTPYKTYypU Ta

pPYVHYBaHHIO.
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BrnuB niABUILIEHHS TeMIIepaTypH.

1. Sxmo 3a yMoOB ekcIulyartarii abo B pe3yibTaTi TepTs TemIiepaTrypa
NOBEPXHEBUX IIApiB BUIIE TEMIEPATYPU PEKpUCTANI3alll METaIy, TO IOBEPXHEBUI
map HE HArapToOBYETbCs, a mepeOyBae B CTaHI MiABUIIEHOI ITUTACTHYHOCTI.
BinOyBaeTbcss BHIVIQJKYBAaHHS TIOBEPXHI 3a PpaXyHOK «pPO3TIKaHHS» BCHOTO
MaTepialy eJIeMeHTa apu TepTs ado TIIBKU OJHIET OT0 CKIIaJ0BOi.

2. Bucoka temmepaTypa Ta macTu4Ha JaedopMallis CIpUsioTh AUQPY31iHIM
npouecaM; B pe3ysibTaTi MOXKJIMBO 30araueHHsl MOBEPXHI JCSIKUMHU €JIEMEHTaMH,
KOaryJisilisi OKpEMUX CTPYKTYPHHUX CKJIaJ0BHX, B3aeMHE AU(y31iHE PO3UMHEHHS a00
MacoIlepEeHECEHHs MaTepialliB IeTajlel map TepT.

3. Ilpuy  iHTEHCMBHOMY  JIOKQJbHOMY  TWiABHIICHHI  TEMIIEpaTypH
(TeMmeparypHOro cpnajiaxy) 1 MOAQJIbIIOMY pI3KOMY OXOJOKEHHI IOBEPXHI
HABKOJIMIIHBOK XOJOJHOI MAacol METaly Ha IOBEPXHI MOXYTh YTBOPUTHCS
CTPYKTYpH TapTyBaHHS.

4. Ilnactuyna pnedopmarlisi, MOXJIMBI BUCOKI TPAJIEHTH TeMIlepaTyp Ta
¢$a30Bi epETBOPEHHS, BUKJIUKAIOTh HATIPYKEHHS B MaTepialli map TEPTs, Kl MOKYTh
BIUTMBATH HAa HOTO pO3IIapyBaHHS.

XiMmiyHa Jis cepeIOBUINA TTOIATAE Y HACTYITHOMY.

1. Ha mnoBiTpi Ha OroJIeHMX NpPH 3HOIIYBAaHHI FOBEHUIBHUX TMOBEPXHAIX
YTBOPIOIOTHCA OKCHJIHI IUTIBKM. BOHM 3aXMINAlOTh MOBEPXHIO BiJ CXOIUIFOBAHHSA 1
MOB’SI3aHOTO 3 HUM INIMOMHHOIO «BUPHUBAHHS» a00 «HATUIAHHSI.

2. MeraneBi moBepxHi Mpy B3aEMOJIT 3 XIMIYHO aKTMBHUMH MPUCAJAKAMHU B
MacCTUJI1, MOKPUBAIOTHCS TUTIBKAMHU XIMIYHHX CIIOJYK, 3aXHCHA POJIb AKUX aHAJIOTI4HA
POJIl OKCUTHUX TUTIBOK.

3. ArpecuBHI piIMHU Ta Ta30Bl CEPENOBUINA aKTUBI3YIOTh MPOIIEC
3HOIIYBaHHSI.

PyitHyBaHHS € 3aKITIOYHUM €TarioM 3HOIIYBaHHS, BUSBISETHCS BizyalbHO a0
i MiKpOocKoTroM. Po3pi3HsAI0Th HU3KY OCHOBHHX BH/IIB PyHHYBaHHS IUISIM KOHTAaKTY,

0 YTBOPIOIOTHCS TIPU OJHOYACHIM Jii HOPMaJIbHUX Ta TAHTCHIIAIBHUX
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HaBaHTakeHb [3, 11, 60, 66 — 68]:

— Ilpu HampyXeHHAX B 30HI KOHTaKTy, IO HE IMEPEBUIINYE TPAHULIIO
TEKy4OCTI MaTepiaidy, BIJOYBa€TbCS HOro TMpyKHE BIATHCKYBaHHS BHUCTyIaMU
KoHTpTLIA (puc. 1.8, a). PyitHyBaHHS OBEpXHEBOTO 11apy 00yMOBJICHO (PUKITIITHOIO
BTOMOIO.

— Ilpu HampyXeHHSX, sIKE€ JJOCATae TPaHUIl TEKy4dOCTi, BiIOYBa€ThCS
IUTACTUYHE BIATUCKYBaHHS (ApsSnaHHS) Martepiany, SKuil OOTIKae BTUICHI B HHOTO
BUCTYnH KoHTpTuta (puc. 1.8, 6). IloBepxHeBwid Imap pPyHHYETbCS BHACIIIOK
MaJIOLMKIOBOI (PPUKIIITHOT BTOMH.

— YV BUNAAKY, KOJM KOHTAKTHE HANpY>KEHHS CATa€ PIBHS, L0 MEPEBEPILYE
TPAHMII0 MILHOCTI, MOPYIIYIOTbCS yYMOBHM OOTIKaHHS BHCTYIIB KOHTpPTLIA Ta
BIIOYBA€ETHCS 3pi3aHHS Matepiany (MIKpOpi3aHHS) 3 YTBOPEHHSIM MIKPOCTPYKKH
(puc. 1.8, B). 3HOC BiZIOYBa€ThCS HA MEPIINX €TANax B3a€MO/Ii.

— CXOIUTIOBaHHS OKCUIHMX TUTIBOK, IO TIOKPHUBAIOTh MMOBEPXHIO TBEPIUX Ti
(anresiiiHa B3aemoJis), Oe€3MOCepeHbO HE BUKIMKAE PYHHYBAHHS MOBEPXHEBOTO
niapy, aje CHpuse HAKOMMUYEHHIO BTOMHMX MOUIKOMXKeHb. [IpM BUHHKHEHHI
HaNPY>KEHb, sIKi IEPEBUIILYIOTH OIipP BTOMH, YTBOPIOIOTHCS TPIIIKUHH, IO PU3BOIUTH
JI0 JTyCKaTOTO BiOKpeMyIeHHsI MaTepiany (puc. 1.8, 1).

— Ilpu yTBOpeHH1 BHAC/IIOK MOJIEKYJSPHOI B3a€EMOJIi HA MJIAMI KOHTAKTY
craro, KU MIOHIME ogHOro abo 000X MmaTepiaiB, BiAOyBa€eThCs TIIMOWHHE
BUPUBAaHHS (CXOIUTIOBaHHS MOBepXoHb) (puc. 1.8, m). 3HoC peanidyerbcst MiCs
MepIINX aKTIB B3aEMOIII.

— PoO3MOBCIOMKEHNM TMOUIKOKEHHSIM pOOOUYMX MOBEPXOHb B YMOBax
KO4YeHHS € BUKpuIryBaHHs (puc. 1.8, e). Jlyis BUKpUIITyBaHHS XapakTepHa JOBIIbHA
(opMa BUPA30K 3 PBAHUMH KpasMi. FloMy CIIpHSIOTH BUCOKI 3aJIMIIKOBI HAIIPY>KEHHS
pO3TSry B MOBEPXHEBUX IIapax, a MepeayloTh YTBOPEHHS Ta PO3BUTOK TPIIIMH, IO

0OMEXYIOTh MaJll OJMHUYHI 00’ €MU BiJl peIITa MaTepiany.
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Puc. 1.8. OcHOBHI BUJM pyHHYBaHHS IJISIM KOHTAKTY:
a — Ipy>KHE BIITUCKYBaHHS; O — IUIACTUYHE BIATUCKYBAHHS (IpsaHHS);
B — 3pi3aHHs MaTepiany (MIKpOpi3aHHs); T — CXOTUTFOBAHHS OKCHJIHUX TUTIBOK, 110
MOKPUBAIOTh MOBEPXHI TBEPAUX TLJ (aAre3iiiHa B3aeMOis); 1 — IITUOMHHE

BUPHUBAHHS, € — BUKPUIITYBAaHHA.
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SIKIIO BUKJIIOYUTH T1 YMOBH TepTs, 3a AKUX MEPEBAXKAIOYMMH MPOLECAaMH €
XiMIYHa B3a€MOJis Ta XIMIYHI peakiiii, MO)KHa CTBEP/KyBaTH, 110 OCHOBHHUMU
NpUYMHAMH PYWHYBaHHA MIKPOOO’€MIB TIPH KOHTAKTHIA B3aeMoJii € BTOMHI
IPOIIECH, TOOTO 3HOC Ma€e BTOMHY mpupoxy [55, 60, 69 — 72].

BroMHi nponecu mMoB’si3aHI 3 BUHUKHEHHSM B IOBEPXHEBOMY Iapi 30HU
MJIAaCTUYHOI  Aedopmariii, BHACTIOK YOTO BHHHMKAIOTh BTOMHI TPIMIMHUA Ta
YTBOPIOIOTBCA MPOAYKTH 3HOCY, IO NPHU3BOAUTH [0 PYHHYBaHHA KOHTAKTHHX
noBepXOHb. OJTHOIO 3 TOJIOBHUX MPUYHH (OPMYBaHHS MIPOIYKTIB 3HOCY € MPOTIKAHHS
IUIACTUYHHUX 3CYBIB 3 BEJIMKOK CTYNIHHIO Aedopmallii, siKa Ma€e HEOAHOPIIHUUN
xapakTep. BrnacHe Ha Mexax 30H 3 PI3HOIO CTYHIHHIO AedopMalnii BUHHUKAIOTh
MIKpOTPIIIUHK, BiAMAPOBYBAaHHS Ta MPOAYKTH 3HOCY [73 — 75]. OTxe ruracTuvHa
nedopmariiss € OAHUM 3 BUPIIIAIBHUX (PAKTOPIB, BIAMNOBIAAIBHUX 32 (OPMYBAHHS

IIJIAIM KOHTAKTY, 9acC 1XHBOT'O iCHYBaHHH Ta SHOIIYBAHHA KOHTAKTHHX ITIOBCPXOHbD.

1.2.3. Buau Ta Teopii 3HOLIYBAHHS.

3a3BUuail pO3TISAAIOTECA TP OCHOBHUX BHUJIM 3HOIIYBAaHHS — MEXaHIYHE,
aaresiiiHe Ta XiMivuae. L{i BUau moaiIsiroThCs Ha KUJIbKA MiABUIIB, 30KpeMa MeXaHIYHE
OyBae aOpa3uBHE, BTOMHE, e€po3iiiHe 1 KaBitamiiiHe. KpiMm Toro, anresiitHe
3HOUTYBaHHS 4acTO BiI0yBa€eThCA 3 IEpEHECEHHSIM a00 0e3 TIepeHeCeHHsT MaTepiaiy,
a XIMIYHE CBOEIO YEPTOI0 MOAUISETHCA HAa OKCUIHE, KOPO31iiHe, PPETIHr-KOPO31iHE Ta
ellekTpoximiune [56, 76].

Ha nanuii yac icHye HH3Ka TEOpiil 3HOIIYBAaHHS, 30KpeMa ajire3iiHi Teopii
Xomwma, boynena-Teitbopa, bapsemna ta Crponra [38], eHepreruuna Tteopis
Ongitimepa [77, 78], MonekynspHO-MeXaHi4HA Teopis ab0 Teopiss BTOMHOIO
snomyBanHs 1.B.Kpareiascekoro [40, 79], MexaHiko-TeOMETpUYHI TeOpii TepTsa Ta
sHomyBanHs M.M.XpymoBa, M.A.ba6iueBa [80] Ta Kokca [38], komGiHOBaHi Teopii
[38].

byno ButpadueHo OaraTo 3ycuib Ha PO3BHUTOK IIMX TEOpPiH, aje, Ha AYMKY

0aratboX JOCIITHUKIB, TTIMOOKOTO PO3YMIHHSI TPOOJIEMU TIOKH IITe HE JOCITHYTO [ 56,
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81]. BBaxkaeTncs, 0 1BI TeOpii 3HOIIYBAaHHS, a[Are3iiiHa Ta BTOMHA, € HAWOULIBII
y3arajpHIOIOUMMU [38]. BOoHM poO3rismaioTh B3aEMOMII0 JIMCKPETHHX €JICMEHTIB
MOBEPXHI, 3/]aTHI MOSICHUTU B1IOKPEMJICHHSI YaCTUHOK METajy BiJ Tij, IO TPYThCH,
Ta BUHOC iX 3 TPOAYKTaMHU 3HOIIYBAaHHS IIPH CyXOMy TepTi [56].

e Ha movarky XX ctomiTTs Y.Xap/i KOHCTaTyBaB, 10 HA YUCTUX MTOBEPXHSIX
TEPTS P13KO 3pOCTA€E Ta IOYMHAETHCS IHTEHCUBHE pyHHyBaHH: [82, 83]. BpaxoByrouun
JOCITIJKEHHST mornepeaHukiB J)x.Apuapa OIHUM 3 MEpHIUX CIpoOyBaB CTBOPUTHU
TEOpiI0 3HOIIYBaHHS Ha OCHOBI NPUIYLIEHHS TMPO aAre3iiiHy B3a€MOJII0
MikpoHepiBHOCTeH [84], sika Oyna HaiOLIbIT oBHO po3BuHyTa @.I1.Boynenom Tta
J.Tetibopom [85].

Mogens anaresiiiHoi B3aemojii BUCTyHiB Apdapnaa HaBeneHa Ha puc. 1.9. 3a
ApdapioM, BUCTYNM TIPH KOHTAKTI IUIACTUYHO 3MHUHAIOTHCA Ta MDK HHMH
BCTAHOBIIOETHCA a/13€31MHMI 3B’ SI130K. SIKIIIO 3CyBHA MIIHICTh KOHTAaKTHOI MOBEPXHI
AB BUSIBISI€THCS OLTBIIOIO, HIXK MIIHICTh M SIKOTO TiJ1a, TO BIOYBA€THCS 3p13aHHS 32

00’eMoM M’sikoro Tia o mosepxHi CD [56].

Hampsimoxk
KOB3aHHS

Puc. 1.9. Cxema anre3iitHOTO BiIOKpPEMIICHHSI YACTUHOK 3HOCY

3a Apuapaom [56].

B 3aranpHOMY BUMAJKy BiANOBIIHO 10 aAre3iiHOI Teopii, MK MeTajJaMH, 1110

JOTHKAIOTHCS, B MICHAX (DAKTUYHOI IUIONII KOHTAaKTy YTBOPIOIOTHCS aJAre3iiHi
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3’€IHaHHA, a00 «MICTKH 3BapIOBaHHA». [ OJIOBHOIO CKIJIaIOBOIO CHUJIU TEPTS € CHUJIA,
sKa HeoOXiHa JUIs 3M1MCHEHHS 3CYBY I10 BCIM 3’€IHAHHAM, 1110 BUHUKIH. KpiM cut,
MOB’s3aHUX 13 3CYBOM a0O0 3pi30M YTBOPEHUX 3 €JHAHb — MICTKIB 3BaplOBaHHS,
JESIKUN OMIp PYXy MOXE BUKIUKATUCS MPOIMIKPsIOYBaHHSAM OUIBII M’SIKOTO METaITy
BHUCTYIIaMu O1b111 TBepioro MeTany [31, 86, 87]. Anresiiina Teopis TepTsl, K TOKa3aB
JIOCBIJI, BUSIBUJIACS JYKE IUTITHOIO JUIS TOSICHEHHS 0araTtboX SIBUII TEPTS 1 3HOCY
HEe3MallIeHUX TOBEPXOHb TepTs MeTamiB [87].

Axe, sik mokazano B npaiii [.B.Kparenscekoro [3], mpocTta Ha nepiuii morisia
koHueniis boynena ta Teiibopa, B OCHOBI SIKOi JIEXKUThH YSBJICHHS IMPO ajre3iiiHe
3HOIITYBaHHS 3a JIONMOMOTOI0 MPUBAPIOBAHHS Ta HACTYIHOTO BHAJICHHS BHUCTYIIIB
OJIHOTO METaJly 3 TMOBEpPXHI IHIIOr0, HACMIpaBAl HE € JI0 KIHIS 3PO3yMLIOIO.
3aJIMIIAETHCA HE3PO3YMUINM, SIKUM YMHOM IIap, 10 NPUBAPUBCS, BIIAUIIETHCS Bl
KOHTPTLIA Ta BUJAISETHCS 3 30HU TePTs. SIKII0 aAre3iiiHi CUIIU JOCTATHBHO MOTYXKHI
JUTSL BIAOKPEMJIEHHS YaCTUHU MaTepially BiJl OJHOIO Tija Ta NEPEHECEHHs Ha IHIIE,
TO HEMa€ MPUYUH JUIsl BIIPUBAHHS MaTepiayly Bija 1HIIOro Tita. Bpemri pemt Bcs
MOBEPXHS APYroro Tila Mae BKPUTHCS IUTIBKOIO MaTepiaqy MepIioro Tijia, IIIo
BI/IMOBIZA€ TEPTIO OJHOPIAHUX MaTepiaiB. kOu e Oyso Tak, TO 3HOC HE 3aJieKaB
Ou BiJ MPUPOJIM KOHTPTLIA Ta OYB OM OJTHAKOBUM JIJIsl BCIX KOHTPTLIL.

Tomy [.B.Kparenbchbkuili NpUHAIIOB A0 BHCHOBKY, IO aAre3iiiHUN 3HOC
MO>KJIMBHM JIMILIE MPU KATACTPOPIYHOMY 3HOIIYBAHHI, KOJM YTBOPIOETHCS MICLIEBE
HApOIIyBaHHS MEPEHECEHOT0 METally, SKUW TMOTIM 3pi3aeThes. [Ipu HOpMabHOMY
PIBHOMIPHOMY 3HOLIYBaHH1 aAre3iiiHa B3a€MO/Iisl MOXKJIMBA JIUIIE MI>K MAaCTUIILHUMU
pEYOBHMHAMHM Ta OKHUCHUMH IUTIBKAMH, KOJIM TIEPEHECEHHS Martepialy He
CTIOCTEPITAETHCS.

B ocHoBy Teopii BTOMHOro 3HomryBaHHs [.B.KparenbchbkuM mokiaaeHo
rinoTe3y HaKOMMYEHHS MaTepiajJoM HE3BOPOTHUX 3MiH, BUKJIMKAHUX IUKIIYHUMH
HAaBaHTAKCHHSAMHM, B TOMY 4YHCII TP HaBaHTAKCHHIX, IO HE BHKIUKAIOTH
riacTUaHOi nedopmartii. Jlokazom Toro, 1110 3HOC Ma€ BTOMHY IIPUPOY, aBTOp Teopil

HABOJMB HACTYIHI aprymeHTH [3]:
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— 3aTpUMKa B TIOSBI MPOAYKTIB 3HOIIYBAaHHS B TMEpPIIMNA MepioJ Ta
MePIOAUYHICTh IXHBOT'O BIIOKPEMJICHHS,

— HasgBHICTb TPIIIUH HA TOBEPXHSX TEPTS;

— HasABHICTh B MPOJYKTaX 3HOILIYBAHHS YaCTUHOK, PO3MIp SKUX OUTHIINN 3a
PO3paxyHKOBHM pO3MIp IUISIM KOHTAKTY.

Ane 1 us Teopis Ma€ HH3KY HEJOJNIKIB. 30KpeMa, Teopis MPUITYCKAE
HAKOMWYEHHSI BTOMHUX TIOMIKO/KEHb B TMTOBEPXHEBOMY Imapi. ToOTO 10 TOTO Yacy,
MOKM IJIaCTUYHA Jedopmalliss He JOCSITHE I€BHOI BEIMYWHU, BIJOKPEMIICHHS
YaCTHUHOK 3HOCY HE Ma€ BiI0yBaTHUCh. EKCIEpMEHTH BKa3yI0Th Ha MPOTHIICKHE: TIPU
TEPT1 3HOC B MEPIIUNA MOMEHT € BEJIMKHUM, a TI0 Mipl HAarapTOBYBaHHS MTOBEPXHEBOTO
11apy IMIBUAKICTH 3HOITYBaHHS 3HIKYeThbes [56]. Kpim Toro, 3 Teopii KOHTaKTHO-
BTOMHOTO pYHHYBaHHS BHWIUIMBA€, IO 3 PO3BUTKOM 3HOIIYBAHHS IIOPCTKICTh
MOBEPXOHBb Ma€ Oe3MepepBHO 30IBIITYBATUCH HE3AIEKHO BiJl TUCKY. AJie, SIK BIIOMO
[31, 53, 63], mpu 3HOCI CIIOCTEPIra€ThCSI BCTAHOBJICHHS PIBHOBA)KHOT IIIOPCTKOCTI.

OcTaHHIM YacoM BTOMHA TEOpisl 3HOITYBaHHS OTpUMaia pO3BUTOK B poOOTax
3apyOikHux aBTopiB [88]. Ilpu 1poMy crpoOu BpaxyBaTH BCi OCOOJMBOCTI, IO
CIIOCTEPIraloThCs B EKCIEPUMEHTax (3MiHAa OyJJOBU MOBEPXHEBUX LIAPIB, YTBOPEHHS
miaapy, poTaiiiHi MOJIM, HUKIIYHICTh Ta CTPUOKOMOAIOHICTh MPOIIECIB TOIIO), a
TaKOX  BUKOPUCTAaTH  OCTaHHI  JIOCATHEHHS MeEXaHIkh pyHHyBaHHI Ta
MaTepialo3HaBCTBA JTOBOMISATH, 110 3HONTYBaHHS II€ CIICHU(IYHUN Tpoliec, KUl He
MOYKHA 3BECTH JI0 1HIIUX, OUIBIIT MPOCTHX mporecis [89].

[Ipu nopiBHsHHI Teopii TepTs Kparenbcbkoro Ta boynena-Telibopa 3Beprae Ha
cebe yBary Toil (hakT, MO B OCHOBI 000X TEOpIi JEKUTHh 3arajbHa 1es PO
MOJBIHICTh MPUPOJIU TEPTS, TOOTO BBAXKAETHCS, 110 ICHYIOTH JIB1 KOMITOHEHTH TEPTH,
nedopmairist Ta aaresis. Pi3HUIM UX TEOpii mosirae B TpaKTyBaHHI MEXaH13MIB Aii

IIUX CKJIaJOBHX 1 CTYyIEHs AeTaizamii npu ixapomy omwci [31].

1.2.4. OcHOBHi MeTOM MiABUIIIEHHSI 3HOCOCTIHKOCTi BY3JIiB TEPTSI.

IIpr BHU3HAYEHHI OCHOBHHMX BHMOTI JO 3HOCOCTIMKOCTI MarepialiB JJis



65

OUTBIIOCTI TPUOOCTIPSHKEHDb BUXOIATH 3 TOTO, 1110 MPY BUTOTOBJICHHI Ta €KCILTyaTarii
BY3JIIB TEPTS HEOOX1THO 3a0€3MECUNTH:

— MakcuMajbHI a00 3aJlaHi 3HAYEHHS MIITHOCTI, KOPCTKOCTI, HAIIHHOCTI 1
JIOBT'OBIYHOCTI;

— MIHIMQJIbHY Macy, piBeHb IIIyMY 1 CHEPreTUYHI BTPaTH;

— HU3bKY METAJIOEMHICTh, BUCOKY TEXHOJOTIYHICTh 1 MIHIMaJIbHY BapTiCTh;

— 3PYYHICTh MOHTQXY 1 TEXHIYHOT'O 0OCITYTOBYBaHHS.

HakomnuueHi CBITOBOIO MPAKTHUKOIO METOAM 1 CHOCOOM 3aroOiraHHs 3HOCY
MaIIIMH 1 MEXaHi3MiB MOKHA TOJUIMTH Ha HacTynHi rpymu [11, 17, 53, 60]:

— KOHCTPYKTOPCHKI;

— Marepiajo3HaBui,

— TEXHOJOTIYHI,

—  eKCIUTyaTaIlliHi.

YacTo marepiago3HaB4l METOAM BKJIIOYAIOTH JO TEXHOJOTIUYHUX, ajie 1€ HE
30BCIM BipHO.

KoHCTpyKkTOpChKI  MeTOnM  3a0e3MeuyroTh  3HOCOCTIMKICTHP Ha  eTalll
MPOCKTyBaHHS MalvH. BoHM cripsMOBaHi Ha:

— TIOM’SIKIIEHHS PEXHUMIB POOOTH MarepiajiB y JeTajsX 1 By3Jax TepTs
(3MEHIIEHHs TeMIIEpaTypH, HAaBaHTAXEHHS, IIIBUAKOCTI);

— 3aXHCT TOBEPXOHb TEPTS BiJ KOHTAKTYy 3 aOpasMBHUM Ta arpeCUBHUM
CepEeIOBUILIEM;

— BUKIIOYEHHS PEXKUMIB TepTsl O€3 MacCTUILHOIO MaTepiaay abo B ymMoBax
HEJI0OCTaTHHOT'O 3MAIyBaHHS;

— 3a0e3nedyeHHs] PIBHOMIPHOTO 3HOIIYBAaHHSA JeTajedl Ta KOMIIECHCAIlis
IXHBOTO 3HOCY;

— BHKJIIOYEHHS KaTacTpo(idyHUX BHUJIB 3HOIIYBAHHS TNPH CXOTUTIOBAHHI Ta
3aIUpaHHSAX;

— 3abe3nedYeHHs] PEeMOHTONPHUIATHOCTI BY3JIiB TEPTS.

Cucremarusailiss KOHCTPYKTOPCHKHUX PIII€Hb, CIPSIMOBAHUX Ha 3a0e3MeueHHs
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3HOCOCTIMKOCTI ~ JeTajie  MalllMH, TPEeACTaBIsS€ BEIUKAW  IHTEpeC I
MaluHOOYAyBaHHS, ajie € JIy>Ke CKIaAHUM 3aBJAHHIM, OCKIJIBKU HAIIIYy€E NECSITKU
TUCSIY TIPOTIO3UIIIM 1 BapiaHTIB pimeHHs [53]. AJie OLIBIIICTh 3 HUX CIPSIMOBaHA Ha
parfioHaJbHUM BHOIp CIOIYYEHHS MaTepialiB pyXOMHUX CIpsDKeHb, TeoMeTpii Ta
KIHEeMaTUKA pPOOOTH BYy3Jia, 3aMIHOIO OINOP KOB3aHHA Ha ONOPH KOYEHHS,
3aCTOCYBAaHHS PI3HOMAHITHHX CHOCOOIB 3MalllyBaHHS, PI3HOTO POAY VIIIJIbHEHb,
3aTBOpIB, (UIBTPIB TOIIO, & TAKOXK JOCTYITHICTIO Ta MPOCTOTOIO OOCIyrOBYBaHHS,
PEMOHTY Ta 3aMiHU jaeTayel 1 By3mis [11].

Marepiano3HaByl METOAM CIHPSMOBaHI Ha CHUHTE3YBaHHS 3HOCOCTIMKHUX
KOHCTPYKIIIHHUX Ta MAaCTUJIBHUX MaTepialliB, BUOIP palliOHATbHUX KOHCTPYKIIHHUX
Ta MAaCTUJILHUX MaTepialiB AJisl BY3JiB TE€PTs, BUBUCHHS Ta KEPYBaHHS MPOLIECAMH,
110 MPOTIKAIOTh Yy MaTepiajax Mpu 3HolyBaHHI. [Ipy 1poMy BaxJIMBO BpaxOBYBaTH,
10 3HOCOCTIMKICTh HE € CTaJOK BIACTHBICTIO MarTepially, a MpOSBISETbCA B
KOHKPETHHUX YMOBAax Ta PEeKUMAaX €KCIUTyaTallli, PI3HUTHCS 5K 3a XapaKTEepOM, TaK 1
IHTEHCUBHICTIO TpoIlecy. Martepiaiu BYy3iB TEPTS OKPIM 3HOCOCTIMKOCTI MOBUHHI
MaTH KOMIUIEKC IHIIMX BJIACTUBOCTEH, IO 3a0€3MeuyioTh HaaiiHy poOoTy
KOHCTPYKIi B LIJIOMY.

TexHonoriyHi METONM TIOMEPEIKEHHST 3HOCY 3aCHOBAaHI Ha BEIUKHX
TEXHOJIOTTYHUX MOKJIMBOCTAX KEPYBaHHS 3HOCOCTIMKMMU BIACTHBOCTSMH JeTallei
Ha eTari BUpOOHUIITBA. B iXH1il OCHOBI1 JI€KUTh CTBOPEHHS (PPUKLIINHUX TOBEPXOHB
nerajeld 3 3aJJaHUMU  BJIACTUBOCTAMM, SKI 3MEHIIYBaIM O CXWIBHICTH JIO
CXOIUTIOBaHHS Ta 3HOcy. Ha pnanuii yac HapaxoByroTh mnoHan 130 pi3Hux
TEXHOJIOTIYHHUX METOJIIB OOpOOKM TMOBEPXOHb JCTANed MAaIIWH Ta MPUIAIIB, SKi
HOUIAIOTH Ha HacTymHi Tpymnu [11, 53, 60]:

— mjacTu4Ha Jedopmailisi MOBEpXHEBOro IIapy (MexaHiyHa oOpoOka abo
MOBEpPXHEBa MIACTHYHA AeopmMallis);

— TepMiyHa Ta XIMIKO-TepMiyHa 00po0Ka;

— TepMoMexaHiuHa 00poOKa;

— HAHECEHHs IOKPHTTIB 3 METAJICBUX, HEMETaJIeBUX a00 KOMITO3HUIIIMHHUX
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MaTepianis;

— o0poOka Ta Moau(]iKyBaHHS MOBEPXHEBHUX CTPYKTYpP 3a JIOMOMOIOK0 il
pi3HOTO poy (PI3UYHHUX TOJIIB Ta YACTUHOK, 110 HECYTh BUCOKY €HEPTIIO;

—  EJIEKTPOXIMIUHI METOU 0OPOOKH;

— KOMOIHOBaHI METOIH.

Excryartamiiini  MeTonud — peami3yloThbCsi B TMpOIeci  eKCILTyaTarfii.
KoHcTpykTHBHA JOCKOHANICTh Ta BHCOKA SKICTh BHTOTOBJICHHS MAIIMH Ta
MEXaHI3MIB HE TapaHTye IXHIO TpuBally Oe3aBapiiiHy po6oty. JlogaTkoBUMH
YyMOBaMH Takoi poOOTH € TpaMOTHA T€XHIYHA €KCIUTyaTallisl Ta BIAMOBIHA CUCTEMa
peMoHTIB. ToMy B yMOBaxX peayibHOI POoOOTH JJIsl 3a0€3MEeUYeHHSI 3HOCOCTIMKOCTI Ta
30UIBIICHHS] PECYpCy MallMHU HEOOXIIHUM € JTOTPUMAHHS PEXKUMIB €KCILTyaTallli,
SKl pErJIaMEHTOBAaHI B TEXHIYHMX YMOBAaX, MPaBWJI TEXHIYHOIO OOCIYroBYBaHHS,
CBOEYACHE Ta AKICHE JA1arHOCTYBaHHs CTaHy JIeTaliel Ta BY3JI1B TEPTs, a TAKOXK IXHIH
PEMOHT Ta 3aMiHa.

Ha npaxTuiii HaitOouIbll MHUPOKE PO3MOBCIOHKEHHS OTPUMAIH TEXHOJIOT1YHI
CIOCOOM TIJIBUIIIEHHS 3HOCOCTIMKOCTI BY3JiB TepTs. BOHU HagaloTh MOKIUBICTH
KepyBaTH BJIACTHUBOCTSMHM JCTAJICH, IO 3HOIIYIOTHCSA, B ITUPOKOMY JIialma3oHi Ta
MOBHOIO MIpPOI0 BpPaxOBYBaTH OCOOJMBOCTI 3HOIIYBaHHS BUPOOIB B KOHKPETHUX

yMoBax ixHboi podoTu [90 — 92].

1.3. 3B’A30K 3HOCOCTIMKOCTI 3 MexaHiY“HUMU BIaCTUBOCTAMM

cTanem.

OnHuUM 3 TOJIOBHUX Ta €(PEKTUBHUX METO/IIB MiABUILIEHHS 3HOCOCTIMKOCTI TIPH

MEXaHIYHOMY 3HOCI BBAXKAETHCS MIABUIICHHS TBEPOCTI KOHTAKTYIOUHMX MOBEPXOHB

[93 — 100].
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VY BHUBUYEHHI 3aJI€KHOCTI CTIMKOCTI METAJIEBUX MaTepialiiB 10 3HOUTYBaHHS BiJl
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TBEpAOCTI  OaraTbma  JOCTHIJHUKAMH  TIPOBEICHO BelWKy pobory. Taxk
M.M . XpymoruM Ta M.A.baGiueBuM OyJIO JOCIHIIKEHO IOBEAIHKY BIJHOCHOT
3HOCOCTIMKOCTI Bl TBEPAOCTI MaTepialiiB mpu abpasuBHoMy 3HoImyBanHi [101, 102].
Sx BunHo 3 puc. 1.10, npu BunpoOyBaHHI TEXHIYHO YHUCTUX METANIB Ta CTaJleh y
BI/IMAJICHOMY CTaH1 BC1 TOUYKH JIATJIN B30BXK OJIHIET CIIBHOT KPUBOIi, IO POXOAUTH
gyepe3 Mo4YaToK KOOPAHHAT.

BuB4eHHS aHAJIOTIYHOT 3a7I€KHOCTI JJIS CTAJICH MiCIIs TapTyBaHHS Ta BIAMYCKY
Ipy pI3HUX TeMIlepaTypax IOKa3aiao, IO JUIsl KOXKHOI CTalli HaMITUJIACh CBOS
noxwieHa npsima (puc. 1.11). Tlpu npoMy Iii AiJSHKA PO3TAIIOBAaHI TUM BHIIE, YUM
Oulbllle B CTadl BYIJICHIO Ta KapOiOTBIpHUX eneMeHTiB. KpaiiHi mpaBi TOUYKH
BIJIMOBIJIAI0Th TAPTYBaHHIO Ta BiAmycky npu 150 °C, a kpaiiHi JIiBl TOUKH, K1 JIEKATh
Ha TPSIMIN J1J19 TEXHIYHO YUCTUX METaJIB — CTaHy IMICIIs BiAMANy.

AHanoriyei TochipKkeHHs Oynau mpoBeneHi i iHmmmu aBropamu [103], ski
BUBYAJIM BIUIMB TBEPJIOCTI HA 3HOCOCTIMKICTh MaTepialliB MPHU yIapHO-aOpa3uBHOMY
3HOIIyBaHHI. JIJI1 TEXHIYHO YHMCTUX MeETajgiB OylId OTpUMaHl aHaJOTIYHI
3akoHOMIpHOCTI (puc. 1.12). Ha moyartky 3 miABUIIEHHSIM TBEPAOCTI CIOCTEPIraeThCs
JiHIAHE 30UTBIIEHHST 3HOCOCTIMKOCTI. [lpu mopanbiioMy 30UTbIIEHI TBEPIOCTI
JIHIMHUN 3B’SI30K MIXK 3HOCOCTIMKICTIO Ta TBEPJIICTIO Xouya M 30epiraerbcs, alie
3HOCOCTIMKICTh 3pOCTAa€ HE TaK IHTEHCUBHO.

Jjist ByrieneBux cTajield y BiJIajIeHOMY Ta 3arapTOBaHOMY CTaHI1 3 BiJIITYCKOM
BIJl PI3HUX TEMIEparTyp BHUBYAJIM 3aJIEKHICTh CTIMKOCTI J0 yJIapHO-aOpa3HMBHOTO
3HOIIYBAaHHS BiJl TBEPIOCTI ITPH Pi3HUX CHEPrifX yaapy. Sk y Bixnanenux (puc. 1.13),
Tak 1 TepMiuHO oOpoOneHux (puc. 1.14) cramsax miHIHA 3a0€XKHICTE MIXK
3HOCOCTIMKICTIO Ta TBEPIICTIO Oya BUsiBIIeHA Juiue s eHeprii yaapy 0,6 k. [Ipu
O1b1 BUcOkuX eHeprisx (1,2 Ta 3 k) 3MiHa TBEPAOCTI CTaJll B IIUPOKOMY JTiara3oHi
HE BIUIMHYJA Ha i1 3HOcoCTiMKicTh. Ilpu eneprii ymapy 20 JIx (puc. 1.14) 3
niaBUIEeHHIM TBepIocTi 10 5500 MIla 3HOCOCTIHKICTH cTam 45 aemio 301IbIIy€EThCS,

a JTaJi BEPTa€eThCs 70 momnepeaHboro 3uadenns [103].



70

\\%
—
1,5 __—
Ni
= Fe
Z 1.0
W ; Cu
/n
0,5
c/ OAal
1Sn
0,0 . . .
0 1000 2000 3000
H, MIla

Puc. 1.12. BrumB tBepocTi TeXHIUHO yncTuX MeTaliB (H) Ha 3HOCOCTIHKICTD (€)

IIpH yIapi 1o He3akpimieHoMy aopasusy [103].

200

—0— 0,6 JTx
—— 1,2 JTx

150 3 _—

= 100 ~
W /O/ ©
—

A A A

ARy
I, {t {T

50

o

0]
0]
]

0
1500 2750 4000 5250 6500
H, MlIa

Puc. 1.13. 3anexHicTh 3HOCOCTIHKOCTI BifMaJeHUX BYTJICIIEBUX CTalieH (€) Bix

tBeprocti (H) npu eneprii ynapy [103].



71

150

—0— 0,6 JIx
—o— 1.2 Jx /
——3 JIx

—a— 20 [T /

100
el

= /
5
50 [ ® ® °
[ {} T {]
0 l
1000 4000 7000
H, MIla

Puc. 1.14. 3anexHicTh 3HOCOCTIIKOCTI cTani 45 (¢) Big TBepaocti (H)

npu eHeprii ynapy [103].

—/— 110I'13J1
—A— HI18K9MS5T
1—o—40
—— 45
24—=— 17
_ —— V10

~ |—P—XI2M

o |—wPI8

1 | f

[

10 20 30 40 50 60 70

HRC

Puc. 1.15. 3anexHicTh 3HOCOCTIMKOCTI (3) cTasen

Big TBepaocti (HRC) [104].



72

XapakTep 3aJeKHOCTI CTIMKOCTI O 3HOILIYBaHHS BiJ] TBEPIOCTI Ta €HEPrii
yaapy Ui 1HIIMX BYTJIENEBUX CTajeil OyB TakuM camMuM, AK Juis ctam 45.
BunpoOyBaHHs mpu piBHUX €HEPTisSX yAapy CTaJIed OAHIET TBEPAOCTI aje Pi3HOTO
CKJIaJTy BHSIBHIIM Pi3HY 3HOCOCTIHKiCTh. B mpami [104] aBTopamMu Ha OCHOBI OIIHKH
a0bpa3rBHOI 3HOCOCTIMKOCTI CTajiel pi3HOTO KJacy MOKa3aHo, IO OITip 3HOITYBAaHHIO
cTaJieli 3 0THaKOBOIO TBEPAICTIO B PIBHUX YMOBax BHIIPOOyBaHb € pizHuM (puc. 1.15).
Omxe (akTopu, sKi BHU3HAYAIOTh 3HOIIYBAaHHS, € JOCUTh CKJIQJHUMH Ta
OararorpaHHUMU. TOMy 3HOCOCTIMKICTH CTall HE MOXE OJHO3HAYHO BU3HAYATHCS
nure ii TBepaictio [39, 103, 105 — 107].

3 METOI BUSBJCHHS  MPUHIUIOBAX  OCOOJMBOCTEH  3HOITyBaHHS,
BCTAHOBJICHHSI MOTO OCHOBHHMX 3aJIeKHOCTEM Ta BU3HAYEHHS KPUTEPIIB OIlIHKU
aBTopamu mpailb [108 — 111] BuBYaBCS 3B’SI30K 3HOCOCTIMKOCTI MPH TEPTi IO
abpa3uBy 3 CTaHJAPTHUMHU MEXaHIYHHUMHU XapaKTEPUCTUKAMHU CTajleil MEepJITHOTO,
ayCTEHITHOTr0, KapO1THOTO Ta MAPTEHCUTOCTAPIIOYOTO KJIacy.

byno Bu3HaueHO U4YITKY BIIMIHHICTh MEXaHI3MIB Ta 3aKOHOMIpPHOCTEU
3HOLIYBaHHS cTajed B 00JacTl KPUXKOro Ta B’SI3KOro pyHHyBaHHsS. Tomy
BpaxyBaHHS KIJbKICHUX 3aJIEKHOCTEH BIUIMBY MEXaHIYHUX BIJIACTUBOCTEH Ha
CTIMKOCT1 CTajll JI0 3HOIIYBaHHS BUSBUJIOCH MOXJIMBUMH JIMIIE TPH OKPEMOMY
00poOJICHH] JaHUX JJI1 KPUXKOTO Ta B SI3KOT0 CTaHIB.

[lokazaHo, 1m0 B YMOBax TepTs KOB3aHHS MO a0pa3uBy MpH MIJBUILEHHI
rpaHMIll TeKy4oCTi (Gp2) 3HOCOCTIMKICTh 3pocTae s B SA3KOI Ta KpHUXKOI 00JacTi
pyiinyBanHs (puc. 1.16). Ha BimMiHy BiJ 1IbOTO BIUIMB TPAHUIN MIIIHOCTI Ma€ OUTBIII
ckimagHuii xapaktep (puc. 1.17). ¥V B’s3kiii oOnacTi pyHHYBaHHS MPH 3pOCTaHHI
rpaHmIll MIITHOCTI (Op) 3HOCOCTIMKICTh 3pOCTAE, a B KPUXKIN — 3MEHIITYETHCA.

[Ipu 3017bIIIEHHI 3HAYE€HBb BCIX MOKAa3HUKIB IUIACTUYHOCTI — BIJHOCHOTO
BuaoBXKeHHs (0), BigHOCHOTrO 3BYKeHHs (y) Ta ymapuoi B’s3kocti (KCU) —

3HOCOCTIHMKICTh cTayieit 3MeHmyethest (puc. 1.18 — 1.20).
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OTpuMaHi THUMOBI 3aJ€KHOCTI BIUIMBY TpaHUI TEKYy4OCTi, BIJHOCHOTO
BUJIOBXKCHHS, BITHOCHOT'O 3BY)KEHHS Ta yJAapHOI B’SI3KOCT1 Ha 3HOCOCTIMKICTh CTajl
(puc. 1.16, 1.18 — 1.20 BiAMOBIAHO) MAIOTh TOPOTOBHUI MEPEXi/l BiJ 30HU KPUXKUX 10
30HU B’SI3KUX CTPYKTYp, B SKOMY OJHE 3HAYCHHS XapaKTEPUCTHUKU BiMOBIIAE
JEKUTBKOM 3HA4YEHHSM 3HOCOCTINKOCTI. IlOSCHIOETBCS 111 OCOONMBICTH PI3HOIO
CTPYKTYpPOIO CTajieil, OTPUMaHOIO MPHU PI3HUX TEMIEpaTypax BIAMYCKY.

3anexXHICTh ONOopYy 3pi3y (Tep) Ta TPAHUIL BUTPUBAIOCTI (G-1), K 1 TPaHMII
MIIIHOCT1, MalOTh HEOJHO3HAYHUM BIUIMB Ha OMmip A0 abpa3sMBHOIO 3HOUTyBaHHs. B
o0nacTi B’S3KOr0 pyHHYBaHHS 3O0UIbIIEHHS IMX XapaKTEPUCTUK 301LIbIIYE

3HOCOCTIHMKICTB cTaliel, a B 00yacTi Kpuxkoro — 3menmye (puc. 1.21, 1.22).
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Puc. 1.22. TunoBa 3anexHiCTh 3HOCOCTIMKOCTI (3) cranei

BiJI rpaHuIli BUTpUBaJIOCTi (6-1) [108 — 111].

AHQJIOTIYH1 JOCHIKEHHsI OyJiM TMPOBEIEH1 [JIs OI[IHKK 3HOIIYBaHHS
BHCOKOMIITHOI 3HOCOCTIMKOT €KCIEpUMEHTAIbHOI cTami J[5 mpu TepTi KOB3aHHI IO
MeTairy 0e3 macTuibHOro matepiany [112 — 114]. BoHu BCTaHOBMJIM aHAJIOTTUHUMN
BIJTUB MEXAHIYHUX XapPAKTEPUCTHK HA CTIMKICTh JO 3HOIIYBAHHS, 5K 1 IPU TEPTI MO

abpa3uBy.
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[IpoBenenHmit aHasi3 JO3BOJIMB 3pOOUTH BHCHOBOK, ITIO JKOJHA 3 CTaHIAPTHUX
MEXaHIYHHUX XapaKTEPUCTUK HE MOXKE CIIYTYBaTH KPUTEPIEM OIIHKHU CTIMKOCTI cTanei
JI0 3HOIIYBaHH, 1110 OyJIO MiATBEPPKEHO aBTOpaMH ¥ iHImuX mparib [115, 116].

OcTtanHiM dYacoM HH3Ka ekcrnepuMeHTatopiB [117 —121] BucioBmioe
NPUITYIIEHHS, [0 JOOYTOK TPaHUIl MIITHOCTI CTaJli Ha i Bi/IHOCHE 3BYKCHHS (Gp-\)
MOKHA BBa)XKaTH HAMOUIBII aJeKBAaTHUM KPHUTEPIEM OIIHKA 3HOCOCTIMKOCTI. AJie
nepeBipka BIUIUBY ILOTO KOMIUIEKCHOTO IMOKAa3HWKA Ha 3HOCOCTIMKICTh BUSIBUJIA
BIIMIHHICTbH 1I1€1 3QJIKHOCTI ISl 00JacTeil KPUXKOTO Ta B’SI3KOTO pyHHYBaHHS: B
00JIacTI KPUXKOTO0 PyHHYBaHHSI MpU 30UIIICHHI MOKa3HHKA Gp-\y 3HOCOCTIHKICTh
cTaJli 301IBIIYETHCS, @ B 001aCTi B A3KOr0 — 3MeHInyeThes [113].

Tomy Ha TpHUOOJIOTIUHI BIACTUBOCTI CTAJIEH KPIM MEXaHIYHUX XapaKTEPUCTUK

CYTTEBHH BIUIMB Ma€, OUYEBUIHO, iXHil (a3oBuil CKiIa Ta MiKpoCcTpyKTypa [122].

1.4. Ponb ha3zoBoro cknagy ta MiKpoCTPYKTYpy B NiaBULLEHHI

3HOCOCTIMKOCTi cTaneu.

BruMB MIKpOCTPYKTYpH CTajled Ha iXHIO 3HOCOCTIMKICTh BIJ3HAYA€THCA B
Oaratbox poborax [123 — 129 Ta iH.], 10 O0OYMOBIIOE METaNO3HABUYMN MIIX1A 10
aHajizy nmnpolueciB 3HomryBaHHs. CydacHI TEXHOJIOTIYHI METOIM TIiJBUILCHHS
mpare3aTHOCTI MaloTh IIUPOKHM CHEKTp MJii CTBOPEHHS MIKPOCTPYKTYD
TpUOOJIOTIYHOTO TPU3HAYCHHS, $KI 3a0e3MeuyloTh HaJIiHy poOOTYy PyXOMHUX
CIpSIKEHb Yy PI3HOMaHITHUX YMOBaxX. AHalli3 JOCIHIKEHb MOKa3ye, 10 OAHUMU 3
OCHOBHHX MeTO1iB (hopMyBaHHs Takux cTpykTyp € [130 — 140]:

— 3MiHa Oy/10BM Ta/ab0 reoMeTpii MOBEpXHI TEPTS MEXaHIYHOK 00POOKOIO;

— 3MiHa MIKPOCTPYKTYpH 00°’eMy abo0 IOBEPXHEBOrO IIapy TEIJIOBUM
BITUBOM 0€3 3MIHM HOTO XIMIYHOTO CKJIAIY;

— 3MIHa MIKPOCTPYKTYpH TIOBEpXHI MIJISAXOM 1i JIETYBaHHS PI3HUMHU
XIMIYHUMH €JI€MEHTaMH;

— HaHECEHHS Ha MOBEPXHIO TEPTS MOKPUTTIB,;
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— KOMOIHAIlis HaBEJICHUX BUIIC METO/IIB.
3acTocyBaHHA MEepepaxOBaHUX METOIB JI03BOJISIE CYTTEBO 3MIHUTU (pa30BUI
CKJIaJl Ta MIKPOCTPYKTYPY, & BIITaK 1 BJIACTUBOCTI CIUIaBIB a00 IXHIX MOBEPXHEBUX

nrapiB B 0akaHOMY HarpsMKy [76].

1.4.1. BnuiuB ¢a30BuUX CKJIAJT0OBHX HA 3HOCOCTIKICTDH cTaJIei.

3HOCOCTIMKICTh CTali MpU PI3HUX BHUAAX 3HOIIYBAaHHS B 3HAYHINA CTEMeHi
BU3HAYAETHCS 11 (Pa30BUM CKIIAZOM Ta MIKPOCTPYKTYpOr0. CTPpYKTypHI CKIIJ0BI, SIKi
MAalOTh PI3HUI KOMILIEKC BJIACTUBOCTEH Ta JO3BOJISIOTH PETYIIIOBATH 3HOCOCTIMKICTD
cTajei, MOXKHa MOIIMTH Ha 1Bl rpymnu [141]:

— Tl, [0 YTBOPIOIOTH OCHOBY CTalll — (PEPUT, MEPJIT, ayCTCHIT, MAPTCHCUT
TOIIIO;

— i, 0 GopMyIoTh TBepay a3y — JIeroBaHUN Ta HEJIETOBAHUI IIEMEHTHT,
crieriajgbHi KapOiau Ha OCHOBI JIETYBaJIbHUX €JIEMEHTIB, IHTEPMETAJI N TOIIIO.

Koxna (aza mae pi3HI BIACTUBOCTI, SIKI Tpeba BpaxoBYyBaTH IpH BUOOPI
TEXHOJIOTiH 00poOku craneii. [76, 141]. Poab CTPYKTypHUX CKIaJOBHUX B PI3HUX
yMOBaxX 3HOIIYBAaHHSA aHai3yBaJlaCh pIZHUMH aBTOpaMU Ta IXHI BHCHOBKHU
HeoHO3HauHi [127, 142, 143].

binbmiicte MOCHIAHKMKIB B CBOIX MpalsiXx MOKazalid, Mo (epuT € HaWOLIbII
«CcNabKoKo» 3 TOYKM 30py 3HOCOCTIMKOCTI CKJIaJ0BOIO MpU OYyIb-SKOMY BHUJ1
3HOLIYBaHHS, OCKUIBKM MAa€ HU3bKY TBEPAICTb, YAApHY B’A3KICTb 1 MIIHICTh
[144 — 147]. JleryBaHHs MiABHILYyE MEXaHIUHI XapakTepucTuku ¢eputy. OmHak
HaBITh MPHU 3HAYHIN CTENEH1 JieryBaHHs (pepuTHa OCHOBA HE 37aTHa JI0 BHCOKOTO
OTOpY 3HOIIYBAaHHIO TPH HABAHTAXKEHHSX, XAPAaKTEPHUX i OUIBIIOCTI BHUIIB
KOHTaKTHOT B3aemoii [141, 148].

[lepmiT y mopiBHSHHI 3 (PEPUTOM Ma€ BHILY 3HOCOCTIHMKICTh. [lpu 1mpomy
HAWOUIBIIT 3HOCOCTIMKMUMU € CTPYKTYpPH 3 TUTACTHHYACTUM mepiiTom [ 76, 127, 149,
150]. Asie mpu BUBYEHHI BIUIMBY HOTO KUIBKOCTI B CTPYKTYpi Ha 3HOCOCTIMKICTB

IYMKHA JOCTIAHUKIB po3aimmianchk. B [76] BBakaeTbes, 10 301UIbIIEHHS BMICTY
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nepmity smme 10 30% copusie pocTy TPUOOJOTIYHUX XapaKTEPUCTUK CTalll.
Bonnouac B mparii [149] aBTop cTBepaKye, IO MOYMHAIOYM 3 apMKO-3ali3a 3HOC
CTaJll 3BMEHIIY€EThCA JIHIMHO 13 30UIbIIEHHAM 00’ eMy niepiiity ax 110 0,8%C.

MapTeHCUT € HaWOUTBIT TBEPIOI0 Ta 3HOCOCTIMKOIO CKIJIAJIOBOIO MAaTpPHIIL
BYIUICIICBUX CTajed 1 cruiaBiB. Bucoka TBepaiCTh 1 MIIHICTh MapTEHCUTY
3a0e3MeuyoTh XOpomui omip tiactTuuHid nmedopmari. Ile Bu3Hawae #oro
BUKOPUCTaHHA TIpH PI3HUX BHJAX MexaHiyHoro 3HomryBaHHs [151]. Omnnak
3pOCTaHHs TBEPJOCTI Ta MIITHOCTI MAPTEHCUTY CYIPOBOIKYEThCS 3MEHIICHHIM HOTO
IJIACTUYHOCTI Ta B’SI3KOCTI, 1110 OOMEXKY€E 3aCTOCYBAHHS LI€T CTPYKTYPHOI CKJIaI0BOT
IpH JUHAMIYHUAX HaBaHTaxkeHHsx [141, 152, 153].

BrmuiuB neryBajibHUX €JIEMEHTIB Ha MEXaHIYHI XapaKTePUCTUKH MAPTEHCUTY
MPOSIBIISETHCS MO-Pi3HOMY. 3 OJTHOTO OOKY, caMe JieTyBajbHI €JIEMEHTH BU3HAYAIOTh
TEMIIEpAaTypHO-4acOBI ~yMOBH Ta T[OBHOTY TMPOTIKAHHA  MAapTEHCUTHOTO
NEPETBOPEHHA. 3 1HIIONO — JIETYBaHHS CTall CHUJIBHUMH KapOiIOTBIpHUMU
eJIEMEHTaMHu TPHU3BOJUTH JI0 3B’SI3yBaHHS YAaCTHHHM BYIJICLIO B KapOiaHy (da3zy,
301THEHHS BYIJICIIEM MapTEHCHUTY 1 SIK HACHIJIOK — JJO 3HMWKEHHS HOro MIIHICHUX 1
TpurOoJIoriuHuX BractuBoctel [141, 154, 155].

AycTeHIT € HaOIIbII B’SI3KOK0 CTPYKTYPHOIO CKiIagoBoro ctaimi [156].
BizoMocTi mpo HOro poib MpU 3HOLIYBAaHHI CYNEPEUWIMBI: BIAMIYAETHCS SIK
MO3UTUBHMI BIUIMB ayCTEHITY Ha OMIp CIUIaBIB 3HOLIYBaHHIO, TaK 1 HEraTUBHUI, a
JUISL JIEIKUX YMOB 3HOIIIYBAaHHS 3MiHa HOT0 KUIBKOCTI B3araji HE BIUIMBAaE Ha
3HOCOCTIHKiCTh [127, 146, 157 — 159]. B 3araapbHOMy BHITaJKy BHCOKAa B’S3KICTh
ayCTEHITY BHW3HAYa€ MOTrO 3[aTHICTh MPOTUCTOSTH yAAPHUM HABAaHTAXEHHSIM, a
MIIHICTh 1 TBEPAICTh MOXYTh 3MIHIOBATHCS B IMUPOKUX MEXKaxX B 3aJIEKHOCTI BIJ
cucremu JyieryBanHs [141, 160, 161]. JleroBanuii ayCTeHIT Ma€e 3Ha4YHYy B’S3KICTb 1
MIITHICTb, IO BUIIA, HIXK I (EepuTy, ajie MeHIa, HiXK JIJis MapTeHcuTty. BiH Bimgirpae
CKJIQJHY POJb B CIUIaBax: I00pe YMHUTH OIIp 3HOIIYBAHHIO, YTPUMYE TBepl (ha3u
BiJl BUKpHUIITYBaHHS B KapOIHMX CIUIaBaX, a TaKOXX MOXKE 3MIHIOBATH BHXITHI

BJIACTHBOCTI CIUIABY B pe3ybTaTi (pa3oBux y—a-neperBopeHsb [162 — 170].
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Pi3He cmiBBIIHOIICHHS ayCTEHITHUX 1 MApTEHCUTHUX CKIIAIOBUX B MAaTPHII
JIO3BOJIAE  3a0€3MeuyBaTH BHUCOKY 3HOCOCTIMKICTH B IIMPOKOMY Jliama3oH1
NPUKJIAICHUX HaBaHTa)KEeHb. TOMY B 3aJIe)KHOCTI BiJI XapaKTepy iXHbBOI [ii 3 METOIO
OTPUMAaHHsI CTIMKHUX O 3HOIIYBAaHHS CTPYKTYpP YacTO BIAIOTHCS 10 KOMOIHAINT IIUX
da3 [141, 146, 171 — 175].

Oxpim (ha30BUX CKIAIOBUX MATPHUII OCOOJIMBY POJb B IpOIEcax IMiJBUIICHHS
TPHUOOJIOTIYHUX BIACTUBOCTEH Bilirpae kapoOimHa dasa [141, 176 — 178]. OcobmuBo
1€ BaXXJIUBO JUIsSl JIETOBAHUX CTaJIel, KOJU B CTPYKTYpPl YTBOPIOIOTHCS CIELIajbHI

KapO1/11 IBOX THIIIB.

1.4.2. BiuiuB BYIJleli0 HA 3HOCOCTIMKICTH cTasei.

binbLIicTh TOCHIIHUKIB B CBOIX poOOTax MOKa3ylOTh, IO OIIpP 3HOUTYBaHHIO
CTaJIel B 3HAYHIA CTENEH1 3aJIeKUTh BIJ KUIBKOCTI, (JOPMU Ta PO3TAIIYBAHHS B
CTpYKTypi KapOimguux dactuHok [18, 127, 179-185]. Xoua umcicHHI
EKCIEpPUMEHTAIbHI JIaHl MIATBEP/KYIOTh, 10 3HOCOCTIMKICTh CIUIaBIB Ha OCHOBI
3aji3a B ILUJIOMY 3pOCTa€ 31 30UIBIICHHSM BMICTY BYIJICIIO, TOSICHIOIOUH II€
3MIITHEHHSIM aYCTEHITY, MIJBUIIEHHSM TBEPIOCTI MAPTEHCUTY MICIs TapTyBaHHS,
30UTBIIEHHSIM 00’€MHO1 YaCTKM KapOiJiB y BUCOKOBYTJIEUEBUX 1 JIETOBAHUX CTAJISIX
Ta MePIIiTy a00 MAPTCHCHUTY B TOCBTEKTOINHMX cTaisx [141, 149, 186], equnoi mymku
3 I[LOTO MIUTAHHS HEMAE.

B nmochimkennsx aBtopiB [149] cTBepmKyeThes, MO 3HOC CTajel CTPOTO
3aJIeKUTh B1J] BMICTY BYIJIEIIO TUIbkU B Mexax Bif 0 g0 0,8%. V 1mpomy iHTepBai
HaBITb HEBEIUKE 30UIBIICHHS BMICTY BYIJICLHIO CYIPOBOJXKYETHCSI CYTTEBUM

3pOCTaHHSIM 3HOCOCTIMKOCTI.
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Puc. 1.24. 3anexHicTh TOBIIMHU TeKTypoBaHoro mapy (h) mpu TepTi KoueHH1

KOJIICHOT cTasi Bia BMicTy ByrJerto [187].

[Toganeme  30imblIeHHS BMICTy Byriemwoo 1oHan 0,8%  migBuinye

3HOCOCTIMKICTh Habarato noBiabHime [149, 158].
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B ixmmiii npari [187] po3risiHyTO BIUIMB BMICTY BYTJICLIO MIPH TEPTi KOB3aHHI
Ha KOHTAaKTHO-BTOMHY MIITHICTh 1 TPUOOJIOTIYHI XapaKTEPUCTUKH 3pa3KiB KOJIICHO1
ctami 3 (epUTO-TIEPIITHOIO CTPYKTYpPOIO 3 IUIACTHHYACTUM  MEPJITOM 3
0,55...0,73% C Ta omHakoBOIO TBepAiCTIO. [IpoBeneHi MOCTiKEHHS TOKa3aIH, 10
MaKCUMaJlbHy CTIMKICTh N0 3HOIIYBaHHS Mae cTpyktypa 3 0,63...0,66% C
(puc. 1.23).

AHami3 TOBIIMHU TEKTYpOBAaHOTO IMIapy, 3a SKUM BH3HAYadd CTEMiHb
MIPOHUKHEHHS TUIACTHYHOI JedopMallii B ru0 3pa3kiB, BUSBUB ii 3aJI€KHICTh BiJ
BMIiCTY Byruiento (puc. 1.24), aHanoriyHy 10 3HOCOCTIMKOCTI. BUBUEHHSI KOHTAKTHO-
BTOMHOI MIIIHOCTI IOKa3ajo, 10 MaKCHUMalbHE 3HAYECHHS Ili€] XapaKTEPUCTUKU
nputamanHo craii 3 0,65...0,66% C (puc. 1.25).

JlociipKeHHST MIKpOCTPYKTYPH MOKa3aju, IO MPU 3pOCTAHHI BMICTY BYTJICIIO
MaiKe JIIHIHHO 301JIBITYEThCSI MDKILTACTUHYACTA BiJIcTaHb B ep:iTi (puc. 1.26). [Ipu
IIbOMY TaK0> Maike JIIHIHHO 3MEHIIYEThCS KUTBKICTh Geputy (puc. 1.27).

OTtxe Halikpali TpUOOJIOTIYH1 XapaKTEPUCTUKH 3a JAaHUX YMOB BUIIPOOYBaHb
BUSIBUWINCH Y KOJIICHOT CTalll 3 MepiTHOW cTpyKTyporo 3 0,64...0,66% C. Hmwxua
3HOCOCTIMKICTh CTajeil 3 MEHIIMM BMICTOM BYTJIEL}0 MOB’Si3aHA 3 MPUCYTHICTIO B
CTPYKTYp1 3HAYHOI YyacTKu (pepuTy, a 3 OUIBIIUM — 3pOCTAHHSIM MIKIUTACTHHYACTOT
BIJICTaHb B MEPNITI W OrpyOIHHSM YAaCTUHOK IeMEHTUTy. OTpuUMaHHS KpPYIHUX
KapO1iB, sIKI PYHHYIOThCSI BHACHIIOK HEAOCTATHBOI Ae(OpMAIIiitHOI 31aTHOCTI Ta €
1HIIIaTOpaMu pyHHYBaHHS Ha MDK(a3HUX MekKaX, 3SMEHIITYE OMip PO3MOBCIOIKEHHIO
TPIIIMHU B CTaJli Ta MPU3BOANUTH J0 3MEHIICHHS OMOPY CTPYKTYpU IO PyHHYBaHHS
npu TepTi [187 — 190].

AHaJIOTIYHUH BIUIMB BEJIMYMHM MDKIUIACTHHYACTOI BiJCTaHI B IEPJITI Ta
TOBUIMHU IIEMEHTUTHUX IJIACTUH Ha 3HOCOCTIUKICTH (EPUTO-TIEPIITHUX CTPYKTYpP

HiATBEPKCHO TpaIsaMK iHIIHX aBTopis [191 — 194].
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Puc. 1.27. 3anexnicts 00’ eMHO1 yacTku Gepury (Vg) mpu TepTi KOYEHH] KOTiCHOT

cTaji Bija BMicTy ByrJero [187].

Kpim Ttoro, B mpami [195] Oymo 3a3HaueHo, IO 3HOUIYBaHHS CTajei 3
BUTATHYTOIO QopMmoro kapOiaiB y 1,3...1,4 pa3u meHma HixX 3 moOynspHoto. Lle
HiATBEPANIIO MpeacTaBieHy B [196] Moenb 3HOITYBaHHS T€TEPOreHHUX CILIABIB, SKa
CTBEPKYE, 10 30UIbIICHHS CTENEH! HEPIBHOOCHOCTI BKJIIOYEHOI B MaTpULIO (a3u
MOKpaIrye TpuOOJIOTIYHI XapaKTePUCTUKU TaKMX MaTepiaiB.

Aute B miparti [186], npu moBeeHi AOCIIPKEHHS BILTUBY MOPQOJIOTii KapOiqHOi
¢da3u, Oynu 3poOJIeHI BUCHOBKH, SIK1 JIMIIIE YaCTKOBO IMIATBEP/KYIOTh 3aKIIOUCHHS
aBTOPIB BHIIe3a3HaueHUX poOiT. Tak, Ha qymMKy [186] 36inbiicHHS po3Mipy KapOiiB
MPU3BOIUTH JI0 iX OLTBIIOTO PO3TPICKYBAaHHS Ta MOTIPILIEHHS 3HOCOCTIMKOCTI CTaJIEH,
a OKPYIJIl B IOTIEPEYHOMY Tepepi3i KapOiau MEHII CXUIIbHI O PO3TPICKYBaHHS, HIXK
npsMOKYTHI. BoaHowyac mpu BIACYTHOCTI PO3TpPICKYBaHHSI KapOiAiB 3HOC cTajei
3MeHIyeThcsl. Hampukiaa, oquH 1 TOW ke CIiaB 3 OUIbII Tpy0or0 KapOigHOIO
MOpPQOJIOTi€r0, HE3BaKAIOYM Ha BJBIYI MEHINY TBEPIiCTh, ToKazaB 10-kpaTHe
M1JBUILIEHHS 3HOCOCTIMKOCTI B MOPIBHAHHI 31 CIUIABOM 3 OUTbII JpiOHUMH KapO1JaMHu.
Kpim Toro, Oyno BiJ3HAYEHO, IO HAa 3HOC BIUIMBAE 1€ ¥ CTPYKTYpHA aHI30TPOIIis

kapOiaiB. Ilpu moctiitHoMy 00’eMi kapOimHOT (PpaKilii 3HOC MOXKE BIJIPI3HITHUCS B
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3aJIe)KHOCTI BiJl mepepi3y 3pa3ka, Tak AK B pi3HUX Mepepizax KapOinu 3aiiMaroTh pizHy
TUIOIILY .

Haii61is1p111a 3HOCOCTIHKICTS Takok Oyiia BUSIBJIEHA Y 3pa3KiB 3 MAKCUMaIbHUM
po3mipomM kap6iaHoi pas3u i B mpamsx [197 — 200], B skux cTBEpKY€ETHCS, IO KPYITHI
YACTHUHKH O1TbII €(h)eKTUBHO «3aXUILAIOTH» MATPHUIIIO TPH TEPTI.

[TopiBHSHHS JIMTOI Ta KOBaHOI CTPYKTypH moka3aino [186, 201], mo xap6iau B
JUTUX CIJIaBaX dYacTO YTBOPIOIOTH IIPOCTOPOBY CITKY, MEHII CXHJIBHY JI0
BUKPHUIIYBAaHHS, HIXK APiOHIIII Ta pO3JUIEHI KapOi iy B KOBaHUX, 1[0 BIUIMBAE Ha iXHI
TpuOOJOriyHl Xapakrepuctuku. IlomiOHI pe3ynbTaTh MOpeCcTaBleHI B Mpalsx
[202 — 204], sxi cBig4aTh, IO 3HOCOCTIMKICTH BHCOKOJCTOBAaHHMX CIUIABIB 31
CTPYKTYPOIO KapOIiJTHOT €BTEKTUKH IO MEXaX ACHIPUTONOAIOHUX 3€pEH TBEPAOIrO
pPO3YMHY BUIIE, HIK NpU APIOHUX, PIBHOMIPHO PO3TAIIOBaHUX, KapOigax abo mpu
PSAIKOBOMY pO3TalllyBaHHI KapOiIiB.

Ane Ha aymky iHmmX jgocmigHukiB [205—208] kpamii TpubosoriuHi
BJIACTUBOCTI MAlOTh CIUIABH, PIBHOMIPHO HACHYEHI APIOHOAUCTIEPCHUMH KapOigamu
OKpyTJI0i (hopmH, Tak K (Pa3a Takoi MOPQOJIOTIi Kpalle yTPUMYETHCS B MATPHIII.

B nditeparypi iCHYIOTH 1 Taki TBEpPKEHHs, LI0 PO3Mip KapOiaiB HE Mae
3HAYHOT'O BIUIMBY Ha 3HOCOCTI#KicTh ctanmedt [209]. Aropamu [210] nposeneni
JOCITIKEHHST a0pa3uBHOTO 3HOITYBaHHS cIiaBiB cuctemMu Fe-C Big TexHIYHO
YUCTOrO 3aji3a J0 CIUIaBiB 3 BMICTOM Byriemoo 4,3% A OCHOBHUX THIIIB
CTPYKTYpHOT'O CTaHy MeETajeBOi MaTpwuili. BcTaHOBIEHO, IO MIABHIICHHS BMICTY
kapOiaHoi (a3u B (hepuTHIA MaTpulll y BIANAJEHOMY CTaHl 30UIbLIyE TBEPHICTh
crutaBiB (puc. 1.28, xpuBa 1). 3HOCOCTINKICTh MPU IBOMY 3POCTAE MPOMOPIIIHHO
KUTBKOCTI KapOimiB. Ane yumM Oinbie kapOiliB MICTUTBCS B MaTPHIll, TUM MEHIITHI
BIUIUB TBEPIOCTI HA 3HOCOCTIMKICTD.

JIist mociimKeHHsT 3pa3KiB 3 MapTEHCUTHOIO CTPYKTYPOIO Opaiu cTaji, 1o
mictath 0,15...0,8% C — Big cram mapku Ct3 no Y8. [l oTpuMaHHs CTPYKTYpH 3
PI3HUM BMICTOM BYTJICITIO Ta P13HOIO TBEPAICTIO 3pa3KH rapTyBaJId Ta YACTHHY 3 HUX

Biamyckanu Big temnepatyp 150 ta 300 °C. B pesynpTari BUNpoOyBaHb 0yIio
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BUSBIICHO, 110 3HOCOCTIWKICTh MAPTEHCUTHUX CTPYKTYP, HE3AJIEKHO BiJ TEPMIUHOI

00poOKH, BU3HAYAETHCS JIMIIIE IXHBOIO TBEPICTIO (puc. 1.28, kpuBa 2).
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Puc. 1.28. BigHocHa 3H0cocTi#ikicTh (€) Ta TBepaicTh (HV) cruiasiB cucremu Fe-C B
pi3HOMY CTpyKTypHOMY cTaHi [210]:
1 — pepurokap6iaHi cTali Ta CruiaBy (BIANAJICHUM CTaH); 2 — TOEBTEKTOIHI CTal 13
CTPYKTYPOIO MapTEHCHUTY; 3 — 3a€BTEKTOIHI CTaJl Ta CIUIABU 3 MAPTEHCUTHOIO
OCHOBOIO (MapTeHCUT + 1IeMeHTHT); 4 — cruiaB 3 2,0% C 3 pi3HUM BMiCTOM

ayCTEHITY.

[Ipu 3’sicyBaHH1 BIUIMBY HAJJUIIKOBOT KapOinHO1 (pa3u Ha omip abpasuBHOMY
3HOIIIYBAHHIO CIUIaBIB 3 MAPTEHCUTHOI MATPUIICIO BCTAHOBJICHO, 1110 301JbIIIEHHS B
HUX BMICTY KapOi1HO1 (ha3u He MiABUIILYE 3HOCOCTINKICTh. [l BCIX 3arapToBaHuX Ha
MapTEHCUT 3aeBTEKTOIIHUX CIUIaBIB BOHA MPAaKTUYHO OJHAKOBAa Ta BIANOBIJIAE
3HOCOCTIHKOCTI 3araproBanoi crami Y8 (puc. 1.28, kpua 3). BiACyTHICTh BILUTUBY
HAJUTUIIKOBOI KapOimHOi (a3u mosicHWIM OJNM3BKOI0 BIAMOBIIHICTIO 3HAYEHB
TBEPIOCTI HEBIAMYIIIEHOTO MAPTCHCUTY Ta IIEMEHTHUTY.

[Ipu BHUBYEHI 3HOCOCTIMKOCTI CTaJe 3 pI3HUM BMICTOM 3QJIUIITKOBOTO

ayCTeHITy OyJI0 BUKOPHCTaHO CIUIaB 3 BMicTOM Byrienw 2,0%, KM 3 METOIO
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OTPUMAaHHS PI3HOI KIJBKOCTI 3alUIIKOBOTO AayCTEHITY TapTyBalW BiJ PIZHUX
TeMIiepatyp. BctanoBieHo, 1110, HE3Ba)KatOuM Ha 3MEHILEHHS TBEPAOCTI, OB’ sI3aHE 3
MIJBUIICHHSM TEeMIIEpaTypu TapTyBaHHS, 3HOCOCTIMKICTH CIUIaBIB 3pOcCTa€ (puc.
1.28, xpuBa 4). HaiiBuia 3HOCOCTIMKICTh JOCATAETHCS IPU MIHIMANIbHINA TBEPIOCTI,
KOJIM KUIBKICTh 3aJIMIIKOBOTO aycTeHITy csirae 90%. Lle nosicHIoeThCsa MpOoTiKaHHIM
¢da3oBUX Y—>0. MEPEeTBOPEHb B MOBEPXHEBUX IlIapaXx MeTaja 3 OJHOYACHHUM
YTBOPEHHSAM MIKpOOO’€MIB 3 BEJIMKOIO HIIIBHICTIO auciokaiii. [TogioH1 pesynbTaTu
I0JI0 ayCTEHITHUX CTPYKTYp Oynu oTpumaHi i B mipai [128] npu BUBYCHHS BIUIUBY
TeMIlepaTypy rapTyBaHHS Ha omip abpasuBHOMY 3HoITyBaHHIO cTaii 15S0XHM.

Omxe BigmoBigHo a0 [210] kapOigHa da3a HE B OJHAKOBIM CTENEHI Ta HE
3aBK/IM 301JIBIIIYE 3HOCOCTIMKICTh cTaneil npu adpa3uBHOMY 3HolIyBaHHI. CyTTeBe
3HAUEHHA Ma€ TUIl MATpHIll, B AKIH BOHU 3HAXOAATHCSA. ToMy MOKpaIieHHs
TPUOOJIOTIYHUX XapPaKTEPUCTUK 3a130BYIJICHEBUX CIUIABIB IHUISXOM 301IbIICHHS
KUIBKOCT1 KapOiJliB BBAYKAETHCS HEJOIIIBHUM.

Boanouac aBropamu gociimpkens [127] puist ominky BIUIMBY KapOiaHOi a3u Ha
abpa3uBHY 3HOCOCTIMKICTh OyiM BUNpPoOyBaHi 3pa3ku crani X12 ta X12d1 micus
MEBHOI TePMOOOPOOKH, sika 3abe3rnedye OJHAKOBUH CTPYKTYPHHH CTaH MAaTpPHII
(peputHMil micns BiAmanmy, MapTEHCUTHUN Ta ayCTEHITHWH), aje mnpu OuIbLIid y
1,5...1,6 pa3iB KUIBKOCTI KapOiiB B MepIiii 3 HUX. Pe3ynbTatu JOCIIIKEHb CBII4aTh
PO ICHYBaHHS IPOMNOPIIIHHOT 3aJIe)KHOCTI MIDK 3HOCOCTIHKICTIO Ta KUIBKICTIO
kapOinHoi ¢asu (puc. 1.29). [Ipu npoMy BUSBICHA BUINA 3HOCOCTIMKICTH CTali 3
OLIBIIMM BMICTOM KapOiJiB y BCIX AOCTIPKEHUX CTPYKTYPHUX CTaHAX MATPHIIL.

OTxe aBTOpPW MPUHMILIM 10 BUCHOBKY, 110 30UIBIIEHHS KIJIBKOCTI KapOiIHO1
(dha3u IPU3BOAUTH 10 CYTTEBOTO IMiABUIIIEHHS 3HOCOCTIHKOCTI TOCTIIKEHUX CIIJIaBIB.

Hesixi gocmimxenHs [141] moBoasite, MmO OUTbIIUN €PEeKT MpU KOHTAKTHIN
B3aeMOJIii 3abe3rmeuye BUAUICHHS MOHOKapOiaiB abo cremiaJibHUX KapOiiB,
YTBOPEHHUX KapOigoTBipHuMH eneMeHTamu [V Ta V rpyn mnepionuuHoi cucteMu
eleMeHTiB MeHneneeBa. IXHsS MilHICTh 1 TBEPAICTh 3HAYHO TEPEBUILYIOThH

BJIACTUBOCTI MaTpuili cruiaBy. Taki KapOiau, MEpelIKoKAouu PyXy IUCIOKAIliH,
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3a0e3MevYyloTh BUCOKI MIIHICHI XapaKTEPUCTUKU CTAJISAM HaBITh MPU MiABUIICHUX
temneparypax. Kpim Toro, BUCTynarouu, sSiK MEepEIIKOAN HA MUIIXY PyXy TBEpAHX
YaCTUHOK 3HOCY a00 aOpa3suBHHX YaCTUHOK, BOHM 3MEHIIYIOTh TIIMOMHY iXHBOTO
BTIJICHHSI, 3HIDKYIOTh MPOTSDKHICTh IIISXY IXHBOTO PyXy B 30HI TEpTs, a B HM3II
BUIA/IKiB BUKJIMKAIOTh PYHHYBaHHS CaMUX YaCTHHOK.

6

O cranp X12d1

A crtanp X12 /

4 /

0 6 12 18 24
K, %
Puc. 1.29. 3Mina BiIHOCHOT 3HOCOCTINKOCTI (&) 3arapToBanux craneit X12d1 Tta

X12 B 3aJIe)KHOCTI BiJl KIJIBKOCTI B CTPYKTYpi KapOinHoi daszu (K) [127].

Ane B mpami  [211] npu  aHamizi  TpUOOJIOTIYHUX  BIACTHBOCTEH
BHUCOKOBYTJICIICBUX AYCTEHITHUX CTajedl Tmpu abpasuBHOMY, aJre3iifHOMY
3HOUIYBaHHI, & TAKOK MPHU TPAHUYHOMY TEpTI MOKA3aHO, [0 HAsIBHICTh B CTPYKTYpI
3a3HAYCHUX MaTreplaiiB TICIAs TapTyBaHHA KpPYIMHUX YAaCTUHOK TEPBUHHUX
creliajJbHuX KapOlJiB CYTTEBO 3HMIXKYE IXHIO MIIHICTh Ta OIIp 3HOIIyBaHHIO. Lle
O0OyMOBJICHO HETATUBHUM BIUIMBOM KPUXKUX KapOIMHMX YaCTUHOK Ha B’S3KICTh
CTajiell Ta 3MEHIICHHSAM BMICTY BYTJICIIO B ayCTEHITI BHACTIAOK HOTo Mepexony 110
kapO1aHOi (pa3u. BogHoyac cTapiHHs JOCTIIKYBaHUX CTaJeH, K€ CYIIPOBOIKYETHCS
JOJATKOBHM BHJIUICHHSAM JIHUCTIICPCHUX CHEIIAJIbHUX KapOidiB, IPU3BOJUTH TO
3pOCTaHHS MIIHOCTI CTAJIEW Ta Ma€ CYTTEBUM MO3UTUBHUMN BIUIMB HA 3HOCOCTINKICTh

cTajel mpH BCIX BUJIaX JOCJIIKYBAHOTO 3HOILITYBAHHS.
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[Ipore oTpumaHi pe3yabTaTH 3HAXOMATHCS B TIEBHOMY MPOTHUPIYYl 3
pesynbratamu npaii [212], B skiii Oyino mokas3aHo, 10 CTapiHHS METacTablIbHUX
BHCOKOBYTJICIICBUX AaYCTCHITHUX CTaJiell mMoripiiye ixHik omip abpa3uBHOMY Ta
aAre3ifHOMY 3HOITYBaHHIO Y€pe3 3MEHIIICHHSI B SI3KOCTI ayCTEHITHOT MaTPHIIi.

OTxe Ha JaHUW Yac HAKOMMYEHO BEIUKHUM EKCIIepUMEHTaIbHUN Ta
IPaKTUYHUN JOCBIJ 3a pe3yibTaTaMH BHUBYEHHS BIUTUBY KapOiTHUX YAaCTHMHOK Ha
TpHOOJIOTIYH1 XapaKTEPUCTHKH CTaJIe! MPH PI3HUX BUAAX 3HOIIyBaHH:. He3Baxkaroun
Ha CYINEpewInuBl JlaHi, Kl MOXXHA TOSICHUTH BIUIMBOM DPI3HOMAaHITHUX (aKTOPIB,
30KpeMa pI3HUMH YMOBAMH IMPOBEJAECHHS BUIPOOYBaHb, 3 JITEPATYPHHUX JKEPEI
BUILUIMBAE, IO POJb KapOiaHOi (a3u y (hopMyBaHHI 3HOCOCTIMKOCTI CTajiel ayxe
BEJIMKA Ta 3aJIeKUTh B1J 1l IPUPOIH, KUIBKOCTI, PO3MIPIB Ta XapaKTEPy PO3MOILLY.
ToMmy nuTaHHA BIUIMBY KapO1HOI (pa3y 3aJIMIIAETHCSA BIIKPUTUM, MOTO BHPIIIEHHS
a BUOIp (ha30BOr0 CKIIly CTaJIE IOBUHEH PETYJIOBATUCH CTOCOBHO O KOHKPETHUX
yMOB eKcrutyarartii [216].

AHamizytoun 3a3HaveHi (aKTH MOXKHA KOHCTAaTyBaTH, IO 4YacTo TIpH
OJIHAKOBOMY BMICTI BYIVICLIO Ta PIBHIA TBEPAOCTI 3HOC CTaJled MOXKE CYTTEBO
BIJIPI3HATHCH. TOMY TPOBIIHY pOJIb MIPU 3HOIIYBAaHHI MaTepiayliB HU3KA aBTOPIB

BIZIBOJIAATH TXHIM MikpocTpykTypi [149, 217].

1.4.3. BnauB  po3MipHuMx  mapaMeTpiB  MiKpPOCTPYKTYpH  Ha

3HOCOCTIHKICTDH CTAJIeH.

Ha panuii yac B miTeparypi 3yCTpiyarOThCs Mpalll, B SIKUX BBaXKAETHCSH, IO
pe3epBU IMIJIBUINCHHS EKCIUTyaTallliHUX XapaKTEPUCTHK CTaJed pI3HUX KJIAaciB Ha
OCHOBI MOJIMOP(HUX TMEPETBOPEHb BBAXKAIOTHCSA MPAKTUYHO BHUeprmaHumu [218].
ToMy IHTEHCUBHUN PO3BUTOK OTPUMYIOTH METOIH, SIKi JO3BOJISIIOTH 3MiHIOBATH
(b13MKO-MEXaHIYHI BJIACTHBOCTI METAJICBUX MaTepialliB 3a pPaxyHOK (OpMyBaHHS
npiOHOKpuUcTaniyHOro ctany. OTHUM 3 €ePEeKTUBHUX IUISAX1B MOAPIOHEHHS CTPYKTYPHU

€ IHTeHCHBHA TU1acTH4YHa Jaedopmartist [219 — 224].
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B mparsix [225 — 228] 6ynu mpoBeneHi JOCHTIHKSHHsT KOMIUIEKCY MEXaHIYHUX
xapaktepuctuk ctami  09I2C  micns  00’€éMHOro  HAHOCTPYKTYPYBaHHS 3
3aCTOCYBaHHSM METOJly piBHOKaHajibHOro KyTtoBoro mpecyBanHs (PKKII).
Bussneno, mo ¢opmyBanHs ynbTpaapioHogucnepcHoi ctpykrypu micias PKKII ta
HU3BKOTEMIIEPATYPHOTO  BiANaly  3a0e3Meumsio  JIECATUKpPATHE  3HUKEHHS
IHTEHCUBHOCTI 3HOLIYBaHHA B YMOBaX TEpTS KOB3aHHS MOPIBHSIHO 3 BHUXITHUM
KPYTTHO3EPHUCTHM CTAHOM.

Take 3HayHe NOKpalIEHHS TPUOOJOTIYHUX XaPAKTEPUCTUK JOCIIIKYBaHOI
CTaJll TMOSICHWIM TO€AHAHHAM pI3HUX (AKTOPIB 3MILIHEHHS, 30KpeMa pPI3KUM
CTpUOKOM MILIHOCTI Ta TBEPIOCTI BHACIAOK IT'ITUPA30BOI0 3MEHUIECHHSI CEPEIHBOTO
po3Mmipy 3epHa 3 10 no 1,9 MKkM, pyilHyBaHHS MEpJITHUX KOJIOHIM Ta OTpUMAaHHS
MIKPOCTPYKTYPH Y BUIJISAJ1 CYOMIKPOKPUCTAIIUHOI (DEPUTHOI MaTpHIll, 3MIIHEHOT
PIBHOMIPHO  PO3MOAUICHUMH  YJIBTPAIUCIEPCHUMU KAapOIJHUMU YaCTOYKAMH,
BHUCOKOIO HIUIBHICTIO TUCTIOKAIH, a TAKOK 30LJIbIIEHHSIM 32 PaXyHOK 3MIHH TPO(1ITIO
MOBEPXHI (PAKTUYHOT IUIOII KOHTAKTY.

[Toai6Hi gocmiKeHHs poBeaeHi B mpaiti [229] npu BUBYCHHI TPUOOIOTTUHUX
BJIACTUBOCTEN HU3BKOBYTJIEIEBOI CTall 3 BMICTOM Byrieo 10 0,2% micis rapsioro
npokatyBaHHs Ta PKKII. ABTopamu Oynio BCTaHOBJIEHO, 1110 TIACTHYHA JAedopmartis
CYTTEBO TMOAPIOHIOE 3€PEHHY CTPYKTYpPY, BHACIIJOK YOr0 3pOCTa€ MIIHICTH Ta
3MEHILYETHCS KOE(ILIEHT TEPTS, 110 MalKe BABIYI MIJIBUILYE 3HOCOCTIMKICTh CTaJl B
pEeXUMI TEPTS KOB3aHHS.

[HIIMMKM  JOCHIIHUKAMU OYJIO0 JOCSTHYTO PICT 3HOCOCTIMKOCTI METaleBUX
MaTepialiB 32 paxyHOK TMOAPIOHEHHS CTPYKTYpH IIUIIXOM BCTAaHOBJICHHS
ONTHUMAJILHOTO PEXHUMY IUIa3MOBOTO 3MittHeHHs [171], meryBanus [230], Tepmiunoi
00poOkwm [128, 231 — 233].

[Tpote B mpansx [234, 235] BcTaHOBICHO HEOIHO3HAYHHMA BIUIUB PO3MIpY
3epHa B Mexkax 1...100 MmkMm Ha aOpa3uBHY 3HOCOCTIMKICTh HU3bKOBIMYILIEHOT CTaTl
38XH3M®A. Tlokazano, mo onTuMaiabHUM po3Mipom 3epHa € 10...20 mxm. [lpu

30upIeHH! 70 100 MKM Ta 3MeHIIeHHI 70 1 MKM pO3MipiB 3€pEHHOI CTPYKTYpHU
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3HOIIYBaHHS CTalll 3pOCTaE.

[Ti3Hime UMM X aBTOpaMu OyJIO PO3IJISHYTO BIUIMB Ha 3HOCOCTIMKICTH
pO3MIpy 3epHa €BTEKTOigHOI iHCTpyMeHTanbHOi ctami Y8 [158]. T'apryBanHs
npoBoaw Bix 800 mo 1300° C, micnmsa sikoro mapreHcutr wmictus 0,70...0,75%
BYTJICIIO, a KIJTBKICTh 3aJUIIKOBOTO ayCTeHITY He mepeBuinyBaia 10%. Ilokasano,
mo OoOyMOBJIEHE WiABUIIECHHSAM TemiiepaTypu TaptyBanHsa 3 800 mo 1200 °C
3pOCTaHHS CEPEIHBOTO pPOo3Mipy 3epHa 3 25 n0 580 MKM CYNpPOBOIKYETHCS
HE3HAYHOK 3MIHOIO TBEPAOCTI Ta abpasuBHOI 3HOcocTiikocTi (puc. 1.30). HaBith
cTpuOKOIOAIOHE 3pocTanHs 3epHa 70 1...3 MM npu HarpiBanHi 70 1300 °C He maio
MOMITHOTO BIUTMBY Ha OMip 3HOIIYBAHHIO HU3BKOBIAMYIIEHO1 cTam. Lle q03B0mmio
3pOoOHMTH BUCHOBOK PO HE3HAYHUI BILTUB pO3MIpy 3epHa B Mexax 25...1000 mxMm Ha
abpa3uBHY 3HOCOCTIMKOCTI BUCOKOBYTJICIIEBUX CTAJICH.

B nparsx [236 — 239] mociimpkyBaau 3HOCOCTIHKICTR apMKO-3ai1i3a, ctainei 08,

35,45, Y81 30XI'T micns raptysanss Big 1000, 1100, 1200 °C Ta Biamycky npu 200,
350, 450 ta 600 °C. byno 3po6sieHO BUCHOBOK PO BIJICYTHICTH 3B’SI3KY M1k 3HOCOM
Ta pO3MIPOM ayCTEHITHOTO 3€pHA, a TAKOX MK 3HOCOM Ta PO3MIPOM 3epHa Pepury
Ta apMKO-3aji3a, o BimoOpakeHo Ha puc. 1.31.

Jlo aHAJIOTIYHOTO 3aKIIOYEHHS 100 BIJICYTHOCTI BIUTUBY PO3MIPY 3€pHA Ha
3HOCOCTIHMKICTh mpuiinm  aBtopu mpami [240] npu BuBYCHHI aOpa3wBHOL
3HOCOCTINKOCTI cTaii 45, 1o1aTkoBo JieroBaHoi 1...5% xpomy y noeananti 3 BTMO,
a TaKoK mparti [241] mpu K0CIi/PKEH] BILTUBY BMICTY Byrjieio B ctaisx 3 0,38...1,35
%C Ha 1XHI TpUOOJIOTIYH1 BJACTUBOCTI B PI3HUX CepeIOBUIIIAX.

B mparmi [56] BucioBiaeHa gyMKa, [0 3HaYHA YacTHHA HAYKOBIIB, SKi
JOCTIIKYBAJIH BIUTUB CTPYKTYPHUX CKIIQJIOBUX HAa 3HOCOCTIHKICTD CTasIed, MPUHATILTH
70 BUCHOBKY, IO TpPH 3MEHIICHHI PO3MIpy CTPYKTYpHUX CKJIaJ0BUX, 30KpeMa

BEITMYMHU 3€pHA, IBUJIKICTH 3HOITYBAHHS 301IbITYETHCS.
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Puc. 1.30. BB Temneparypu rapTyBaHHsI Ha aOpa3uBHY 3HOCOCTIMKICTS (€) cTal
V8 npu BUNpoOyBaHHI 10 KOpyHy (a) Ta kpemHiro (0) [158]:
1 — raptyBaHHs; 2 — rapTyBaHHs, oXouopkeHHs npu —196 °C; 3 — rapTyBaHHS,

Bianyck 200 °C; 4 — raptyBanHs, oxonoxeHHs npu —196 °C, Bigmyck 200 °C.
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BiJI pi3HUX TemmepaTyp [236].

Lle miaTBEepIKYETHCS BIACHUMU JOCITIHPKCHHSIMU aBTOPIB MPU BUMPOOYBaHHI
ctaii 3 BMicToM Byriero Bix 0,5 1o 0,73%, a Takoxx B [128] npu BUBUEHHI BILTUBY
TEeMIIepaTyp rapTyBaHHs Ha CTPYKTYpPY Ta TprOoi0oriyHi BnacTuBocTi ctani 1S0XHM.

[Ile omine TBEp/KEHHS IMOAO HETaTUBHOTO BIUIMBY 30UIBIIEHHS 3arajibHOi
JOBXXHUHU MEX 3epeH 3po0iieHo B mpaiii [242]. BoHo 0yi0 0OrpyHTOBAHO THM, IIIO
MEX1 3epeH € OJHUMHU 3 OCHOBHHUX Je(EKTIB MIKPOCTPYKTYPH, a TaKOX MICISIMU
KOHLIEHTpalli BHYTPIIIHIX HamNpyXeHb, Ha SKUX HaWYacTille HaKOMUYYIOThCS
JIMCIIOKAIIIT Ta MOMIUPIOIOTHCS TpiuHu [243, 244].

OTxe nUTaHHS BIUIMBY BEJIMYMHU 3€pHA HA TPUOOJIOTIYHI BIACTUBOCTI CTajei
JOC1 3QJIMIIAETHCS JUCKYCIMHUM. HeEoIHO3HAYHICTh y 3aKIIOUYEHHSX HAyKOBIIIB
MOXHAa TIOSICHUTH, 30KpeMa, PI3HMMHU YMOBaMH BHIpPOOyBaHb. Taka JgyMmKa
HiATBEPIKYEThCS  JOCTIKeHHAM  [245] mnpu  BHBYEHHI  3HOCOCTIMKOCTI
MapTEHCUTOCTAPIIYOi CTalll B yMOBax TEpTs KOB3aHHS Oe€3 MalleHHsA. ABTOpU
KOHCTaTyBaJIM, 1[0 BITUB BEJIMYMHHM 3€pHA HA OIMIp 3HOIIYBAHHIO MPOSBISETHCS
JIUIIE MPU MIBUKOCTIX KOB3aHHs B oOsacti 1,5...6 m/c. IIpu MEHIIMX MIBHUIKOCTSIX

OaJ1 3epHa HE BIUIUBAE HA 3HOCOCTIMKICTh CTAII.
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1.5. Metoau chopMyBaHHA 3HOCOCTIMKUX CTPYKTYpP B CTansix.

B mnpami [246] cdhopmMoBaHO HH3KY MPHHIMIIB 3a0€3MEYCHHS BHCOKOI
3HOCOCTIMKOCTI MaTepialliB, 30Kpema:

— CTPYKTypa MaTrepiajly MOoBUHHA OYTH CYTTEBO FE€TEPOTEHHOIO;

— CTPYKTypa T[OBEpXHEBUX IIapiB MaTepialy HE [OBUHHA 1CTOTHO
3MIHIOBAaTHCS B Tpoleci TepTs abo MOBHHHA TpaHC(POPMYBATHCHh B CTPYKTYPY,
JOTIUTBHY 3 TOYKH 30pY TEPTH 1 3HOCY;

— I HaAIHHOI poOOTH 3HOCOCTIMKOrO Marepially Mae OyTu 3a0e3leueHa
BHUCOKA MIIHICTh ar€31i1HOr0 3B’A3KY M)XK TBEPJAUMH BKIIOYEHHSIMHU Ta MAaTPUILIEIO.

Tomy OymoBa mepeBaKHOI  OLIBIIOCTI  aHTHU(PHUKIIHHUX  CILJIABIB
nianopsakoByeTbess npuanuny lllapmi-bousapa [247, 248], BiamoBigHO 10 SKOTO
HalOUIbII TBEPJl CTPYKTYPHI CKJIaJ0BI MarOTh OyTH PIBHOMIPHO PO3NOJAUIEHI Yy
BUTUISA/I 130JIbOBAHUX IIJSHOK B MEHII TBEPIii 1 B’s13Kkikt MaTpui [249 — 252].

[Iporiec TepTs AJid TaKWX CIUIABIB BHIJISAA€ HACTYMHUM 4mHOM. [limg uac
MPUNPAIFOBAHHS M’ sIKa MaTPHUIIsl IHTEHCUBHO 3HOIIYETHCS O MOMEHTY BUCTYTaHHS
TBEPIUX KPUCTATIB i3 3arajbHoi Macu (puc. 1.32). [IpunpairoBanHs 3aKiHIyEThCA,
KOJIM KOHTPTUIO (BaJi, ONIOPHA I1’SITa TOILO) MOYMHAE TTOBHICTIO CIIUPATUCS HA TBEPAI
YaCTOYKH, SIKI MPOTUAIIOTH AedopMallisiM Ta 3a0€3MeUyI0Th BUCOKY 3HOCOCTIUKICTh
aHTUpuKLiifHOro Marepiany. IlnacTuuHa ocHOBa YTpUMY€E BiJ BHKPHIIYBaHHS
TBepAy a3y, MNPOTUAIE PO3MOBCIOKEHHIO YTBOPIOBAaHUX B IXHIM CTPYKTYpIl
MIKpOTpPIHMH, (popMye Mepexy KaHamiB (MiKpopenbed) MK BUCTYMAOYUMHU
KpUCTajaMH, 3a SIKUMH IUPKYJIIO€ MAacTWJIBHUN Marepiaj, a Takox 3abe3nedye
3aXMCHY peakiito (MpykHy a0o TMIacTU4YHy JaeopMalliro TOII0) BCHOTO
HIIMTUITHUKOBOTO MaTepiaiay Ha 3MiHH yMOB TepTs [248, 253, 254].

EdextuBHicTh poOOTH MaTepiaiiB 3 3a3HAUYCHOI CTPYKTYpPOIO JOBEACHA
OaraTopiyHMM JOCBIJIOM IXHBOTO BHKOPHCTaHHS B PYXOMHX CHpsDKeHHsAX [255].
Tomy mnpu po3poOJieHHI HOBUX 3HOCOCTIMKMX METaJeBUX MarepiamiB ado

dbopMyBaHHI MIOBEPXOHDb TEPTSI JOIIIHHO CTBOPIOBATH CTPYKTYPH, K1 MAtOTh OYIOBY
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KOMIO3UIIIITHOTO MaTepiaiay, TOOTO MICTSTh TBEP/l YaCTOUKH, PO3MOALICH] EBHIUM
YUHOM Yy BIJIHOCHO M AKIM MaTpuill. TakKMMU 4acTOYKaMH MOXYTh OyTH KapOiau
3aJti3a, KapOiau JieryBaJdbHUX €JIEMEHTIB, CKJIaJIHI KapOilu, 1HTepMETallild TOIIO
[76]. Tlpm TakomMy XxapakTepi CTPYKTYpPH Ha IIOBEPXHSIX TEPTS CTBOPIOETHCS
MiKpopenbed, skuil 3a0e3reuye 0OMexeHHs TI011 (PaKTUIHOTO KOHTAKTY, a TaAKOXK
paIliOHAIBHOTO PO3TAIlyBaHHS TPOAYKTIB 3HOCY 3 TOOpUM yTpHUMaHHSIM iX Yy

BIIQIMHAX MiKpopenbedy [256].

Ban [T ammnauk

Tsepal BKIHOUCHHS M’sika ocHOBa

Puc. 1.32. IlpunnunoBa cxeMa KOHTaKTYBaHHS Bajly 3 MiJIIMITHUKOBUM MaTepiaioM

[248].

Opgnumu 3 HaWOLIbII €(PEeKTUBHUX Ta PO3MOBCIOPKEHUX 3HOCOCTIMKUX
MaTepialiiB 3 Te€TePOreHHOI0 CTPYKTYpPOIO Ha OCHOBI 3aili3a € yaByHU. L1 maTepianu
MaroTh J00pl JMBAapHI BJIACTHBOCTI Ta BUKOPUCTOBYIOTHCS JIJIi BUTOTOBJICHHS
PI3HOMAHITHUX 3HOCOCTIMKUX JieTasneil. [TokpamieHHs: TpuOOoNOriYHUX BIaCTUBOCTEN
UX MaTepialliB BEACThCS B PI3HUX HANpsiMaXx, 30KpeMa, YIOCKOHAJICHHS TEXHOJIOT 1]
JIMTTS Ta CUCTEM JIETYBaHHS, a TAKOXK PEKUMIB TepMIYHOTO 00pobients [257 — 262].

[le omHMM e(QEeKTUBHUM CIIOCOOOM CTBOPEHHS TE€TEPOTEHHOI CTPYKTYPH
KOHTaKTHUX MOBEPXOHb 3 METOI0 MiJBUIICHHS 3HOCOCTIMKOCTI JeTajeil Ta By3IiB
TEpPTs € HAaHECEHHS Ta (POpMyBaHHS MOKPHUTTIB, METOJAUKHA Ta TEXHOJIOTII SKUX Ha

JaHUN Yac € PI3HOMaHITHUMH, TIOCTIHHO PO3BHBAIOTHCS Ta YJOCKOHAIIOWOTHCA [177,
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263 — 269].

PeasnizyBat OCHOBHI YMOBU OTPUMaHHS 3HOCOCTIHKHX MaTepiajliB 3 SICKPaBO
BUPAXKEHOIO TE€TEPOrCHHOIO CTPYKTYPOIO TaKOX JO3BOJISIE TEXHOJIOTISI MOPOUIKOBOT
METalyprii, fka HaJa€ MOXJIHMBICTh IIMPOKO BapilOBaTH XIMIYHUM CKJIAJ0M,
MO€EIHYBATH HAMOLITBII I[IHHI BJIACTUBOCTI CKJIAJ0BHX, KOXKHE 3 IKMX OKPEMO HE MOXKe
3aJI0BOJIBHUTH KOMIIJIEKCY BUMOT, 110 BUCYBA€ETHCS A0 aHTH(PPHUKIIHHAX MaTepiatiB
[246, 270 — 286].

Ha nanwuii yac oJHUM 3 OCHOBHUX MaTepiaiB, KU BUKOPUCTOBYETHCS IS
BUTOTOBJICHHS BIANOBIJAIbHUX JETajeid MalllMH 1 MEXaHi3MiB, IO MPalIOTh Y
CKJIQJHUX HAMPYXKEHUX YMOBaX IiJl AI€I0 PI3HOMAHITHUX HAaBaHTaXXEHb, 30KpEMa, B
yMOBaX KOHTAaKTHOi  B3aeMOJii, € CEpeaHBOBYTJCIEBA  HU3BKOJIETOBAaHA
KOHCTpYKIIiHA cTaib [287 — 294]. ToMy BHHUKA€E MUTaHHS MOIIYKY MOYJIHMBOCTEH
CTBOPEHHSI B TaKMX CTaJsIX HEOJHOPIAHOI 32 MEXaHIYHUMHU XapaKTepUCTUKAMHU
MIKPOCTPYKTYPH.

Bigomo, mo B cTalmsix B 3aJ€KHOCTI BIJ KOHIIEHTpaAIlli BYIJEII0 Ta
JIETYBAJIbHUX €JIEMEHTIB CIIOCTEPIraeThCs JBa MOP(OIOTIYHO PI3HUX THUIIU
MapTeHcuTy [295—298]. ¥V BHCOKOBYIJICLIEBHX, BHUCOKOJETOBAHUX CTaJsAX MPHU
rapTyBaHHI YTBOPIOETHCS TUIACTUHYACTUM (TOJYACTHH, JBIWHUKOBHI) MapTEHCUT
[295, 297]. ¥V cnaboneroBaHux, HU3bKO- 1 CEPEAHBOBYTIICIIEBUX CTAISIX — MAKETHHMA
(pevikoBui, qucokariitauii) MmapteHcur [296, 298]. BoaHouac aBTopamu mpairi [299]
Ha OCHOBI aHAJII3y HU3KH POOIT Ta BIACHUX JOCTIKEHb BCTAHOBJICHO, 1110 MAPTEHCUT
00’€MHO3arapTOBaHUX KOHCTPYKI[IMHUX CTalled Mae 3MillaHy CTPYKTypy, sKa
CKIIAQJAEThCS TIEPEBAXHO 3 TMAKETHOTO Ta JESKOl KUIBKOCTI TUIACTUHYACTOTO
MapTeHcuTy. OOuaBa TUIMHM MApTEHCUTY PI3HATHCS MOPQOJIOTIEI0, pO3MipaMu Ta
BHYTPIIIHBOIO N€PEKTHOT CTPYKTYPOIO KPUCTATIB C-(ha3u, 110 3aJeKUTh, 30KpeEMa,
BiJl pO3MIpy 3€pHa BHUXIJTHOTO AyCTEHITY, IIBUJIKOCTI OXOJIOPKEHHS, TeMIlepaTypu
aycTeHiTu3aiii, ximiunoro ckiamy crami [300 — 304]. i x dakropu BILIMBAIOTH Ha
nepexij Bif OHOTO TUIy MapTeHcuty 1o inmoro [301, 302].

OTpumaHHsl MApTEHCUTY P13HOI MOP(OJIOTii, a TAKOXK i1 BIUNIUB HA MOP(OJIOTiI0
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kapOinHoi (asu BuBuaim B mpamsx [299, 305] nmpu anamisi mporeciB popMyBaHHS
CTPYKTYp TapTyBaHHS Ta BIANMYCKY cepenHboByrieleBoi craini 38XH3IM®DA micns
aycTeHiTH3alli B TemreparypHoMy iHTepBaii 820...1200 °C, a TakoXx BIAIMYCKY MpH
200 °C. ABTOpH TpUHIIUTM A0 BHUCHOBKY, IO 30UIBIICHHS MIBUAKOCTI TapTyBaHHS
OPU3BOAUTH JIO 3MEHIIEHHS 00 €MHOi YacTKM MAaKeTHOI CKIaAoBOi o-pa3u Ta
301IbIIEHHS TUIACTUHYACTOI. ['apTyBaHHA MOCHIHKYBaHOI CTalll CYNPOBOKYETHCS
«CaMOBIIITYCKOM» MapTEHCUTHOI CTPYKTYpHU 3 YTBOPEHHSM KapOiIHMX YaCTHUHOK,
sKa YTBOPIOETHCS HA MEXKax 3€peH BUXITHOTO ayCTEHITy, a TaKOXX Ha MeXax Ta
BCEpEAMHI MTAKETIB 1 KpUCTANIB MapTeHCUTY. Ha 0CHOB1 MOOY10BaHUX 3 ypaxyBaHHIM
MOP@OJIOTii MapTEHCUTHOI CTPYKTYPH CXEM PO3MOJLTY KapOilliB «CaMOBIAITYCKY»
(puc. 1.33) OyJio BCTAaHOBJICHO, IO TPOIICCH BUIUICHHS YacTOYOK IIEMCHTUTY B
00’ €M1 KpHUCTaJIIB MApPTEHCUTY 3HAYHO OLTBIIIE PO3BUHEHI B IIJIACTHHAX, HIXK B peilKax.
Boanouac kapOiHi IEPETBOPEHHS B CTajl IPHU «CaMOBIJIIYCIYCKY» 3 YTBOPEHHSIM
YAaCTUHOK Ha MeXaX KpUCTaJiB MapTEHCUTY O1IbII 3HAYHI B TAKETHOMY MAPTEHCHTI.

KapGinmoyTtBopenHss mnpu Biamycky 3arapToBanoi ctam 38XH3M®DA
B1I0yBa€ThCs, MEPEeBaXKHO, Ha JePeKkTax MapTEHCUTHOI CTPYKTYpH, 30KpeMa Ha
MeXKax TMaKeTIB Ta PEHOK MaKeTHOTO MapTEHCUTY Ta Ha MIKPOJABIHHUKAX BCEpPEAHHI
roJ4acTUX KPHUCTAJIB MJIACTUHYACTOTO, pa3oM 3 YKPYMHEHHSM paHillleé YTBOPEHUX
IIPU «CaMOBIAIMYCKY» YaCTHHOK IeMeHTHUTy. [lpu 1nbomy mpoiiec BUIIJICHHS HOBUX
KapOiaiB mepeBakae Haj koaryssieto [306].

YTBOpeHHsI MapTEeHCUTY pi3HOiI Mopdosorii Oys0 MOB’S3aHO 3 BIUIMBOM
TEMIIEpAaTypHO-YaCOBUX YMOB TapTyBaHHS Ha HEOJHOPIAHICTh KOHLEHTpaIi
BYTJICIIO Ta 3HAYUMICTIO POJil JeeKTHOI CyOCTpYyKTypM B HOTO pPO3MONLII B
3arapToBaHiil ctam. Ilepexis 0HOro MOP(OJIOTIYHOTO TUITY MAPTEHCUTY B 1HIIMMA
Oy70 TOB’s3aHO 31 3MIHOKO KOHIIGHTpAIlli ByTrJemo Takox B mpari [307] mpu
JOCTiIKEHI CTPYKTYpH Ta BIACTUBOCTEH HU3BKOBYTJICIIEBUX MAPTEHCUTHHUX CTaJICH.

J10 BUCHOBKY III0JI0 PO3BUTKY MPOIIECIB HEOHOPITHOTO PO3MOLTY BYTJICIO B

3arapTOBaHUX CEPEIHHOBYTICIIEBUX CTAISIX MPUUATIUM i aBTopu Tiparli [308] mix uac
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JOCTI/PKEHHSI BIUIMBY IIBUIKOCTI OXOJIOJKEHHS MPHU TapTyBaHHI BiJl PIZHHUX
TeMIepaTyp Ha piBeHb 3aJUIIKOBUX HampyxkeHb ctam 40X, 40X13 Tta 40H14, a
takox npatii [309] npu nopiBHSAILHOMY aHai31 MAPTEHCUTHUX CTPYKTYp cTail Y7A,
00po0JIeHOT IHTEHCUBHUM €JICKTPOHHUM MPOMEHEM Ta MICHsI rapTyBaHHS 3 MIYHUM

HarpiBaHHSM.

Puc. 1.33. Cxema po3ranryBaHHsl YaCTOYOK LIEMEHTUTY B CTPYKTYp1 3arapTOBAHOT
Big 1200 °C crami 38XH3M®A [305].
Hudpamu no3HaueH1 YaCTOYKHU LIEMEHTUTY, PO3TAILIOBAHI:
1, 2 Ta 3 — Ha MeXXax IMaKeTiB, B 00’ €Mi Ta Ha MEXaX KPUCTaJIiB ITAKETHOTO

MapTEHCUTY BIANOBINHO; 4 Ta 5 — B 00’€Mi IUIACTHH Ta HA IXHIX MEXax.

HeoOximHo 3a3HayuTH, IO BHACTINOK PI3HOT KOHIIGHTpAIlli BYTJCIIO0 Ta
nedeKkTHOi OyJ0BU 3a3HaYE€HUX MAPTEHCUTIB PEUKOBUI MapTEHCUT Ma€ OLTbII HU3BKI
MIIHICHI XapakTepucTuku HiXK romyactuit [310 — 312]. OueBuaHO, 11€ CTOCYETHCS 1
CTPYKTYP BIAMYCKY MapTEHCHUTIB pi13HOI MOPQOJIOTii.

TakuM 4YMHOM 3MIHIOIOYM TEMIIEPATypHO-YAaCOBI YMOBU TapTyBaHHS ICHY€
MOXJIMBICTh 32 pPaxXyHOK TEPEpO3MOTy KOHIIGHTpAIlli BYIJVICHIO Ta 3MiHH
Mop(oiorii  MapTEHCUTY OTPUMYBaTH B MIKPOCTPYKTYpPl CEpeIHbOBYIJICLIEBUX
KOHCTPYKIIMHUX CTajeil MIKpoOO’€MH 3 pI3HUMU MEXaHIYHUMH XapaKTePUCTUKaAMHU

Ta BapilOBaTH IXHHOIO 00’ EMHOIO YaCTKOIO, 1110 B PEIITI PEIIT Ma€ BIUIMHYTH Ha BECh
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KOMIUIEKC IXHIX MEXaHIYHHX XapaKTepUCTUK. AJle JOCTIDKEHHS CIUTUBY
3HOCOCTIMKOCTI METaJIeBUX MaTepiaiiB B 3aJ€KHOCTI BiJl MOP(]OJIOTii MApTEHCUTY B

JiTepaTypi NPaKTUYHO HE 3yCTPIYalOThCA.

1.6. TMiaBULWEHHA 3HOCOCTIMKOCTI MaTepianiB WMAXOM 3MiLHEeHHA

Ta MoAuiKyBaHHS NOBEPXOHb TEPTH.

Bumorn, siki BHCYBalOThCA JO BIIACTUBOCTEH MarepiajiiB MOBEPXOHb 1
BHYTPIIIHIX 00 €MIB JIeTajeil By3/liB TEPTS, € PI3HUMH Ta B HU3L BUIAJKIB HABITh
aHTaro”HicthyHuMu. OO0’€éMHI BJIACTUBOCTI 3a0€3MeuyroTh HEOOXigHI MIIHICHI
XapaKTepUCTHKU. BoaHoYac aiii MOBEPXOHb BAXKIMBUMHU € 3HOCOCTIMKICTH Ta
aHTU(QPUKIINHICTh, TPU TOKPAIIEHHI SKUX B OUIBIIOCTI BUIIAJIKIB MPArHyTh
NIJBUILIUTU TBEPJAICTh MOBEPXHEBUX MIapiB. [[ns IOCATHEHHS LBOTO po3pobieHa
BEJIMKA KUIBKICTh TE€XHOJIOTIH, Kl HAa JaHWM Yac MPaKTUYHO JOCSTJIM MEX CBOIX
mMoxkmBocTei [313].

Haii011bp111 BUCOKY TBEPICTD 3 BIIOMUX €JIEMEHTIB Ma€ JIUILIE ByTJelb y Gopmi
ayiMa3a Ta CIOJYKH Ha OCHOBI OOpy. BIIBIIICTH PEYOBUH 3 BUCOKOIO TBEPIICTIO —
XIMIYHI CITOJTYKH €JIEMEHTIB: METaJI0M0Ai0H1 CIIONYKH AeB’ ITH d-TIepexigHiuX MeTaIiB
(TuTaH, BosibdpaM Ta iH.) 3 MeTanoigamu (OOpOM, BYIJIEIEM, a30TOM, KPEMHIEM);
JIesIKl OKCUIU (ATTIOMIHII0, XpOMY, IIUPKOHIIO Ta 1H.); HEMETaJeBl CIONYKHU (KyOiuHa
Moaudikalis HITpUAY Oopy, KapOinu OOpy Ta KPEMHIIO, HITPUAN KPEMHIIO), HITPU
amoMiHito. [314]. Cnix 3a3HaunTH, MO TBEPAl 3HOCOCTIHKI TYTOIUIABKI CIIOIYKH €
KpUXKUMH. BHACTIIOK 1BOTO, @ TAKOX 4Yepe3 TEXHOJIOTIYHI TPYAHOIIl Ta BUCOKY
BapTICTh BOHU B OUIBIIOCTI BUIAJKIB HE MOXYTb OyTH BUKOPUCTaHI SIK OCHOBHI
MaTepiaiu sl BATOTOBJICHHs aeTaneil Mamud [314].

3aI0BOJILHUTH CYINEpewIBI BHUMOTH JO IOBEPXHEBUX Ta 00 €MHUX
BJIACTMBOCTEH MOXJIMBO IIJITXOM CTBOPEHHS KOMITO3WIIIA 3  TOHIApOBUM
pO3TalllyBaHHIM MaTepialiiB, sIKI BUKOHYIOTh Pi3H1 (QyHKIII. B 3B’s3Ky 3 THM, 110

JOMYCTUMUI 3HOC JAeTaleld MallMH € MaIuM ([IEPEeBAKHO HE TEPEBUIIYE JECATHX
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YacTOK MIJTIMETpa), TOBIIMHA [MOBEPXHEBOTO IMIapy 3 3aJaMH KOMILIEKCOM
TpUOOTEXHIYHUX BJIACTMBOCTEM Moke OyTH HeBenukoro. lle no3Bossie 3BecT 10
MIHIMyMY MOXJIMBY HECIPHUATIUBY JIiF0 IIOBEPXHEBOTO IIapy Ha MIIHICHI
BJIAaCTHBOCTI jgertaneit [313].

[cHYIOTB 3arajbHOBIZOMI TpaaMIliiiHI CIOCOOM (POpMyBaHHS TOBEPXHEBHUX
HI1apiB 3 MiJBUIICHOIO 3HOCOCTIMKICTIO, 30KpEMa METO/I MMOBEPXHEBOTO TapTyBaHHS
Ta HarapTOBYBAaHHs, XIMIKO-T€PMIiuHI crmocoOu oOpoOku, audysiiiHe HacCHUEHHS
MOBEPXHEBUX IIapiB, TajbBaHIYHE OCA/KEHHS, HAIUIABJICHHS, Ta30TepMiyHe
HamwieHHs Tomo [315—319]. BogHouac 3 poO3BUTKOM TEXHOJIOTiIH BCE INUPIIE
3aCTOCOBYIOTHCS HOBI METOAM 3MIIIHEHHS TOBEPXOHb, 10 3aCHOBaHI Ha Jii Ha
MOBEPXHEBI IIAPH JIeTAIE BUCOKOEHEPIETUYHUX MOTOKIB YACTUHOK (10HIB, aTOMIB,
KJIaCTepiB) Ta Jla3epHUX ab0 IIa3MOBUX MpPOMEHEH. 3a iXHbOI JOMOMOTOIO
BIJIKDUJIUCHh MOJKJIMBOCTI 3MIiHM MOPQOJIOTIYHUX O3HAK OyJ0BM TOBEPXHI, Il
XIMIYHOTO CKJIaay, CTPYKTYPH, (pa30BOr0 Ta €HEPreTUYHOr0 CTaHy, 110 J03BOJIAE B
NIUPOKUX MeXax KepyBaTH i1 (IBUKO-XIMIYHMMH Ta  (PYHKI[IOHAIBbHUMHU
BiactuBoctsmu [314, 320].

Jlo HaiOIpII MEepCHEeKTUBHUX CIOCOOIB MIABUMUIEHHS TPHUOOJIOTTYHHUX
BJIACTUBOCTEH MOBEPXHEBUX II1APIB B MEPITY UEPTy MOXKHA BIJHECTH BaKyyMH1 10HHO-
ta3moBi [321 — 329] Ta nasepni metoau 3minHeHHs [320, 330 — 335]. CyrreBoro
PO3BUTKY OTPUMAJIM TaKOX CIOCOOM OCaJPKEHHS TMOKPUTTIB 3 Ta30BOi (a3 3a
aTMOC(epHOTrO THCKYy Ta B poO3pikeHOMy cepenosumi [176, 336, 337].
Po3mmproeTbcs 3aCTOCYBaHHS Ta30TEPMIYHMX METOAIB HAHECEHHS IOKPUTTIB y
383Ky 3 po3BUTKOM IIa3MoBux [338 —341] Ta neronariiiHoro [342 — 347]
CrocO0iB HAMWJICHHSI TOPONIKOMOMIOHUX MaTepiasliB Pi3HOTO cKiaay. MoxinBe

CTBOPCHHA ITOBCPXHCBUX H_IapiB METOJOM KOHTAKTHOI'O €BTCKTHYHOTIO IIJIaBJICHHA

[348, 349].
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1.6.1. IloxkpuUTTSL, OTPUMAHI MeTOJAMHU XiMi4HOI'0 OCA/I’KEHHS 3 Ta30BOI

daszu.

Metoau XiMIYHOTO OCaJKEHHS 3 Tra30BOi (pa3u 3aCHOBaHI Ha OCaKEHHI
MOKPUTTIB HAa HArpiTy MIAKIAAKY B pe3yJibTaTi PO3KIAJaHHS BIAHOCHO HECTIHKUX
ra3ornoAiOHUX PeYyOBHH a00 B3a€MOJI1i JBOX UM O1JIbIIE ra30moIi0OHUX pedoBUH ab0
MEepPeBEICHUX y Ta30MOAIOHUI CTaH TBEPAUX PEYOBHH 3 YTBOPEHHSM Ha MOBEPXHI
nrapa XiMigHoi crionyku [314]. Ane BHACHIZOK BHCOKHX TEMIIEPATyp, HEOOXiTHUX
JUIS TIPOXODKCHHS peakilli Ta yTBOPEHHS MIIHOTO 3’€QHAHHS 3 MiAKIAIKO0, Iei

MECTOJ € HerHﬁHHTHHM AJI1 3arapTOBaHUX BYIJICOCBUX Ta HIBI/II[KOpiSaJ'IBHI/IX crajeu

[328].

1.6.2. IlokpUTTSl, OTPUMAHI TEPMOBAKYYMHHMM HAHECEHHSIM.

TepMoBakyyMHUI METOJI HAHECEHHS MOKPUTTIB 3aCHOBAHUU Ha KOHJEHCAIIIl
Ha TIOBEPXHAX JeTallel IUIIBKM MeTaly abo XIMIYHOI CHOJYKH, 10 TEpeBeAcH] Y
NaponoAiOHNII CTaH HarpiBaHHSAM pPEYOBHHM, SKa HAHOCUTHCS, Ta MOXE OyTH
peanizoBanuil y Bucokomy Bakyymi [327, 350]. Enepris atomiB ab0o MOJEKyJI B
YTBOPEHII mapoBiii (pa3i € HEBETUKOI, TOMY JJisi YTBOPEHHSI SIKICHOTO MOKPUTTS 3
100pot0 aAre3i€ro 40 OCHOBU NOTPIOHO MiAITPITH 11 A0 TEMIIEpaTyp, sKi 3a0e3rneyaTh
MPOXOKEHHS TU(PYy31HHUX TMPOIECIB HA MEXKI MOKPUTTS — OCHOBA. Jlo HemoJikiB
3a3HAUEHOT0 METOAY MOXHa BimHecTu [314]: i30TpomHe po3iTaHHS PEYOBHHU, IO
HAHOCUTBCS, NpHU 1l BUNAPOBYBAHHI; HEMOXKJMUBICTb HAHECEHHS HEIOCTaTHBO
CTaOUIbHUX PEYOBHMH; CKJIAJIHICTh HAHECEHHS CIUIABIB Yepe3 Pi3HY MPYKHICTh MapiB
KOMITOHEHTIB; HEOOX1THICTh HArpiBaHHS JIeTaliel 0 BUCOKUX TeMIepaTyp.

TepmoBakyyMHI METOIM TO3BOJISIIOTh HAHOCUTH TOHKI MOKPUTTS 3 METaiB,
CIUIaBIB 1 CTaOLIbHUX XIMIYHUX crofyk. [lnst 3a0e3neyeHHs] MILIHOTO aJare3iiHoro
CTIOJTy4YEHHS 3 OCHOBOIO HEOOXi/THE HarpiBaHHsI AETaJCH 0 BUCOKUX TEMIIEpaTyp, 110

00MEIKy€e KOJIO MaTepiasIiB sl BAKOPUCTAHHS UX MeToiB [314].
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1.6.3. BakyymHi ioHHO-TLIa3MOBiI MOKPUTTS Ta MoAudikoBaHi mapmu.

JIJist yTBOpEHHS SIKICHOTO TOKPHUTTS 32 OLIBII HU3BKUX TEMIIEpaTyp JAeTaiei
HEOOXITHO MIJBUIIUTH EHEPril0 YAaCTUHOK, II0 Ha HHUX KOHACHCYIOThbcs. [lpu
3ITKHEHHI 3 TBEPJOI0 MOBEPXHEI0 YAaCTUHOK 3 JOCTaTHRO BHCOKOIO EHEPTi€l0 B
MIKpPOOO’eMax CTBOPIOIOTHCSI YMOBH, MPH SIKUX 3a0€3MEUY€EThCS] YTBOPEHHS XIMIYHUX
3B’s3KIB 0€3 00’€MHOT0 HarpiBaHHs AETajeil, [0 € OCHOBOIO ISl BCIX BaKyyMHUX
10HHO-TIJITA3MOBHUX METOJ[IB HAHECCHHS MOKPUTTIB. Taki METOIM XapaKTEePHU3yIOThCA:
reHepalicl0 aToMapHoro abo MOJEKYJSPHOTO IMOTOKY PEYOBHUHHU, il 10HI3AIII€I0,
IPUCKOPEHHSM, (POKYCYBAHHSIM 1 KOHJICHCALIIE€I0 HA TOBEPXHI JieTanl ad0 MiAKIaaKy.
["enepaliist 10HI30BaHOT'O TOTOKY PEYOBUHU 31HCHIOETHCS a00 BUTIAPOBYBAHHSIM, 200
PO3NUJIEHHSM €JIEKTPOIB MpPH [li IHTEHCUBHUX €JIEKTPOHHUX a00 10HHUX ITYYKIB
[313, 314].

BakyymH1 10HHO-TIJIa3MOBI METOAM HAHECEHHsS IOKPHUTTIB Ta CTBOPEHHS
MOAM(PIKOBAHUX MOBEPXOHb YMOBHO MOAUISIOTH HA YOTUPH TPYIH:

— 10HHO-IU(]Y31HHI METO/IH, IO 3AINCHIOIOTHCS B TIIFOYOMY PO3PSIi;

— METOAM, 3aCHOBaHI Ha SBWIIl KATOJHOTO PO3MHICHHS B PO3PsIl
MOCTIITHOTO CTPyMy Ta y BUCOKOYACTOTHOMY PO3psi/i;

— 10HHE OCaKECHHSL;

— 10HHE JIETYBaHHA Ta BTUICHHS (IMILJTaHTAL[is).

[oHHO-AMY31iiHI METOAM MOXYTh OyTH 3aCTOCOBaHl JIsl HACUYECHHS
MOBEPXHEBUX IIAPIB KPEMHIEM, BYTJICIIEM Ta 1HIIUMH €JIeMEHTaMHU, /ISl OTPUMAaHHSI
KapOOHITpUIHUX T1apiB Toro [176, 336].

[Ipu BUKOpHCTaHHI METO/IIB, 3aCHOBAHHUX HAa SBHIII KAaTOJHOTO PO3IUJICHHS,
MOKPUTTSI YTBOPIOETHCS B PE3yNbTaTl KOHJAEHCAI] TOJOBHUM YMHOM HEUTpaJIbHUX
YaCTUHOK, SIKI BUOMBAIOTHCS 3 MillleHI OOMOap/yBaHHSIM 10HaMHU IHEPTHOrO Tra3y
(aprony, KpUNITOHY), 1110 MatOTh BUCOKY eHeprito [328, 350, 351]. Enepris yacTHHOK
Marepiaily, 1110 HAaHOCUThCS, MPUHAWMHI Ha MOPAJIOK BUIIE, HIXK €HEPTis YaCTHUHOK,

1O YTBOPIOKOTHCS IIPpU BI/IHapOByBaHHi B TCPMOBAKYYMHHX MCTOAAX. 3aBI[$II(I/I IbOMY
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3a0e3Meuy€eThCSl BUCOKA aNre3isl MOKPUTTSA 10 MIAKIAAKK 1 BUCOKA SKICTh CaMOTO
NOKPUTTS. MeToau J03BOJIAIOTE HAHOCUTH pI3HI Marepiaaud Ta MNpUIATHI s
HAHECEHHS CaMHUX TYTOIUIaBKMX, a TaKOX HEJAOCTaTHbO CTAOLIBHUX CIIONYK,
HAHECEHHS KX TEPMOBAKYYMHUMH METOJAMHU € HEMOKITUBUM.

[Ipu BUKOpHCTAaHHI METOJIB 1I0HHOTO OCAJKEHHS YACTUHKHU MaTepiaiy, II0
HAHOCUTHCS, TMEPEBEACHOrO0 THUM UM IHIIMM CIIOCOOOM Yy Ta3omofioHuii abo
naponoIiOHMIl cTaH, 10HI3YIOThCSI Ta MPUCKOPIOIOTHCS B EIEKTPUIHOMY 1ol [326,
328, 345, 349]. Enepris 10HIB 3pocTae. 3aBAsSKA BUCOKINA €HEPrii 10HIB MPU IXHHOMY
31ITKHEHH1 3 TIOBEPXHEI0 JeTali, 10 3HAXOAMUTBCSA MiJ BiJ’€MHUM IOTEHIAIOM,
NOJIETIIYE€ThCS YTBOPEHHSI BHCOKOSIKICHOIO MOKPHUTTS 3 BUCOKOIO aJAre3i€ro [0
OCHOBH.

lonne neryBanHs1, a00 IMILUIaHTAIlisl, 3aCHOBAHO HA TOMY SIBHIIII, 1110 NP JTyKE
BHUCOKHMX CHEpIifiX 10HM TNPOHUKAIOTH B KpUCTaliyHy rpatky [322— 324, 328].
3aBOsSKd padialliiHO-CTUMYJIbOBAHIA AWQY31i JETryeTbCsl IIap, TOBIIMHA SKOTO
0araTopasoBo IMEPEBUIIYE TITUOMHY MOYATKOBOI'O NMPOHHWKHEHHS 10HIB. MexaHiuHi
BJIACTUBOCTI MOAM(IKOBAaHUX TaKUM CIIOCOOOM MOBEPXHEBUX IIAPIB IMiIBUIYIOTHCS
TaKOXX 1 BHACIIIOK CIOTBOPEHb KPUCTAJIYHOI TpAaTKH, [0 BUHUKAIOTH MpU
«BOMBaAHH1» B HET 10HIB JIETYIOYOTO KOMIIOHEHTA.

BakyyMHiI  10HHO-TUIa3MOBI ~ METOJM HAHECEHHS MOKPUTTIB  MOXYTh
3MIMCHIOBATUCA 3a Y4acTio sk (i3WuHUX (CKJIaJ maTepiany, 10 HAaHOCUTHCS, HE
3MIHIOETHCA), TaK 1 XIMIYHUX MPOIECIB (YTBOPIOIOTHCS HOBI CrOyku). [Tpu Takmux
MeTOJaX BiJOYBaIOThCS IUIA3MOXIMIUHI peakili 3 10HaMu poboyoro razy abo
CreriaJbHuX 100aBOK, IO BBOJATHCS B KaMmepy. TakuM YWUHOM, TOKPUTTS, IO
HAHOCSTHCS 10HHMMHM METOJIaMH, MalOTh Takl XapakTepHi ocoOmuBocTi [314,
352 — 354]:

— ajare3is TMOKPUTTIB 10 OCHOBU € BHUCOKOIO 3aBISKH I1HTCHCHBHOMY
OUHMIIECHHIO TTOBEPXOHb Ta iXHIA paaialliiHii akTHUBaIlll, a TAKOX BUCOKIA €Heprii
YaCTHHOK, 10 KOH/IEHCYIOThCS;

— JUIsl OTPUMAHHS SKICHOTO TMOKPUTTS HEMAae HEOOXITHOCTI MiIBUIYBATH
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TEMIEPATypy OCHOBH JI0 BUCOKHX 3HAUYCHD;

— CKJIaJ 1 BJIACTHBOCTI MOKPHUTTIB MOKHA BapilOBaTH B IIUPOKUX Mexkax,
OPUYOMY MOXJIMBE OTPUMAaHHS 0araTOIIapOBUX TMOKPHUTTIB 3 IUIABHOIO 3MIHOIO
CKJIaJy BiJ OJHOTO IIapy J0 1HIIOTO;

— TOKPHUTTS Mo30aBjieHl KPYMHUX JePEKTIB 1 KOHIICHTPATOPIB HAINpPYKEHb,
10 COPUYUHSIOTH TOYaTKOB1 pyHHYBaHHSA B MPOILIECI 3HOCY;

— TOKPHUTTS MOKHA HAHOCHUTH Ha OCTATOYHO 00pOOJIeHI TOBEPXHI IeTalieh Ta
IHCTPYMEHTIB MPAKTUYHO O€3 MOTIPIICHHS iXHOT TEOMETPUYHOI SIKOCTI.

BakyyMHiI 10HHO-IIJIa3MOBI  METOAM 3a0€3MEYyl0OTh OTPUMAHHS TOHKHUX
3HOCOCTIMKHMX MOKPUTTIB 1 MOJU(PIKOBAHUX IIAPIB 3 PI3HOMAHITHUX 3HOCOCTINKHX 1
aHTU(PPUKIIMHUX MaTepialliB Ta € ONTUMAIBHUMU JJI T1JIBUIIEHHS 3HOCOCTIMKOCTI
NPEeU3IMHNUX JAeTallel 1 IHCTPYMEHTIB, IS IKMX JOIYCKAEThCSl MAJIMM 3HOC.

Meroau iMITIaHTAIll Tal0Th 3MOTY 3MIITHIOBATH MOBEPXHEBI MIApHU CTajleH 1
CIUIaBiB 0€3 IXHbOI'O CYTTEBOIO HArpiBaHHsA, ajieé TOBIIMHA MOAM(PIKOBAHHUX ILIAPIB €

MaJjior0, a MOXJIMBOCTI 3MIHU XIMIYHOTO CKJIa/ly TOBEPXHEBUX IIAPIB € 0OMEKECHUMHU

[314].

1.6.4. I'a3oTepMiuHi NOKPUTTSI.

["a3zoTepmiuHi METOIM HAHECEHHS 3HOCOCTIMKUX 1 aHTU(OPUKIIIHHIX TTOKPUTTIB
NOJIAraloTh B HAarpiBaHHl Marepialy a0o0 TMOpOILIKY, IO PO3MUIIOETHCH,
BHUCOKOTEMIIEPATYPHUM JDKEPEIOM 10 TEeMIEepaTypu IUIABIEHHS, YTBOPEHHS
CHPSMOBAHOTO J1BO()a3HOTO T'a30MOPOIIKOBOIO MOTOKY, MEPEHECEHH] UM TOTOKOM
Matepiainy i GopMyBaHHI TIOKPUTTS Ha MOBepXHi BUpoOy [328, 337 — 341, 343 — 347,
355, 356]. Bonwm, 3a3Buuaii, 3aCTOCOBYIOTHCS MJIi HAHECEHHS BIJHOCHO TOBCTHUX
mapiB TEPMIYHO CTaOUThHMX MaTepiamiB J[o mMxX mporeciB Halexarh IyroBa
MeTaii3alisi, Ta30MO0JyMEHEBE  HalWJIIOBaHHS, IUJJa3MOBE  HANWJICHHS  Ta
JIETOHAIIITHUI METOJT HAHECEHHS MTOKPHUTTIB.

JlyroBa Metamizallisi Ta ra3olnoJyMEHEBE HANMWJIIOBAHHS LIMPOKOBIAOMI Ta

IIIMPOKO 3aCTOCOBYIOTHCS B MpoMHUCIIoBocTi [314].
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[Tpu na3smMoBOMYy HaHECEHH1 MOKPHUTTIB MaTepiai MIABUTHCS 1 POMUIIOETHCS
CTPYMEHEM JyroBOI HHU3bKOTeMIleparypHoi Iwiasmu [343, 337 —341, 345]. Sk
pobounii ra3 HaifyacTilie 3acTOCOBYIOTH aproH. OCKUIBKH CTPYMIHb IUIa3MU
3aXOIUTIOE TIOBITPS, HANWJICHHS AKTHMBHUX IO BiTHONICHHIO JO KUCHIO MaTepiaiB
MPOBOJUTHLCA, MEPEBAKHO B KaMepax, MOIMEpPeAHbO 3alOBHEHUX IHEPTHUM Ta3oM.
Bucoka Temnepatypa Ta eHepris 1ia3Mu I103BOJISIIOTh BUKOPUCTOBYBATH TIa3MOBHIA
METOA JJIS HAHECEHHS TOKPHUTTIB MPAaKTUYHO 3 YCIX MarepiaiiB, 30Kpema
TYTOIUIABKHX, 10 MalOTh BUCOKY TBEPJIICTh 1 3HOCOCTIHKICTD.

[TpunHIIMTT AETOHAIIMHOTO crToco0y HaHeceHHs MOKPUTTIB [344, 346, 347, 355,
356] nomnsirae HactynHoMYy. B pobouy kaMepy 0JJHOYaCHO MOAETHCA MOPITisi Fa30BOT
CyMillll, 3J1aTHOI J€TOHYBAaTH MpH 3alallOBaHHI, Ta IOPOILIOK Marepianty, IIO0
HAaHOCUThCS. [HILIIOETHCS BUOYX, B PE3YNbTATI KOO MaTepiall, M0 HAIUIIOETHCH,
HArpiBa€ThCs, MPUCKOPIOETHCS Ta BUKUJAETHCA Ha IMOBEpXHIO jetani. Harpis
00poOuroBaHoOi eTam B mporieci HamwieHHs mepeBaxHo He mepesuirye 200 °C.
[lepeBaroro eTOHALIHHOTO METOAY MOPIBHSIHO 3 Ta30M0JIyMEHEBUM 1 TIA3MOBUM €
HOro JIMCKPETHICTh, MEHIIA TeIUIOHANIPYKEHICTh, a TaKOX BHINA IIUIBHICTh
OTPUMAHOTO TOKPUTTS Ta MILHICTh HOTO 3YEIJIEHHS 3 OCHOBOIO, LIO JOCSTAETHCA
3aBJIIKA BUCOKHUM IIIBUIKOCTSIM YaCTHUHOK, 1110 HAIMIIOIThCs, [357, 358].

OngHuM 3 OCHOBHHX HEJOJIIKIB Ta30TEPMIYHMX METOAIB € HEOOXITHICTh Y
MPOBENCHHI (DIHIIIHOTO MEXaHIYHOTO OOpOOJIEHHS, a peai3allis JeTOHAI[IHOrOo
METO/y YCKJIaJHEHa 3HAYHUM IIIYMOM BiJl BUOYXiB, HEBUCOKOIO MPOAYKTHUBHICTIO Ta

ypuBYacTicTIO iporiecy [314].

1.6.5. EfiekTpoicKpoBi NOKPHUTTH.

MeTon €eleKTpOICKpOBOrO JIEryBaHHS, LIO0 3aCHOBAHMW Ha IEpPEHECEHHI
MaTepiany eJeKTpoja MpH IMITYJILCHOMY ICKPOBOMY PO3psiJii B Ta30BOMY CEpEIOBUILI
Ha 0OpOOJIIOBaHY TMOBEPXHIO, O3BOJSE HAHOCUTH MIIIHO 3YEIUICHI 3 TOBEPXHEIO
mapu 3 Oyab-SKOro CTPYMONPOBIAHOTO MaTepiandy, BKIHOYAIOUU TYTOIJIaBKi

3’e¢qHaHHS Ta TBepal cmaBu. Jlo mepeBar MeTOqy BIJHOCHTBCS — HOTO
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YHIBEPCAIBHICTh, MPOCTOTA OOCIYTOBYBaHHS 00JIaIHAHHS, MOKJIMBICTh BapitOBaHHS
CTPYKTYpH Ta CKJIaJly MOKPHUTTIB B MHUPOKUX Mexkax. Kpim Toro, aetanb B mpoieci
HAHCCCHHSI IOKPUTTS HarpiBaeThes HesHauHo [329, 359, 360].

[Ipu HaHeceHH1 MeTaIeBUX MOKPUTTIB B MaTepialii OCHOBU MOBHICTIO 30epirae
BUXiHUM (a3zoBuil ckian. Ilpu jeryBaHHI, SK TpaBWJIO, BiAOYBAa€ThCsA XiMiUHA
B3a€MOJIS 3 MaTepiaJioM OCHOBH 3 YTBOPEHHSM XIMIUHUX CIIOJYK €JIEMEHTIB, IO
BXOJISITh MaTepiai, SKHi HAHOCUTHCS, 3 €JIEMEHTAMHU OCHOBH.

EnexTpoickpoBi  MOKPUTTS  ICTOTHO  MiJIBUIIYIOTH  3HOCOCTIMKICTH 1
aHTU(PPUKIIMHICTG  MOBEPXOHb, @  raiay3l  JIOUUIBHOIO  3aCTOCYBaHHS
€JIEKTPOICKPOBOTO JIETYBAaHHS PI3HOMAHITHI.

OnHak 1bOMY METOJy IMPUTaMaHHI HEJOJIKU — JUCKPETHICTh 1 MOPUCTICTh
MOKPHUTTIB, HEBEIMKAa TOBIIMHA, HHU3bKa NPOIYKTUBHICTh, BHUCOKA IIOPCTKICTh

00pOOJICHUX MMOBEPXOHbB, 3AJIUIIKOBI HANIPYKEHHS po3Tsry [314].

1.6.6. 'anbBaHiYHiI NOKPUTTS.

["anpBaHIYHMMHU METOJIaMH MOKHA HAaHOCHUTH MOKPHUTTS 3 METajiB, CIUIaBIB 1
KOMITO3UINIMHUX MaTepianiB. B ocTaHHROMY BHIAJIKy pa3oM 3 METaJoM 3
raJIbBaHIYHOI BaHHU OCIJIal0OTh 3BaXKEH1 B €JEKTPOJITI IPIOHOIMCIIEPCHI YACTUHKH
TBEPJUX 3HOCOCTIMKHUX, a00 aHTH(pUKIIHHUX peyoBuH [361 — 363].

llokpumms 3 yucmux memanie. XpoMOBI MOKPUTTS IUPOKO 3aCTOCOBYIOTHCS
JUTSL TIABUILIEHHS] 3HOCOCTIMKOCTI 1 3aXUCTY BiJ KOPO3ii HOBEPXOHb TePTA. TBEPHICTh
OJIEp’)KyBaHUX MOKPUTTIB BHCOKAa. XpOM TMOraHO 3MOYYETHCS MACTUILHUMHU
MartepiajiaMi Ha HadToOBiM OCHOBIi. JIjis Toro mo0 MacTWIO Kpalle yTPUMYBajloCh
MOBEPXHEI0 XPOMOBOTO MOKPUTTS B HHOMY XIMIYHO a00 MEXaHIYHO CTBOPIOETHCS
CiTKa KaHaIB 200 MOTIUOJICHD.

3aii3Hi MOKPUTTS, K1 YacTO 3aCTOCOBYIOTHCS MPH BIJHOBJIEHHI 3HOILIEHUX
JeTanei, MaroTh Kpally NPHUIPAIbOBYBAHICTh Yy TMOPIBHSAHHI 3 BIATOBIIHUMHU
cTasiIMU. TBEpIICTh 1 3HOCOCTIMKICTD 3aJeXaTh Bl CKJIAJly €NEKTPOJIITIB, PEXKUMIB

HAHECEHHS Ta METOJIB OOpOOJIEHHS TOBEPXOHb IMEpe] HAHECEHHSM 1 TICIs
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OCa/pKeHHS NMOKpUTTS. JleryBaHHS MOKpUTTS (HochopoM A03BOJISE MIABUIIUTH HOTO
TEIJIOCTIMKICTh T 3HOCOCTINKICTD.

IIpu 3acrocyBaHHI HIKEJIEBUX IIOKPUTTIB SK 3HOCOCTIMKMX B IIpoIieci
HAaHECEHHS MOKPHUTTS IPOBOJIATH JIETYBaHHS HiKeto (hochopom i Gopom.

Sk mpoTH3aAupHI 3HAXOJATH 3aCTOCYBAaHHS MOKPUTTA Ha OCHOBI Miml. s
po0OTH y BaKyyMi SIK aHTU(PPUKIIIITHI BUKOPUCTOBYIOTh MMOKPUTTSI 3 CBUHIIO, CpiOia
1 3050Ta. SIk mpumpaioBadbHI MOKPUTTA OIMETaNeBUX IMIAINTUITHUKIB KOB3aHHS
JIBUTYHIB BHYTPIIIHHOT'O 3rOPSIHHS 3aCTOCOBYIOTH MOKPUTTS Ha OCHOBI 0JIOBA, 1HJIIIO
1 CBUHLIO. BHCOKY 3HOCOCTIMKICTP MAalOTh POJII€BI 1 PEHIEBI EIEKTPOIITHYHI
nokputTs [314].

Komnosuyiuni eanveaniyni nokpumms. BBeneHHs 0 CKIaAy MOKPUTTIB Ha
OCHOBI XpOMYy, 3aji3a 1 HIKEJII0 YaCTUHOK KapOidiB, OKCHAIB, OOpHIB, TBEPIUX
METaJlIB TOILO JI03BOJISIE CYTTEBO MIJBUIIUTH iXHIO 3HOCOCTIHKICTb, @ BBEICHHS
XaIIbKOTEH1/TiB, TpadiTy, moxiMepiB — aHTHGPUKITIHHICTh MOKpUTTIB [361, 362].

["anbBaHIYHI METOIM HE € EKOJOTIYHO YUCTHUMH, a MOKPUTTA HAHECEHI 3a
iXHBOIO IOIIOMOTOI0 MAIOTh 3aJIUIIKOBI HANIPYKEHHS, 1110 PU3BOAUTH 1O YTBOPEHHS

TPIIIKH i yac ekcruryartarii [314].

1.6.7. JlazepHi Ta eJeKTPOHHO-NIPOMeHEBI MeTOAU MOAU(DIKYyBAHHSA i

JIETYBaHHS NOBEPXHEBHX IIAPIB.

3Ha4YH1 MOKJIMBOCTI TIJIBUIIEHHS 3HOCOCTIMKOCTI TMOBEPXOHbL 3 SBUJIHCS 3
pPO3po0KOI0 MPOMKCIOBHX Ta3oBuX JasepiB [319, 320, 329 — 334, 364]. 3aBusiku
BHCOKIM MOBEPXHEBIN IIUIBHOCTI €Heprii B MPOMEHI Jiazepa MOKIMBUM € IIBUAKE
HarpiBaHHS TOHKOTO TIOBEPXHEBOTO Iapy J0 WOTO PO3IUIABJICHHS 1 HaBITh
BUMApOBYBaHHA. [lojganbiie IIBUAKE BIABEICHHS TEIUIOTH B 00’€M MeTalry
MPU3BOIUTL JIO TapTyBaHHS TIOBEPXHEBOTO Iapy 3 HAJaHHAM WOMY BHCOKOI
TBEPJIOCTI Ta 3HOCOCTIHKOCTI.

[Tponecu, 1m0 BiOYyBarOTHCS B MOBEPXHEBOMY IIapi Ta MOro BJIACTHBOCTI,

BU3HAYAIOTHCS MOTYXKHICTIO Ta TPUBAIICTIO i1 JlazepHOro nmpomeHto. [Ipu Bucokiit
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HIUJIBHOCTI €HEPrii Ta Malliil TPUBAJIOCTI MOYKHA Peali3yBaTy 3MILHEHHS, SIKE MMO110He
JI0 TOTO, IO CIOCTEPIraeThCs MpH Jii BUOYXY. 3HMKEHHSIM MOTYKHOCTI JIA3€pPHOTO
MPOMEHIO 3 OJJHOYACHUM 301TIBIICHHSM TPUBAJIOCTI MOYKHA 31HCHIOBATH rapTyBaHHS
3 OIUTABJICHHSIM, JIETYBaHHS MOBEPXHEBOT'O MIAPY OIIABICHHSIM JIA3€PHUM ITPOMEHEM
MOMEePEeTHHO HAHECEHOr0 JIETYI0UOro KOMIIOHEHTA, a TaKOXX HAHOCUTH TMOKPUTTS
IIITXOM BBEJCHHS IOPOIINKY HAIMIIOBAHOTO MaTepialy B NMPOMiHb Jia3epa [137,
365 — 369].

Bucoki mBuAKOCTI HarpiBaHHs 3a0e3medye NpU TrapTyBaHHI TOHKOTO
MTOBEPXHEBOTO IIApy W E€JIEKTPOHHO-TIpOMEHeBe HarpiBaHHS [364]. OXoi0mKeHHS
HArpiToOro mapy 371HCHIOEThCS 3 BHUCOKOIO MIBHJKICTIO B PE3yibTaTl BiJIBEJICHHS
TEIUIOTH B MaTepian jaeraini. BHacHioK BHCOKHMX IIBHJIKOCTEH HAarpiBaHHsS 1
OXOJIO/KEHHS (Pa30Bl Ta CTPYKTYpPHI NEPETBOPEHHS ICTOTHO PI3HATHCS BiJ THUX, IO
MaroTh MiCIIe TIpU 00’ €EMHOMY Ta MIOBEPXHEBOMY BUCOKOYACTOTHOMY TapTyBaHHI.

[Ipu mazepHOMy Ta €IEKTPOHHO-TIPOMEHEBOMY 3MIIIHEHHI CYTTEBO 3POCTAE
MIKPOTBEPAICTh TMOBEPXHEBOTO IIAPY, 3HMKYETHCS KOEQILIEHT TEPTS Ta CYTTEBO
M1JBUIIYETHCS] 3HOCOCTIMKICTh KOHCTPYKIIMHUX Ta THCTPYMEHTAIBHUX CTajieh. Ase
BUKOPUCTAHHA IIMX METOJIIB YacTO MOTpedye (HIHIIIHOrO MEXaHIYHOro 0OpOOIEHHS,
1110 3HIDKYE iXHIO eekTuBHICTH [314, 368].

TakuM YMHOM, HUISIXIB MiJABUIIEHHS 3HOCOCTIMKOCTI MOBEPXHEBUX LIAPIB
neranel MaimuH € ayxe Oarato. B iXHiil OCHOBI jexaTh pi3HI QI3UYHI Ta XIMIYHI
saBUIla. BOHM pI3HATBCS TEXHOJOTIYHUMHU YMOBaMHU 3AIMCHEHHS, 30KpemMa
TEMIIEPATYPOIO, CEPEIOBHILEM, TPUBATICTIO MPOIIECY TOIIO.

[Ipu BuOOpi cmocoOy 3MIITHEHHS JUIsi KOHKPETHOTO BUPOOYy HEOOX1THO
BPaxOBYBAaTH BEJIMKY HU3KY (PaKTOPIB, MEPIIUM 3 SKHX € BUMOTHU JIO BIACTUBOCTEH
MOBEPXHEBOIr'0 IIapy, 30KpeMa 3HOCOCTIMKOCTI, TBEPAOCTI, KOPO31MHOI CTIMKOCTI,
CYMICHOCTI 3 MaTepiajioM KOHTPTLJIa Ta CEPEIOBUIIEM, a TAKOXK JOMYCTUMHUN 3HOC.
Jpyrum € yMoBH pearizailii METoy 3MILHEHHS, 30KpeMa JOMyCTHMa TeMIlepaTypa
HarpiBaHHSA, MOXJIMBHU BIUTMB TEXHOJIOTIYHOIO CEpPEJIOBMINA, 3HAYCHHS 1 3HAK

3aJIMIIKOBUX HAMpPY>KEHb, JIOMYyCTUME BUKPUBICHHSA JieTajneil, HeoOXiTHICTh
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noJlajbinoi MexaHiuHoi oOpoOKku. He MeHIn BaXKIIMBUMU € €KOHOMIYHMN acIeKT,
MOJKJIMBICTh 3JIHCHEHHSA TPOLECYy B yMOBax iCHYIOYOrO BHPOOHHIITBA Ta MOTO
eKOJIOT1YHA YHUCTOTA.

OTxe yHiBepCaJIbHUX METO/IIB 3MILHEHHS TOBEPXOHb TepTA He icHye. Koxen
3 HUX Mae€ MEeBHI IepeBaru Ta HeJI0JiKHY, a TAKOXK 0OMEKEHHs, 30KpeMa 3a TOBLIHHOIO

Ta CKJIaJIOM OJICP’KYBaHHUX MOKPUTTIB, yMOBAMHU Ta pPeXUMaMH IXHBOI peani3ali.

1.7. 3acTtocyBaHHS KepaMiyHMX MaTepianiB Ansa enemMeHTiB nap

TepTs.

Po3BuTOK MammHOOynyBaHHS MOTpeOy€e BUKOPUCTAHHS HOBUX MarepiajiB 3
BUCOKMMHU MEXaHIYHMMH Ta TPUOOJIOTIUHUMHU XapaKTEepUCTUKaMU. B 3B’s3Ky 3 1IUM
Py KOHCTPYIOBAHHI Ta BUTOTOBJIEHHI Hap TEPTs BCE YACTIIIE BUKOPUCTOBYIOThH
KepaMiyHi Marepiajid, 1[0 IOB’S3aHO 3 YHIKQJbHUM KOMILUIEKCOM  iXHIX
BJIACTUBOCTEH, 30KpeMa BHCOKOI TBEPIICTIO, XIMIYHOKO I1HEPTHICTIO, HU3BKUM
KOe(]ilIEHTOM TEPMIYHOTO PO3LIUPEHHS, 3AaTHICTIO 30epiraTu CBOIO MIIHICTh TIPU
HarpiBaHHi.

Ha panuii 4yac akTUBHO TIPOBOJATHCS JOCHIDKEHHS B Tally3l TEXHIYHOI
KepaMik, SKa MpU3HAuYeHa /I BUTOTOBJICHHA JETalieH, sIKi MPaloTh Y By3Jax
TEPTs 32 EKCTPEMAJIbHUX YMOB, 30KpeMa rajibM, OIOp KOB3aHHS Ta KOUEHHs, BUPOO1B
JUTSl Ta30BUX TypOIH Ta ABUTYHIB BHYTPILIHBOTO 3rOPaHHs, Pi3aJIbHOTO Ta MPECOBOTO
iHCTpYMeHTY, TpyOonposinHoi apmatypu [370 — 372]. ¥V Takux TpuOOCHPSIKEHHIX
MEePCIIEKTUBHUM BBA)XKA€ThCSI 3aCTOCYBAHHS OKCHIIB, KapOimiB 1 HITpHIIB Oopy,
MarHito, aJrOMiHII0, KpeMHito, iiupKoHiro [373 — 376]. Kepamiuni MaTepianu Ha IXHIiH
OCHOBI € TyTrOIJIaBKUMH, MalOTh HU3bKY T'YCTHHY, 3HAYHO TBEP/IiIIe 32 METaJIH, CTIHKI
70 aOpa3uWBHOTO 3HOIIYBAaHHSA, XIMIYHO 1HEPTHI, 32 PaxyHOK YTBOPEHHS UIUIBHOT

TUTIBKY OKCHJIIB 3JJaTHI IPOTUCTOSTH /11l KUCHIO 332 BUCOKUX TEMIEPATYD.

1.7.1. Tpu6oJIOTiYHi BJACTHUBOCTI HEOKCHIHOI KePpaMiKH.

Kap06inx 60py — crioyka 3 BUCOKOIO TBEPIICTIO, XIMIYHOKO CTIHKICTIO, BUCOKUM
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OTIOPOM KOB3aHHIO [0 MeXaX 3€peH axK JI0 TeMIepaTyp, ONMM3bKUX 0 TeMIlepaTypH
miaBjieHHs. BiH 3acTocoByeThesl sSK aOpa3uBHUM Marepiaja, wmarepian s
BUTOTOBJICHHS JI€TaJlel TOYHUX TMPUJIAAIB, B TOMY 4YHCHII, Ta30JuHaAMIYHUX
HiAMIAIHUAKIB TIPOCKOMIB 1 OE3KOHTAaKTHHUX YIIIIbHEHb, a TaK0oX OTpUMaB
BUKOPHUCTAHHA K OCHOBA TPUOOTEXHIYHHX KepaMik. AJie yepe3 BUCOKY KPHUXKICTb,
TPYAHOILII BUTOTOBJICHHS JIETalIel 3 HHOTO, YTBOPEHHS MPU BHCOKUX TEMIIEPATypax
Ha TIOBITPl JIETKOIJIABKOTO OKCHAY OOpy 1eil marepial HE Ma€ OYEBHIIHUX
MIEPCIICKTUB 3aCTOCYBaHHS Y BUCOKOTEMIIEPATypHUX Tpuboctpsbkensx [371, 377].

Hitpug Oopy iCHye B reKcaroHaljibHIN 1 KyO14HIM KpHUCTaIlyHIA MOoaudIKalii.
[lepmra Mae HU3BKY TBEPAICTh, € aHAJIOTOM TpadiTy Ta BUKOHYE (PYHKIIII TBEPOTO
MacCTUJILHOTO Matepiany. Jpyra € aHaiorom ajimasy, pi3ajibHi IHCTPYMEHTH 3 SKOi B
JEAKUX BUMAJKaX € OUIbII ePEeKTUBHUMHU, HIXK aiiMa3Hi. [{e mosICHIOEThCS MOKITMBUM
nepebiroM B 30HI pi3aHHS 32 BUCOKUX TEMIEpaTyp MOJIMOPPHUX MEPETBOPEHB
KyOlYHOro  HITpuAy OOpy B  T€KCaroHajbHUM, SAKUHA  BUKOHYE  DPOJb
BHUCOKOTEMIIEPATYpPHOI0 MalleHHsI. AJIMa3 32 LIUX YMOB OKHCIIIOETHCS 3 YTBOPEHHSIM
ra3ono/iOHUX OKCHIIB BYIJICHIO. 3a3HA4Y€HE CBITYUTH TMPO TMEPCHEKTUBHICTH
KyOI14HOTO HITpUly OOpY JIJIsl 3aCTOCYBaHHS B BUCOKOTEMIIEPATYPHUX BY3JIaX TEPTS.
Sk Ha MOBITP1, TaK 1 y BaKyyMi, BUCOKI TPUOOTEXHIYHI BIIACTUBOCTI IOMY Ha/Ial0Th
HU3bKa aJre3iiiHa akTUBHICTh B KOHTAKTl 3 METajaMU Ta YTBOPEHHSA B 30HI TEPTs
MalleHHs 3 TEeKCAarOHAJIbHOrO HiTpuay Oopy, a B pa3l MOro OKHUCIEHHS —
JIETKOILJIaBKOTO OKcuay Oopy. Okpim 3a3HadyeHoro, oOuaBi Momudikamii BN
BUKOPUCTOBYIOTHCS SIK KOMIIOHEHTH KOMITO3MIIITHMX MaTepialliB HA OCHOBI 1HIIHUX
TyrormiaBkux cnoiyk [371, 377, 378 — 383].

Kap0in kpeMHir0 € MIITHUM Ta TBEPJUM BHCOKOTEMIIEPATypPHUM MaTepiajioM 3
HU3BKOIO TYCTHHOIO, 3 SIKOTO BHUTOTOBIISIFOTH J€Tali TOYHUX MPHUIALIIB, a TaKOX
abpasuBHuii MaTepian. Moro nepeBaroo e mpame3aaTHiCTh MPH BUCOKIil TeMIeparypi
Ha TOBITPI, Jie BiJl OKUCICHHS Horo 3axuiac miiyibHa miiska SiO; [371]. ITpoBeneni
nocmimkenns [377, 384 — 388] cBinuars, 1110 TpU TEPTi 3pa3KiB KapOiay KpEeMHIIO 3a

BHCOKHUX TEMIIEpaTyp y BaKyyMi Ta IHEPTHUX ra30BUX CEPEAOBUIIAX CIIOCTEPIraEThCs
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edeKT caMo3MalllyBaHHs, KU peaizyeTbcsl IpU PO3KIIaAaHHI KapOiay KPeMHII0 Ta
YTBOPEHHI Ha MOBEPXHI rpadiTy, SKU BUKOHYE POJIb TBEPIOIO MAIIICHHS.

3 HITpUAY KPEMHIIO BUTOTOBJISIOTH PI3aJbHUNA 1HCTPYMEHT MJii O0OpOOKH
BOKKOOOPOOTFOBAaHNX MatepiaiiB. 3a3BWuail JJis BUTOTOBJICHHS JETaled YUCTUI
HITPUJ KPEMHIIO HE 3aCTOCOBYIOTh. AJle 3aBASKM BUCOKUM 3HAUYECHHSM KOHTaKTHOI
BTOMH Ta KOPO31HHOI CTIMKOCTI BiH BBAXAE€THCA MEPCIECKTUBHUM IS BAKOPUCTAHHS
y By3Jlax TepTs, 30KpeMa Ui JBUTYHOOYAIBHOI ramysi, a TaKOX JJii BUPOOHHUIITBA
MIITAITHAKIB KOYEHHS, K YMCTO KepaMIdHUX, TaK 1 TIOpUIHMUX, IO MPAIIOIOTh 3a
YMOB BHCOKMX TEMIEpAaTyp Ta il BEJIUMKHUX TPaJi€HTIB, BUCOKHX IIBHIKOCTEH,
arpecUBHUX CEPEIOBHUII Ta yIbTPaBUCOKOro Bakyymy [371, 377, 389 — 392].

Hitpug amoMmiHIO € KepamMidyHUM MaTepiajioM, SKUM TIO€JHYE BHCOKY
TEIUIONPOBITHICTh Ta 130JISII[iMHI BiacTuBOCTI. Ile 0O0ymoBiIIOE€ MOro mMpoke
3aCTOCYBaHHS B €HEPTeTUIll Ta MIKpOENEeKTpoHii. KpiM TOro, HITpUj ajrOMiHIIO
BUKOPUCTOBYIOTH IIPY OTPUMAaHHI CIUIaBiB MOABIHHUX 1 moTpiiiHUX cucteM: AIN-TIN,
AIN-TIiC, AIN-MoSi,, AIN-okcuau. Tpubosoriuni xapakrtepuctukun AIN BHBYEHI
HEJIOCTaTHhO. AJie 3aBISKH YTBOPEHHIO HAa WOro TMOBEPXHI TPHU BHUCOKHUX
TeMmrepaTrypax IIIJIbHOI 3aXHUCHOI TUTIBKM OKCHIY AJIFOMIHIIO BiH PO3IISIAAETHCS SIK
MEPCIEKTUBHUM ISl 3aCTOCYBAHHS Y BUCOKOTEMIIEPATYPHUX PYXOMUX CHPSDKEHHSIX
[371, 393].

TakuM YMHOM Yy YHCTOMY BHIJISIII HEMETAleBl TYrOIUIABKI CIIOIYKH, SIK
MpaBujIo, HE BUKOPUCTOBYIOThCS. Ha iXHINt OCHOBI pO3pOOJIEHO MIMPOKUN CHEKTP
KEepaMIYHUX 1 METaJOKEepaMIYHMX KOMIIO3UI[IHHUX MaTepialliB B TOMY YMCIl ¥ 7S
TpuOOTeXHiKH. J{J151 HEOKCHUIHNX KepaMiuHuX MaTepianiB Ha ocHOBI SisNg4, SIC, B4C,
BN, AIN mputamanHa HU3bKa TYCTHHA, BUCOKHUN MOJYJIb TMPY>KHOCTI, MIIHICTB,
JKAPOCTIUKICTh 1 3HOCOCTIMKICTH, TIIJIBUIIICHA TEIUIONPOBIIHICTh Ta HU3bKUN
Koe(dimieHT TepMidHOro po3mupeHHs. [Ipn KOHTaKTHIN B3aEMO/IIT 3 KepaMiuHUM Ta
METaJIeBUM KOHTPTIJIOM y TIOPIBHSIHHI 3 METaJICBUMH CIUIABAMH BOHU MAarOTh MCHIIIAN
KOe(DIIIEHT TEPTS Ta MEHIIY CXWJIBHICTh JIO aJre31iHO1 B3aEMO/IIi, @ TAKOXK 3HAYHO

BUIIY 3HOCOCTIMKICTh HDK Yy MeTaliB 1 TBepaux cruiaBiB. CyKyIHICTh LHX



112

0COOMMBOCTEH BH3HAUA€ IIMPOKE 3aCTOCYBAHHS Ta TMOJANbIIl TEPCIEKTUBH
HEOKCHUJHHMX KepaMiuHUX MarepiajiB y BYy3Jax TepTs, IO MpPaliolTh B
eKCTpEMAJIbHUX YMOBaX, B TOMY YHCIi TpPH BUCOKHX HaBaHTAKEHHIX 1
TEMIEpaTypax, Ha MOBITPI Ta y BaKyyMi, arpeCMBHUX Ta3oMoaiOHUX Ta PIIKHX

CepeOBUIIAX, a TAKOXK JIJI1 BUCOKOC(PEKTUBHOTO Pi3aJIbHOTO IHCTpyMeHTy [377, 394,

395].

1.7.2. Tpu60oJioriuHi BJ1aCTHUBOCTI OKCHIHOI KepaMiKH.

JUis BUTOTOBJIEHHSI PYXOMMX CHPSKEHb 3HAaXOJATh IIMPOKE 3aCTOCYBaHHS
KEpaMIKd Ha OCHOBI TYrOIUIaBKMX OKCHAIB METAJEeBUX €JIEMEHTIB. 3 BEIMKOI
KUIBKOCTI TaKWX OKCHUIIB 3HAUYHUU 1HTEpeC ISl TPUOOTEXHIKU MPEACTABISIIOTH
OKCUIM AJIFOMIHII0, HIUPKOHII0, MAarHii0 Ta XpoMmy. OKCHUIM TUTaHY CKaHAIIO, 1TPilo,
JaHTaHy, IEpil0 MEePEeBaXHO 3aCTOCOBYIOTHCS y BUTIISAL JIETYIOUMX J100ABOK [0
KepaMiuYHUX MaTepiajiiB Ha OCHOBI OKCHJIB Ta IHIIMX TYTOIJIABKUX CIIONYK.
TyromnaBki OKCUAM TOPIIO, ypaHy, OEPUITIIO 3aCTOCOBYIOTHCS B CIIELIIAIBHUX Traly3sX
TEXHIKU. 3a3Ha4eH1 HaWO1IbII IEPCTIEKTUBHI JUTsl TPHOOTEXHIKU TYTOTUIABK1 CIIOTYKHU
B YHCTOMY BUTJISA[I, SIK TIPABUIJIO, HE 3aCTOCOBYIOThCA. Ha 1XHiil OCHOBI CTBOpPEHO
BEJIUKY KIJIBKICTh KEpAMIYHHMX MaTepialliB, 30KpeMa, OKCUKApPOIAH, OKCHUHITPUIH,
kapOonitpuau [370].

Haiibispi1 AeTanbHO BUBYEHI BJIACTUBOCTI OKCUJTY aFOMIHIIO Ta KEPaMiKH Ha
HOro OCHOBI. 3a3HaUeHa KepaMika Ma€ BUCOKY TBEPAICTh, BOTHETPUBKICTb, & TAKOXK €
xopomuM 13osaTopoM. [loBeneHi OaraTodmcenbHl TPHOOJOTIUHI JTOCTIIKCHHS
[396 — 408] Bka3yroTh Ha 11 BHCOKI 3HOCOCTIHKI Ta aHTH()PHUKIIHHI BJACTHBOCTI 3
MaleHHs M Ta 0e3 HbOro, MpW KIMHATHUX Ta TMIJIBUIIEHUX TEMIIEpaTypax, B
arpecCUBHUX CepeloBUIIaX Ta 3 a0pa3suBHUMHU BKIoueHHsAMHU. lle no3Bossie
BUTOTOBJIATHU 3 HET HAMILIHI IHCTPYMEHTH JIJIs1 OOPOOKH METAJIIB Pi3aHHIM 1 THCKOM,
3ammipHi €JIeMEHTH KepaMiuHUX TPYOONPOBIIHUX KpaHIB, YIIUIBHEHHS 1 JUCKU
PEryJsTOpiB Y BOAONPOBIIHUX KpaHax 1 KJlaraHax, 3yOH1 MpoTe3u TOUIO.

Oxcu Mardito 3HAWIIOB MIUPOKE 3aCTOCYBAHHS B TIPOMHUCIOBOCTI, 30KpeMa
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JUIs  BUPOOHHWIITBA BOTHETPUBKMX MaTepiayiB, LEMEHTIB, TyMH, OYMILIECHHS
HaQTOMPOJYKTIB, a TaKOX SK aOpa3uB il 0OpoOJICHHS IMOBEpXOHb. Ha ocHOBI
MIPOBEJICHUX TPHUOOJOTIUHMX JOCHIPKEHb MarHi€Boi kepamiku aBTopu pooit [370,
384, 409] cTaBisTh miJ CyMHIB IIEPCIIEKTUBY 1i BAKOPUCTAHHS Y By3JIaX TEPTHL.

Kepamika Ha OCHOBI OKCHUIY IIMPKOHIIO OTpUMalla 3aCTOCYBaHHS s
BUPOOHUIITBA JIeTasiell Ta BUPOOiB, 110 3a3HAIOTH 3HAYHUX MEXaHIYHUX HABAHTAXKEHb
Ta MPAIIOIOTh B IIUPOKOMY Jl1alla30H1 TeMIIepaTyp, 30KpemMa JIJsi KOCMIYHOI raiysi,
aBTOMOOLIILHOT Ta IHCTPYMEHTAIIbHOT MPOMUCIOBOCTI, CTOMATOJIOTIT JIJIsl IMIUTAHTAILIi{
Ta MPOTE3yBaHHS.

YucTuil OKCHI IUPKOHIIO ICHYE B TPhOX KpHUCTAIOrpaPiyHUX MOAU(IKAIILXK:
KyOiuHil mpu TemmepaTypax 3aBBumikud 2370 °C, MOHOKIIHHIA MPH TemrmepaTypi
Huwxdye 1170°C 1 TerparoHanbHiil Mk UuMu Temneparypamu. Ilepexig 3
MOHOKJIIHHOI CTPYKTYpH JI0 TETParoHajIbHOI Ta HABIAKU CYIPOBOIKYETHCS 3MIHOKO
00’eMy KpHCTaJia, 0 MPU3BOJUTH JO YTBOPEHHS TPILIUH 1 pyiHyBaHHs. Jlo/1TaBaHHS
JI0 OKCHJY ITUPKOHIIO 1HIIKX TyrormiaaBkux okcuai sk CaO, MgO, Y03 mo3Bose
cTabumizyBaT ab0 YaCTKOBO CTa0LIi3yBaTU HWOTO KyOiuHY CTPYKTYpPY, BILUIMBAIOUH
IIUM Ha B’sI3KiCTh Horo pyinyBanns [370, 377, 410].

Kepamiuni matepianu Ha ocHOBI ZrQO; 13 cTabuUTI3ylounMH J0OaBKaMHU MalOTh
BUCOKY MEXaHIYHY MILHICTb, TPIIIMHOCTIMKICTh, MIJBULIEHY TBEPIICTh, YAApHY
B’SI3KICTh, HU3bKY TEIUIOMPOBIAHICTh, XIMIYHY 1HEPTHICTh, @ TaKOX KOPO3iiHY Ta
epo3iiiHy CTIHKICTh NpU MigBUIIEHUX Temmepatypax [411, 412]. Bucoka MilHICTh
Takoi KepaMiku oOOyMOBJeHa 30€peXEHHsSM B MaTepiaal MeTacTaOlIbHOL
TeTparoHajdbHOi  (a3u, 37aTHOI 3a3HABATH MOJIMOP(HUI  TeTparoHajIbHO-
MOHOKJTIHHUH TMepexia B Moji MexaHiyHoro Hampyxenus [413, 414]. Tlepexin
TeTparoHajabHOi (pa3u B MOHOKJIIHHY, KU B11OYBAETHCS 32 MAPTECHCUTHUM THUIIOM 1
CYIPOBODKYETHCSI 3HMKEHHSIM TYCTHHM, MPHU3BOAMTH [0 CTBOPEHHS MPY>KHO-
HaANpy>XKeHOTo CTaHy B KepaMmilli. Lle 3 omHOTO OOKYy TrambMye MOMaIbIIUNA PO3Maj
TeTparoHajabHOI (a3, a 3 IHIIOTO — MEPENIKOKAE PO3ZBUTKY TPIIIMHHA YepPe3 MExi

pi3HuX (a3, 1o 00yMOBJICHO MOTJUHAHHAM eHeprii [415].
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BpaxoByroun 3a3HaueHe, OJHHUMH 3 HAWOUIBII MEPCIEKTHBHUX OCHOB IS
KepaMIuHUX MarepiaiaiB TPUOOTEXHIYHOTO MPU3HAYEHHS BBAXKAIOTHCS YACTKOBO
crabimizoBani okcuau upkoniro [410, 416]. Kepamika Ha OCHOBI TaKMX OKCHIIB
CKIIAQJAETHCS 13 3€PEeH 3 KyOIdYHOIO CTPYKTYPOIO 1 BUIIJIEHB 3 TETPAroHAILHOIO, IO
3abe3reuye iM BUCOKY MIIHICTb. [Ipy yTBOpEeHH1 TPIIIMHU CTPYKTYypa y ii BEpIIMHI
NIEPETBOPIOETHCSI HA MOHOKJIIHHY 31 30UIbIIEHHSIM 00’eMy Kpuctaia. B pesynbrati
IFOTO BHUHUKAIOTh CTHUCKAIOUl HANpPYXEHHS, SKI HEUTpami3yloTh HaMpPyKEHHS
pO3TATY, 1 3pOCTaHHA TPINMHU TpUNUHSAEThCSA. [Ipn abpa3uBHOMY 3HOITYBaHHI B
MTOBEPXHEBOMY IIIapi TaKO1 KepaMiKi YTBOPIOIOTHCS HAINPY>KCHHSI CTUCKYBAaHHS, 110
IPHU3BOIUTD 0 IMIABHUINEHHS ii MIIHOCTI Ta 3HOcocTiiikocTi [410].

Okcua XpoMy € BOTHETPHBKHM MaTepialoM 3 BHCOKOIO TEMIIEPaTypoOrO
TIJIABJICHHS i CTIHKICTIO J10 OKHCIICHHS. 3a TBE/IiCTIO BiH GIM3bKNUIA 10 KOpyHy. Moro
BBOJISITH JI0 CKJIQJy TMOJIPYyBaJbHUX 3ac00IB Ta 3aCTOCOBYIOTH JII OTPUMAHHS
kepamiku. PesymeraTet  BunpoOyBaHb [417 —420] cBimuaTh PO  BUCOKY
3HOCOCTIMKICTh Ta aHTU(QPUKIINHICTE XPOMOBOI KepaMmikd, II0 BKa3zye Ha
MEePCIEKTUBHICTH 11 3aCTOCYBaHHS y TPUOOCTIPSIKEHHSIX.

Takum 4MHOM, TBEpJl TYTOIUIaBKI OKCHJM aJIOMIHIIO, IIUPKOHIIO, XPOMY Ta
KEepaMiKH Ha 1XHiil OCHOBI € MEPCIIEKTUBHUMHU TPUOOJIOTITYHUMHU MaTepiaiamu. Bonu
3HAXO/SITh CBOE 3aCTOCYBAHHS B PyXOMUX CIIPSDKEHHSX, 10 MPAIIOIOTh B IITUPOKOMY
Jiara3oHi TeMIlepaTyp, B arpeCUBHUX CEPEIOBHINAX, 3 A0pa3MBHUMHU BKITFOUCHHSIMH,
SK B BaKyyMi, TaK 1 Ha TIOBITPI, SIK 3 MACTUJILHUMH MaTeplajaMu, Tak 1 6e3 HuX.

He3Baxaroun Ha Bci epeBar, KepaMiuHi MaTepiajid Ha OCHOBI TYTOILIABKUX
OKCH/JIIB Ta HEMETaJIeBUX OE3KUCHEBUX CIIONYK € KPUXKUMHU, JIETKO PYHHYIOTHCS Mij
JIEI0 HAMpPYXeHb PO3TATY Ta TEPMIYHUX yJapiB, MamOTh HHU3bKE 3HAYCHHS
Koe(dillieHTa TEPMIYHOTO PO3IIMPEHHS, MMOraHy BIATBOPIOBAHICTh BIACTHUBOCTEH Ta
BHUCOKY TPYAOMICTKICTh MEXaHIYHOro 0O0poOsieHHs. ToMmy i BHUTOTOBJICHHS
neTajel MalllvH 1 MPUaiB, M0 MPAIlOI0Th 32 YMOB BUCOKHX, OCOOJIMBO yAapHHX,
HABAHTAKECHb, BUKOPHCTAHHS KOMITAKTHUX KepaMIYHUX MaTepiaiiB B OUIBIIOCTI

BUIAJIKIB € HEAOUUIBHUM. B 3B’S3Ky 3 MM JjIs1 pO3IIUPEHHS chep 3aCTOCYBaHHS
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KepaMikd B TpUOOJIOTii BCe OUIBII aKTyaJlbHUMH CTa€ 3ay4eHHS Cy4aCHUX METOIIB
HAaHECEHHS MOKPUTTIB. B IbOMY BHIaJIKy BUKOPUCTAHHS KEPAMIYHHX MaTepiajiB sK
TOHKHX TIOBEPXHEBHX IIIapiB 3HIMAae 0OMEKEHHS, IO ITOB’s3aHi 3 IXHLOI BHCOKOIO
KPUXKICTIO Ta HU3BKUM KOE(DIIIEHTOM TEPMIYHOTO POIIUPEHHS, 1 Pa30M 3 TUM HAJIa€
MOXJIMBOCTI TMIABUIYBAaTH TPHUOOJIOTIYHI BJIACTUBOCTI JIeTallel 3 MeTaJeBUX
MaTepianiB, CXUIBHUX IO CXOIUTIOBAHHS 1 OKHCIICHHS 32 YMOB KOHTaKTHOT B3a€EMOJIIT

Ta € OJIHUM 3 TICPCIIEKTUBHUX HAMPSMIB Cy4aCHOTO BUPOOHUIITBA JI€TAICH MAIIMH Ta

obnamuanus [370, 371, 373, 377, 421, 422].

1.8. BnnuB mopddonoril CTPYKTypu KepamiyHUX maTepianiB Ha

IXHIO 3HOCOCTIUKICTb.

OnHuM 3 OCHOBHUX TOKa3HUKIB SKOCTI MalllMH Ta MEXaHI3MIB € IXHS
HaJ1MHICTh. 3a3BUYaii, BC1 pyilHyBaHHS JleTajeil, 30KpeMa 3HOIIYBaJIbHI, KOPO3iiiHi,
KOHTaKTHI, BTOMHI, TOYMHAIOThCS 3 oBepxHi [423]. BoaHouac ¢i3nko-mMexaHiuHi Ta
eKCIUTyaTallliiHl XapaKTepUCTUKU MOBEPXHEBHUX IIapiB MaTepialliB y 3HAYHIN Mipi
BU3HAYAIOTHCS TXHIM CTPYKTYPHHM CTAaHOM, a TaKOX (H)a30BUM 1 XIMIYHUM CKJIQJIOM.
B 3B’s3Ky 3 3a3HaU€HUM 1HTEHCHUBHOT'O PO3BUTKY OTPMMAaB OJUH 3 HOBUX HAyKOBO-
TEXHOJIOTIYHUX HANpsIMIB — 1HXKEHEpIs MOBEPXHI, SIKMWA 32 OCTaHHE NECSATHIITTA
HaOyBa€e Bce OLIBbII BaroMy poJib B OUIBIIIOCTI rayly3e# cydacHoi inayctpii [424].

CbOroJiHi TEXHOJIOTIUHI MPOIECH 1HXKEHEPIi MOBEPXHI BIIHOCATHCS /10 YHCIIA
e(peKTUBHUX 3ac00IB TOKpalleHHS (I3UKO-MEXaHIYHUX 1 TPUOOTEXHIYHUX
BJIACTUBOCTEH €JIEMEHTIB BY3iB TepTs [425, 426], a ii MeTo 1 BKIIIOYAIOTh B ce0e SIK
HAHECEHHS Ha po0oYy MOBEPXHIO MOKPUTTIB 3 IHIIOrO Matepiany (razoTepMidyHe
HAMWJICHHS, EJIEKTPOXIMIYHE OCaPKeHHs, (PUKIIMHE TIUIaKyBaHHS, Ja3epHe
HariaBjieHHs Tomno) [427 — 431], Tak 1 peKOHCTPYKIIFO TOBEPXHi, 30KpeMa MUITXOM
3MiHU i CTPYKTypHO-(a30BOTO CTaHy O3 HaHECEHHS J0JaTKOBHX IOKPUTTIB

(MIKpOIyroBe OKCHIyBaHHS, TpUOOMEXaHIYHE OOpOOJICHHS, 10HHA IMIUIAHTAIlIS

Tomo) [432 — 434].
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CTBOpEeHHSI TOKPHUTTIB 3 BHUKOPHUCTAHHSIM METOJIB 1H)XXEHEpli MOBEpXHI
BIJIKpUBAa€ MOKJIMBOCTI JJi1 (popMyBaHHS Ha MOBEPXHI AeTajiedl (yHKIIOHATBHUX
mapiB 3 BIJIACTUBOCTAMM, $IKI TMPUTaMaHHI HOBHUM MarTepiajiaMm, Ta JI03BOJISIE
MiBUIIYBAaTH MEXaHIUYHI XapaKTEpPUCTUKHU TMOBEPXHEBHUX IIApiB, 30KpeMa iXHIO
TBEPJICTh 1 3HOCOCTIUKICTD.

Sk Oyno 3a3HaY€HO, OJTHUM 3 €(PEKTUBHUX CIIOCOOIB 3aXUCTY KOHCTPYKIIN BiJ
3HONIIYBAaHHS € 3MIIHEHHA KOHTATKYIOUMX T[IOBEPXOHb MUIIXOM HaHECCHHS
KEepaMIYHUX HOKPUTTIB. J[OCHIDKEHHSAM B IIbOMY HANpsMy MPUCBAYEHO YHMAJIO
HaykoBuX poOit. Tak B mparni [435] Oyno BuUBYEHO QOpMyBaHHS HAHOCTPYKTYPHHX
3aXMCHUX KepaMIYHUX MOKPUTTIB 3 MOpomiKy Al,O3 KymMyJIsTUBHO-IETOHAIIHHUMU
METOJIOM Ha mnoBepxHi criaBy tutany OT4ce. HaBeneHno pesynbTratu JOCHIIKEHb
MIKPOCTPYKTYPH, €JIE€MEHTHOro, (a3oBOro Ckiaay, TBEPIOCTI, 3HOCOCTIMKOCTI Ta
CTIMKOCTI 10 Tra3zoabpasuBHoro 3Hocy cmiaBy OT4ce 1 mokputrts AlOs.
BceranoBiieHo, 1o gopMyBaHHS HAHOCTPYKTYPHUX HIUIBHUX, OJHOPITHUX, TBEPIHUX,
3HOCOCTIMKHMX KepaMIYHUX MOKPUTTIB HAa TIOBEPXHI TUTAHOBOTO CIUIaBY Ha MOPSAIOK
30UTBIIYE i1 TBEPICTh, 3HOCOCTIMKICTD Ta OMIp BILUIMBY Ta30a0pa3UBHOTO MOTOKY.

Astopamu nipatti [412] po3misiHYyTO MPOIECH CTPYKTYPOYTBOPECHHS KEPAMiKH
IPU CIIKaHHI HAHOTIOPOIIIKIB IIOKCUTY ITUPKOHIIO, JJETOBAHOTO 1TPi€EM, 1 1 BILUTUB HA
dha3oBy nmerpajaililo Ta 3HOCOCTIMKICTh. Bil3HaueHO, 110 HEOAHOPIJHA CTPYKTypa
NPU3BOIUTH JO BEJIMKOTO PO3KUAY BIACTUBOCTEH KEpaMIYHUX MaTepialliB, IO
OoOMeXye iXHE€ BUKOPUCTAHHS B PI3HUX Tally3aX HPOMUCTOBOCTI. OTpuUMaHHS
OJIHOPIIHOI JTUCTIEPCHOI CTPYKTYPU CHpHUSE CTIMKOCTI Kepamiku A0 (a3oBuUX
NEPETBOPEHb NPU MEXaHIYHMX HABAHTAXEHHSX, IO B CBOIO 4epry 3abesrnedye
301IbIIEHHSI TEPMIHY €KCIUTyartalii BUpoOiB B ymMoOBaX aOpa3MBHOIO 3HOCY Ta y
BOJIOT1H aTMocdepi.

B po6ori [436] BrBYEHO MPUHIMITA OTPUMAHHS KOMITO3UI[ITHUX MaTepialiB Ha
OCHOB1 JMOOpUIY TUTaHy 3 MeTaneBoro 3B’s3kor0. [lokazaHo, 1o po3polieHa
KOMITO3HUIIIST 3 PIBHOMIPHO PO3MOIICHUMU B 00’€Mi Marepiaixy 3epeH audopuja

TUTaHy € TMEepPCHEKTUBHOIO Ui 3MIIHEHHS JeTajlled MallhH 1 MEeXaHi3MiB, MI0
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IPAaLOITh B YMOBaX adpa3suBHOTO 3HOLTYBAHHSA 1 TEPTA O€3 3MaICHHS.

IIpencrasaeni B [437] pe3ynbratd TPUOOJIOrIYHUX BUIPOOYBaHb YaCTKOBO
MOAM(IKOBAHOTO KEpaMidHOTro Matepiany ckiany ZrO; + 3 mon. % Y203, nokazanu,
10 BUKOPHUCTAHHS HAHOCTPYKTYPHHUX MOPOIIKIB J03BOJISIE OTPUMYBATH KEPaMIKy 3
OJIHOPIJTHOIO CTPYKTYpOro Ta po3MipoM KpuctaiitiB 200...500 aM. Taka cTpykTypa
Ma€ JOCTaTHIN piBEHb MIIHOCTI, TPIIIMHOCTIMKOCTI Ta TBEPAOCTI, IO pOOUTH il
MPUIATHOIO JIJIS 3aCTOCYBaHHS B PI3HUX By3J1aX TEPTA «KepamiKa-MeTa.

[Ipu BU3HAUEHHI BIUIMBY HapaMeTpiB MPOILECY CYXOr0 OCbOBOIO MPECyBaHHS
Ha (13MKO-MEXaHIYHI BJACTUBOCTI KEPAMIYHOIO KOMITO3UTHOTO MaTepially Ha OCHOBI
OKCH/IIB JTFOMIHIIO Ta IIUPKOHIIO 3 PI3HUM BMICTOM HaHOPO3MipHOTO mopomiky ZrO;
BCTAHOBJIEHO, IO BHCOKAa 3HOCOCTIMKICTh JIOCSATAETbCS MpPU  OJAHOPIAHIN
Oe3nedexTHIN MUTBHINA CTPYKTYPI JOCTIKeHHX MaTepiamiB [438].

Boanoyac Ha aymy 1HIIMX aBTOpPIB OCHOBHMM NPUHIMUIIOM CTBOPEHHS
3HOCOCTIMKMX TIOKPHUTTIB € TEeTePOreHHICTh iXHBOI cTpykTypu [439] Ta s
MIJBUIIEHHS 3HOCOCTIMKOCTI KOHCTPYKLIMHMX MaTepialiiB HaWkpaumi edexT
JOCSITa€ThCsl HEe TIpH (POpMyBaHHI OJHOPIAHOTO KEPaMIUHOTO Iapy, a KepaMiku 3
NeBHUMH BKIOUeHHsIMH. Tak B cepii poOiT [440 —443] mocnimkeHO CTPYKTYpY,
XiMIYHUH 1 a30BUI CKIIA]T 3HOCOCTIMKUX TTOKPUTTIB HA OCHOBI OKCHUTHOT KEPaMIKH 3
BKIIFOUEHHSIMU TBEPJIOTO MAIICHHS, a TaKOX PO3TJSTHYTO TEXHOJOTII0 IXHBOTO
OTPUMaHHs 3a JIOTIOMOTOI0 Ta30TEepMIYHOTO HamwieHHsA. BigzHadeHno, 1m0
NOKPAIIEHHS BJACTUBOCTEH 3HOCOCTIMKUX TIa3MOBHUX MOKPUTTIB MOXKHA JTOCSTHYTH
IUIIXOM HAHECEHHs Ha MOBEPXHI TEPTs KOMIO3ULIMHUX KEpaMIYHUX MaTepiaiB.
[ToxazaHo, 110 MOKPUTTSI HA OCHOB1 OKCH1Y aJIOMIHIIO — OKCHAY TUTaHY 3 100aBKaMu
TBEPJIOTO MAIICHHS BIJPI3HAIOTHCS BiJl MOKPUTTIB 3 UYUCTUX OKCHJIB KPaIOo
MJIACTUYHICTIO, M1JBUIIIEHOIO CTIMKICTIO MO BITHOIIEHHIO 10 YAapHUX HAaBaHTa)XCHb,
PIBHOMIPHICTIO CTPYKTYpH, 130TPOIHICTIO BIACTUBOCTEH, a TaKOX 3MEHIIUM
3HAYEHHSIM TIOPUCTOCTI, Ta € eQEKTUBHUMHU 3aXHUCTOM TIPH MOJEKYJISPHO-
MEXaHIYHOMY Ta a0pa3MBHOMY 3HOIIYBaHHI 3a HECHPHUSATIMBUX YMOB TepTs

(rpaHu4HEe MalieHHs a0o0 BIJACYTHICTh MACTUJIBHOTO MaTepialy, ITiABUIIICHHUHA
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TEeMIIEpaTypHUI BILTUB).

B poGortax [444 —447] HaBemeHO pe3yibTaTH IOCIIHKCHHS aare3iiHol
MIITHOCT1 Ta 3HOCOCTIHKOCT1 MMOKPUTTIB 3 HIKEIbKEPAMIYHOI Ta KOOAIBTOKEPaAMIYHOT
MexaHiyHuX cywimei. [lokazaHo, 1m0 OAHUM 13 CYTTEBHX IEpeBar BUKOPUCTAHHS
MEXaHIYHUX CYMIIICH TMOPOIIKIB 3 PI3HUM XIMIYHUM CKJIAI0M 1 MEXaHIYHUMU
XapaKTePUCTHKAMU € MOKJIMBICTh KEPYBaHHSI CTPYKTYPOIO, a, OTKE, 1 pIBHEM (P13UKO-
MexaHlyHuX BiacTuBocTedl. [lopiBHsIIBHI BUOPOOYBaHHA Ha 3HOCOCTIMKICTD
MOKa3aJId, 10 TaKl MOKPUTTS MOKHA BUKOPUCTOBYBATH K 3MIIIHIOIOYi, III0 MOXKYTh
COpHUiiMaTH 3HaYH1 MEXaH14H1 HaBaHTaKEHHS.

Astopamu nociimkeHb [448, 449] Oyno BcTaHOBICHO, IO Kepamika TiBo-
20%SiC 3aBasku chopMoBaHiil rerepodasHiii CTPYKTypi, B sKiil 3epHa KapOimy
KPEMHIIO pO3MOAUIEHI B 00’€Mi JUOOpPUAY TUTaHy, Ma€ BHCOKI TPUOOTEXHIYHI
BJIACTMBOCTI B YMOBax TE€PTs KOB3aHHs 0€3 MacTuja B Mapi TEPTS 31 CTAILIIO.

B mnpami [450] ommcano pe3ynbTaTH IOCHIIKEHb BIUTUBY TapaMeTpiB
CTPYKTypH Ta (pa3oBOro ckiaay Ha (i3uKo-MeXaHIdH1 Ta TPUOOJOT1YHI BIIACTHBOCTI
KepaMiK Ha OCHOBI OKCHAY QIIOMIHII0O 3 C(HEPUYHUMHU Ta HUTKOMOIIOHUMHU
BKIITOYeHHsAMU SIC, a Takox Oe3 BKIIIOYEHb. AHAI3 Pe3yJIbTaTiB TPUOOIOTIUHUX
BUNPOOYBaHb BUSIBUB TIJBUIIEHHS B JCKIJIbKa pa3iB 3HOCOCTIMKOCTI KEPaMIYHOTO
Marepiaiy, 1o MicTUTh chepruyHi yacTuHKU SiC, y MOPIBHSAHHI 3 KEPaMIKOI0, SKa HE
MICTUTh 1X, a TaKOX ICTOTHE MiJABUIIEHHS 3HOCOCTIMKOCTI KE€paMiKH, 10 MICTHUTh
HUTKOMOA10H1 BojiokHa SiC, y MOpIBHSHHI 3 KEpaMiKO, 0 MICTUTh ChepudHi
YaCTHHKH.

[Tepmmii eexT aBTOpW MOSCHIOIOTH 3MIHOKO XapakTepy pPyWHYBaHHS Bill
MDKKPUCTATITHOTO JIO0 TPAHCKPUCTANITHOTO. J[Ji TOSICHEHHS MPUYMH CYTTEBOL
BIJIMIHHOCTI B TPUOOJIOT1YHIN MOBEAIHII KepaMiK 3 YaCTUHKAMHU KapOigy KpeMHiio
pi3HOI MOpPQOJIOTii MpU OJAHAKOBIA 00’€MHINM YacCTIll OyJ0 HABEACHO CXEMHU iXHIX
noBepXHeBUX wapiB 10 (puc. 1.34, a, puc. 1.35, a) Ta micnst B3aeMO/ii 3 KOHTPTLIOM

(puc. 1.34, 6, puc. 1.35, 6).
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Puc. 1.34. CxematuuHe 300pakeHHS MOBEPXHEBOTO 1IApy Kepamik,
110 MicTATh chepruuni yactuuku SiC [450]:
a — JI0 B3a€MOJI1 3 KOHTPTLIOM;

0 — MmicJIst B3a€EMO/IIT 3 KOHTPTIJIOM.
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Puc. 1.35. Cxematuune 300pakeHHSI MOBEPXHEBOTO 1IAPy Kepamik,
110 MicTaTh BojiokHa SiC [450]:
a — JI0 B3a€MOJI1 3 KOHTPTLIOM;

0 — MmicJIst B3a€EMO/IIT 3 KOHTPTIJIOM.
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VY pasi 3HOCY KepamiyHOro matepiany 31 cepuunumu vactuHkamu SiC
B1IOYBAa€ThCS PYMHYBAaHHsS IPUIIOBEPXHEBUX 3€pPEH allfOMIHIEBOI KepaMmiKH, IO
OpU3BOAUTH /0 BUKpuiyBaHHsA SiC BHACHIIOK iXHBOTO Majoro po3Mipy y
NOpiBHAHHI 3 po3mipom 3epeH AlOs (puc. 1.34, 6). [Ipu B3aeMonaii 3 KOHTPTLIOM
KepaMiKH, 1110 MICTUTh HUTKOIIO/II0HI BOJIOKHA, CUTYAIIisl € IPUHIIAIIOBO 1HIIIOKO.

Ha puc. 1.35 cxemaTnyHO OKa3aHO CTPYKTYPY MOBEPXHEBOTO LIAPY KEPaMIKH
3 HUTKOMOAIOHMMHU BosokHaMu SiC, sKi TpPEACTaBiCHI SIK JOBUIHHO OpPI€EHTOBAaHI
«CTOBITYMKI JIIaMETPOM MEHIIIUM 1 JIOBKUHOIO OLIBINOI0, HIXK po3Mip 3epHa AlyOs.
[Tpu bomy cimij 3a3HaunTH, 110 MirHICTh SiC y 1,5...2 pa3u Buma 3a MirHICTh Al2Os.
Jlnst HAO4YHOCTI aHamizy OyJio B3STO JIMIIE TI «CTOBMYMKH», SKI PO3TAIIOBaHI
NEPHEHANKYJIAPHO 10 TOBEPXHI TEPTS Ta BXOJATh B INIMOMHY 3pa3ka Ha 2...3 3epHa.

[Ipn BukpumryBaHHI 3 TOBEpXHiI Kepamiku yacTHHOK AlOsz i1 moBepxHs
MEPETBOPIOETHCSI HA CHCTEMY MIIHHUX, <«3a0UTHUX» B TIJNOBEPXHEBHUM IIap
«CTOBIMYMKIB» KapOimy kpeMHito (puc. 1.35, 6). YTBOpeHa TakKuM YHHOM 3 BOJIOKOH
SiC «iriTkay mpy B3a€MO/Iii 3 KOHTPTIJIOM CTHPA€E HOro MPaKTHYHO HE PYHHYIOUHUCH.
Bucokuii piBenr axaresii mikdaznoi mexi Al,O3—SiC chnpusie edeKTUBHOMY
nepepo3noAily PyHHIBHOTO HaBaHTaKEHHS BIJ KOHTPTLIa Ha BeCh 00’€M 3epeH
OKCHUy amtoMiHito. [Ipu 3HOIITYBaHHI KOHTPTIIA TUIOMIA HOTO KOHTAKTY 3 KEPaMIKOI0
30UTBIIY€EThCA, HANpyXeHHST B OOJacTi B3a€EMOJIl 3HMXKYETbCS 1 MpPU PIBHI
Hanpy>KeHHs, 1110 BianoBigae mirHocti Al,O3, ctupanns npunuaserbes [450].

Ha nymky aBTopiB poOoTH [451] muist igBUINIEHHS MEXaHIYHUX XapaKTEPUCTUK
KepaMIYHUX MaTepialliB CJiJ BBOAUTH B HUX BOJIOKHUCTI Marepiaiu — HANPUKIA,
BYTJICIIEB] HAHOTPYOKH, MPUYOMY OPIEHTYBATH iX B TUII BUPOOY BIAMOBITHO IO
MPUKJIAJCHOTO HABaHTAXKCHHS.

[TinTBep/HKCHHSAM BIUIMBY SK apMyBaHHS BOJIOKHAMH, TaK 1 HAMPSIMKY ITHX
BOJIOKOH JI0 TIOBEPXHI KOHTAKTy Ha TPHUOOJOTIYHI XapaKTEPUCTHKU KEPAMIYHHX
MaTepialiiB € po3poOka smoHcbkoi (ipmu Hitachi [452], me mis mokparmeHHs
3HOCOCTINKOCTI BUPOOIB 3 KEpaMiKH MEBHA YACTKA BYTJICIICBUX BOJOKOH B MaTepiai

opieHTyeThes g KyToM 40...90° 1o moBepxHi TepTs, a TAaKOXkK HiMerbkoi Gpipmu Audi
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NSU Auto Union AG [453], ae 3MeHIIICHHSI IHTCHCHBHOCTI 3HOITYBaHHS JIOCSATAETHCS
dbopMyBaHHIM B CTPYKTYpl KapOiJIOKPEMHIEBOI KepaMiKH JOBIHX BYTJICHEBUX
BOJIOKOH, TIEPIIEHANKYJIIPHO CIPSIMOBAHUX IO KOHTAKTHOT TOBEPXHI.

[ToBenenuii anai3 HayKoBO-TexXHIYHOI iHQopMarlii [454] Takok BKa3zye Ha Te,
0 CTBOPEHHS JeTajied TpuOOJOriYHOrO TMPHU3HAYEHHS 3 KOMIIO3UIIIHHUX
KepaMiYHUX MaTepiaiiB, 3MIIHEHUX BOJOKHAMH, € TIEPCIIEKTUBHUM HAIPSIMOM IS
CTBOPEHHS AHTU(DPUKLUIMHUX Tap TepTs, SKUH Bce OLIbIIE MPHUBEPTAE YBary
PO3pPOOHHUKIB MOMIJIMBICTIO OTPUMAHHS BUCOKOTO PIBHA MEXAHIUHUX XapaKTEPUCTHUK
MNOPIBHSHO 3 TPAJAULUIMHUMHU JIETAJISIMU 3 MOHOJIITHOI KEPaMIKH.

OTxe B miTepaTypl HE Ma€ €IMHOI JyMKH IMOAO BIUIMBY MopdoJorii Ta
TFETEPOTCHHOCTI CTPYKTYpH KEepaMmiku Ha ii 3HOCOCTIMKICTb, 110, OYEBUIHO, MOXKHA
MOSICHUTH PI3HUMU YMOBaMHU BHUIIPOOYBaHHSI Ta TEXHOJIOTiISIMU ii oTpuMaHHs. Kpim
TOTro, MepeBa)karouya KUIBKICTh JOCHIDKCHb MPHUILISLE OUIbIIYy yBary Iijaoopy
XIMIYHOTO CKJaay Ta TEXHOJIOTIYHMM IapaMerpaM (OpMyBaHHS KEpaMiYHHX
MaTtepiaiiB, HIXK OCOOJHMBOCTSIM I1XHBOI MIKPOCTPYKTYpH Ta 1i BIUIMBY Ha

3HOCOCTIUKICTb.

1.9. BuKOpPUCTaHHSA WTYYHUX HEUPOHHUX MepeXx ANs BUPiLLEeHHSA

npukKnagHnx 3anad MaTepia.ﬂOSHaBCTBa.

tyuni HeponHi Mepexi (ILIHM) — nie matemaT4Hi MOJENi, a TAKOK IXHE
nporpamMHe abo anapaTHe BTIJIEHHS, SIKi MOOYI0BaHI 3a MPUHLIMIIOM OpraHizamii Ta
GbyHKII1IOHYBaHHS 01070TIYHUX HEHPOHHUX MEPEXK — MEPEK HEPBOBHX KIIITHH )KHBOTO
OpraHiamy, Ta € TEXHOJOril0, TICHO TIOB’SI3aHOI0 3 HEeWpodi310JI0JIOTIEO,
MaTEMaTHUKOI, CTATUCTUKOIO, (hI13MKOI0, KOMIT IOTEPHUMH HAayKaMH Ta TEXHIKOIO.
[Ticnst po3pobku anroputmiB HaB4daHHS [ITHM BUKOpHCTOBYIOTHCS B MPAaKTHYHUX
LUISAX Y TaKUX PI3HOPIAHUX Tamy3siX, sSIK MOJEIIOBAHHS, aHall3 4YacOBUX PSIB,
pO3IMi3HaBaHHs 00pa3iB, 0OPOOJICHHS CUTHAIB, KepyBaHHs Toilo [455].

Teopis HEMPOHHUX MEPEXK € OTHUM 3 PO3JLIIB HAYKH MPO IMITYYHUHN 1HTEIEKT.
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[Tounnaroum 3 cepeauuu aBaamsaToro ctoiitrs [IIHM cranm posBuBatucs pazom 3
0OYHCITIOBAJILHOIO TEXHIKOIO Ta TMOSBOIO HOBHX 3HAHB MPO O10JIOTIYHY CTPYKTYPY
roJIOBHOTO MO3KY. CepeJl yCiX MiJIX0/I1B TPU CTBOPEHHI IITYYHOTO IHTEJIEKTY METOIU
Teopii HEHPOHHUX MEPEXK BIAPIZHAIOTHCS THM, 1110 BOHU 3aCHOBaHI Ha MOJICITIOBaHHI
CTPYKTYpPH TOJOBHOTO MO3KY. L1 MeToaM 103BOJISIIOTH, B MIpY CYy4acHOTO YSBJICHHS,
BUKOPHUCTOBYBAaTH MPHUHLUINK OOpoOKH iH(OpMallii, BIACTUBI JIIOJCEKOMY MO3KY.
bynb-ka nuTMHA 37aTHA TOBOPUTH Ta PO3YMITH MOBY OTOYYIOUMX, BII3HABAaTH
oO0nuyuus 0aTbKiB 1 JIPY31B B PI3HUX CHUTYyaIlisiX. AJie HE CEKpeT, 110 Moai0HI cl1abo
(dbopmaiti3oBaHl 3ajadi 3 HAIIOTO JKUTTA JOCUTH CKJIAQJHO peaiizyBaTh HaBITh Ha
CY4YaCHHX MOTYXHUX O0UMCITIOBAIbHUX MAIlIMHAX. 3a JJOTIOMOTOI0 HEHPOHHUX MEPEX
CTa€ pealbHUM MOJICITIOBAHHS TAaKUX MOXIUBOCTEH MO3KY, SIK 3JaTHICTH [0
HAaBYaHHS, AacoLlaTHBHA IaM’siTh, 3JIaTHICTh JO HEYCBIJOMJIEHOTO YIpaBiIiHHSA,
CTIMKICTB 1 aanTUBHICTD [456].

Cxema tumoBoi ctpyktypu [IIHM 300paxena Ha puc. 1.36. Heitpomepexi €
rpynyBaHHSM HEHUPOHIB y BUTIISLL 3’ € JHAHUX M1 COO0I0 IEBHUM YHMHOM MPOIIAPKIB.
Xoya iICHYIOTh MEPeXi, SKi MICTATH JIMIIE OJHWH Imap, a0 HaBITh OJWH E€JIECMEHT,
OUIBIIICTh peali3aliii BAKOPUCTOBYIOTh MEPEXI, IO MICTITh K MIHIMyM TPU THIH

MPOIIAPKIB — BX1HUHN, MPUXOBAHUHN 1 BUX1THUI.

Bxomn Buxonon

BximHmii mpomrapok [TpuxoBanmii npomrapok  Buximamii mpomnrapox
Puc. 1.36. Cxema THUIIOBOT IITY4YHOI HelipoMepexki [457].

Hetiponu BXiTHOTO TPOIIAPKY OJEPKYIOTh E€KCIIEPUMEHTaIbHI JaHi abo 3
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BX1HUX (aiiiiB, abo 0e3MoCepeIHbO 3 SICKTPOHHUX JaBaviB. Buxigauii mpormapok
nepecuiiae iH(opMalliro 6e3mocepeIHhO0 B 30BHIIIHE CEPEIOBUILE O BTOPUHHOTO
KOMIT FOT€PHOTO Ipoliecy, a00 A0 1HIIIOTO MPUCTPO0. Mk IIMMHU IBOMA MPOIIaApKaMH
MOke OyTH OJuMH a0o0 JEeKiTbKa MPHUXOBAHUX MPOIIAPKIB, Kl MICTATh BEITUKY
KUIBKICTh PI3HOMAHITHO IIOB’S3aHUX HEUpOHIB. BXoaum 1 BUXOAM KOXHOTO 3
NPUXOBAaHUX HEHPOHIB 3’€/IHAHI 3 IHITMMH HEHPOHAMHU.

Hanpsimok 3B’sI3Ky BiJl OJHOTO HEMpOHA JO 1HIIOTO € BaXJIMBUM aCHEKTOM
Herpomepex. Y Outeiocti [ITHM koxeH HEHpOH MPUXOBAHOTO MPOIIAPKY OTPUMYE
CUTHAJIM B1Jl BCIX HEHPOHIB MONEpPEAHbOro npomapky. [licins BUKOHaHHS onepaiii
HaJ| CUTHAJIaMU, HEMPOH mepe/iae CBIM BUX1J BCIM HEHPOHAM HACTYyTHUX MPOIIAPKIB,
3a0e3Mevyroun nepeaady CUTHaIy BIepea Ha BUXII.

Kpim Mepex mpsMoro MOMUPEeHHS, B SKUX CUTHA TOIMUPIOETHCS CTPOTO BiJl
BX1JIHOTO IIapy J0 BUXITHOTO, ICHYFOTh MEPEXKIi 31 3BOPOTHUMHU 3B’si3kamu [458], B

AKUX BHXIJ] HEUPOHIB CIHPSIMOBYETHCS [0 HEWPOHIB IMOMEPEIHBOTO MPOIIAPKY

(puc. 1.37).

3BOPOTHI 3B'930K

Buxoau
Bxoan

Koukypenuis
3BOPOTHIM 3B’ 430K
Puc. 1.37. Cxema mtyuHoi HEHpoMepeKi, sika Ma€ 3BOPOTHI 3B’ s13ku [459].
Bun 3B’s3Ky MK HEHpOHaMH Ma€ BEIUKHUA BIUTMB Ha pPOOOTYy MEpexl.

PosrisparoTe ABa TUNM 3B S3KIB MK HEHPOHAMM: MEPIIUH, 110 30y/Kye HEUPOHH,

TaK 3BaHUN MEXaHI3M CyMyBaHHS, Ta APYTUH, 10 Tepeae CUTHAIMN TalbMyBaHHS —
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MEXaHi13M BiJHIMaHHS.

BinpmricTe icHyrounx makeTiB mporpamHux peamzamii [IIHM mno3BossroTh
KOPHUCTYBau€Bl JI0/IaBaTH, BIJHIMATU Ta KEPYBaTH 3’ €JTHAHHAMHU SIK 3aBrOJHO, a TIPU
MOCTIHHOMY KOpETryBaHHI MapaMeTpiB 3B’ 3Ky MOXKHA 3pOOUTH iX SK 30yIJIHBUMH,
Tak 1 rajibMyroduMu. [Ipu 11b0My BaxJMBUM (haKTOpOM pOOOTH MeEpexki € BHUOIp
pealbHOT KIIBKOCTI HEHPOHIB Ta BCTAHOBJICHHS MOTPIOHUX 3B’ sI3KiB Mixk HUMH [459].

3a apxiTektypoto [IIHM 3BoasAThCS 10 TBOX THITIB: CTATUYIHI MEPEKI MPSIMOTO
MOIIUPEHHS Ta MEPEX1 3BOPOTHOTO TOIIMPEHHS 3 PEKYPEHTHUMH 3B s3Kamu. B
CTAaTUYHHX MeEpekax MPSMOTO TOIMUPEHHS Ha 3aJlaHi BXOAW HEUPOHIB IMOMAETHCS
BEKTOp BXIJIHUX CcUTHamiB. BojHoYac, OCKUIbKM BXOJIU 3BOPOTHUX 3B’S3KIB B
PEKYPEHTHHX Mepexkax MOXyTh OyTH MoaudikoBaHi, BOHHM BBaXaIOThHCS
JUHAMIYHUMU. Mepexi MaloTh BJIACTUBICTh HABYATHUCH 33 MPUKIAAAMM, ITICIS YOrO
3aNexHO Bl ekcrnepuMeHTanbHux gaHux [IIHM 3piBHOBaxkye koedimieHTH Ta
a/IaliTye CBOIO apXiTeKTypy. Takum 4MHOM, aNTOPUTM BHUPILIECHHS peajbHUX 3a]ad
NPOXOJUTH CTait0 onTuMi3arlii [455].

HaiiBaxxnusimnioro BiaactusicTio IIITHM € TXHs 3maTHICTS HABYATHCH HA OCHOBI
JAHUX OTOYYIOUOTO CEpe/OBUIIA Ta B pe3yJjbTaTl HAaBYaHHS 30UIbLIYBAaTH CBOIO
npoayktuBHiCTh. HaBuanns [IIHM — ne mporec, B sSIKOMy BLIbHI IapaMeTpH
HEHPOHHOI MepeKi HAAIITOBYIOTHCS 3a JOTIOMOTOI0 MOJEIIOBAHHS CEPEIOBUINA, B
sKe 1151 Mepeka BOyoBaHa. Tum HaBUaHHS BU3HAYAETHCS CIIOCOOOM MiANIAIITYBAaHHS
X MmapaMmeTpiB. Take BH3HAYEHHS NPOIECY HABYAHHS MPHUITYCKAE HACTYIHY
IIOCJTI IOBHICTH moAii [455]:

1. B IIIHM noctynatoTh 30yJHUKH 13 30BHIIIHBOTO CEPEIOBHUIIIA.

2. B pesynbTaTi 1150TO 3MIHIOIOTHCS BiIbHI TapameTpu [ITHM.

3. Ilicns 3Minu BHYTpiHBO1 cTpYKTYpH LITHM BianoBizgae Ha 30y1KEHHS B&KeE

THIITIM YHHOM.

He icuye yHiBepcalbHOTO aJIrOpUTMYy HaBYaHHS, SIKUM OM MITXOIUB JO BCIX

apxitektyp IIIHM. Icnye nume HaOip 3aco0iB, KU MPEACTABICHUN BEIUKOIO

KUIBKICTIO aJITOPUTMIB HaBUaHHS, KOKHUH 3 AKMX Ma€ CBOi mepesaru [455].
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Ha croroni ctBopeHo 6arato pizHouaiB IIIHM Ta ixHix Moaudikariii [460],
sgKa 30UTBIIYETHCA IIOPOKY Ta YCHIIIHO BUKOPUCTOBYETHCS [Jisi BHUPIIICHHS
HIMPOKOrO CIEKTPY MPaKTHUYHUX 3ajay Kiacuikalii, KOHTPOJIIO, KEpyBaHHS Ta
3B 513Ky [461 — 464], B nudposiit TexHimni [465], cuctemax TexHidHOTO 30pYy [466,
467], exonomimi [468, 469], npu posmizHaBanHs moBu [470, 471], mpoekTyBaHHI
cucteMm «IHTenekTyanpbHOTO OyAMHKY» [472], peanizallii iHTeIEKTyaIbHUX arcHTIB
s 300py iHdopmarmii  Ta momyky BipyciB  [473—476], i aHamizy
eJIeKTpoMeXxaHIuyHuX cuctem [477, 478] Toro.

BupinieHHsa nepeBaxHoi OUIBIIOCTI MaTeplaJo3HABUMX 3aBAaHb 0a3yeThCs HA
BUBYCHHI  MIKPOCTPYKTYpH, (a30BOro  CKJIady, KOMIUIEKCY  MEXaHIYHHX
BJIACTUBOCTEH JeTaJiell MalllvH, a TaKoXX iXHbOI 3MIHM IiJl 4Yac EKCIUTyaTallli Ta
3a]eXkHO BiJ i1 yMOB. CKJIAAHICTh BIATBOPEHHS EKCIIEPUMEHTAJbHUX IaHUX Ta
IHTepHpeTallii pe3ysbTariB, SKi MOTPEOYIOTh BUIPOOYBaHb 3HAYHOI KIUIBKOCTI
3pa3KiB, HEOOXIJHICTh y BHUKOPUCTAHHI JOPOTOro JOCIITHULIBKOTO OO0JaJHaHHS
CBITYUTh MPO JOUUIBHICTh TIOE€HAHHA EKCIEPUMEHTAIbHUX JOCIIKEHb 3
KOMIT FOTE€PHUM MOJICITIOBAHHSM.

[Tpo6nemoro HaiiBimomimux I[IHM € onTumManbHe MNO€IHAHHS TPOCTOTH,
HAJIHHOCTI Ta IIBHUIKOCTI HABUYaHHS IIPH OJHOYACHOMY 3a0€3MeYeHHI BHCOKOT
TOYHOCTI  (yHKUIOHYBaHHA. IlepeBakHO HaB4YaHHS HEHpoOMEpexx MPSMOro
NOIIMPEHHS 3A1MCHIOEThCSA ITepalliHUMHU METOJAaMU, SIKMM NpPUTAMAHHI 3Ha4yH1
yacoBl 3aTpUMKU. Tomy OuIbll €dEeKTHBHUM € BHKOPUCTAHHS HOBUX MOJIEJICH
HEHPOHHHMX CJIEMCHTIB Ta HEHUpOMEpek, SAKi TPYHTYIOTbCS Ha METoJax
HEITepaIlifHOTO HaBYaHHS, 30KpeMa aOCOJIIOTHO HOBOTO METOIY MOJIEIIOBaHHS,
noOyZJ0BaHOTO HA CHCTEMI aHAJIOTIM MK MPOCTOPOBUM TMPEJCTABICHHSM 00’ €KTa
JIOCIIIJIKEHDb Ta MOJICIUTI0 MEepeKl — QYHKIIOHATY HA MHOXUHI TAOJUYHUX (PYHKIIN
(OPMTD) [458].

OMT® Mae BUCOKY TOYHICTh HaBYAHHS 3 MIHIMAJIbHUMHU BUTpPAaTaMH 4Yacy, a
TaKOXX HAJa€ MOXJMBICTh EKCTPAIlOJIOBATA NPHU MajuX HaBYAIbHUX BHOIPKaX.

Takmit migxig 3abe3medye mpu TOAa4yl CUTHATY 3 BXOAY Ha BHUXIJ HEHPOHY
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OOYHMCIICHHS 3BAKEHOI CyMH CHUTHAIB 3 OJJHOYACHUM i1 IEPETBOPECHHSIM BiIIOBITHO
110 1ii mepeaaTHOI GyHKIT HelipoHa. BuxigHuii curaai I-roro HeHpPOHHOTO eJIeMEHTa

BHU3HAYAETHCS YePe3 CUTHAIM HOTO BXO/IB 3a opmyitoro [458]:

n+nx
j=1

OcCKUIbKH JIJIs1 KO’KHOTO HEMpOHa B MPOIIeCl 3alaHHs CTPYKTYPHU Ta HaBYaHHS
HEHpPOMEpekKi BCTAHOBITIOETHCS CBIM HA0Ip CHHANITUYHUX Bar, BBAXKAETKLCS, 1[0 BOHH
€ (YHKIIISIMU Bl JUCKPETHOTO apryMEHTY i — HoMepa HelipoHa. Kpim Toro, KoskHOMY
HEHpPOHY B1JIMOBI1Ia€ MeBHa niepenaTtHa QyHkis Fi. ko Habip BeKTopiB-peaizailii,
10 MOJAIOThCS HA BXOJAM HEHUpOMEpexi MpU HABYAHHI, KOHTPOJ, BUKOPHCTAHHI
npoHymepyBatu noBuUtbHUM unHOM N = 1, 2, ..., Ny, ... , KOXHIM peamizarii
NOCTABUTH Yy  BIANOBIOHICTE TEBHE YHCIO-XAPAKTEPUCTUKY, TO  KOXKHIN
xapakTepuctuill peanizamii N Oyje BIANOBIAATH MEBHUN CUTHAI HA BUXOJI KOXKHOTO

HEHWpOHa, KUl MMOB’ A3yI0Th 3 XapaKTEPUCTUKOIO pealizallii GyHKII0HATBHO, TOOTO

[458]:
Xi = Fil(N)l (12)

nmei=1,...,nN=12,...,Nnp, ...

Ha BigmiHy BiJ 3BHYHMX nepegaTHuUX (QyHKUIA Fj, aprymeHTamu sKuUX €
3BaKEHi CyMH MO BimmoBimHux Bxonax, pyHkuii Fi!, B sxux aprymenramu € 3anani
XapaKTEPUCTHKH peajizalliil, HOCSATh Ha3By BUXIJTHUX. METOI0 HAJIAIUITYBaHHS MEPEK
€ BCTAHOBJICHHS TMapaMeTpiB mnepenaTHuX GyHKIIM HelpoHiB. g HEWpoHIB
30BHILIHIX MPOIIAPKIB MepenaTHi PyHKIII MOXKyTh OyTH 3aJaHi Ha OCHOBI BIIOMHUX
MoJIeNIel CUTMOiqalIbHUX (DYHKIIIH, 30kpeMa, th (X).

BBaxkaeTncs, 1110 HaBUY€HAa HeWpoOMeEpeka IMOBHICTIO 33JIa€ThCSI MHOXKHUHOIO
¢ynkuiit cunantuununx Bar {Wj(i)} ta MHOXMHOW Buximuux ¢yukmin {Fi*(N)}
nej=1, ..., n+ny. Ilig yac QyHKIIOHYBaHHS HA BXOIUW MEPEKi MOJAETHCS BEKTOP

BX1THUX cUTHAMB (Xn+1, Xp+2, ..., Xp+NX), SKHI MOKHA TPAKTYBATH SK (PYHKITIO BiJ
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nomepa Bxomy Fn?(i). Ll GyHKIis € pi3sHOIO 171 KOXKHOI 3 peanizamniii. Takum 4uHOM,
saganuM MuoxkuHaM Gyskiii {Wj(i)}, {Fit(N)} ta gynkuii FN?(i) Biznosigae uncio,

a00 BEKTOP, 1110 IPOAYKYEThCS HelipoMepeskero [458]:

QU{W; (D} {FF (N} {FF(D}] = %, (1.3)

ne Q — omepatop HeWpomepexki, SKUM pO3MISAAEThCA, SK (PYHKIIOHAT BiJ
BIJIMOBITHUX apTyYMEHTHUX (DYHKII1H TAOJIMYHOTO TUITY, B 3B’SI3KY 3 UMM BCTAHOBJICHA
Ha3Ba Mojienl — « DyHKII0HAT HA MHOXHUH1 TAOJIMYHUX PYHKIII.

B koxHomy 3 BuUMaakiB 00’€KTy, 0 MOJICIIOETHCS 3a JIOMOMOTOIO
HEHpOMEepexki, CTaBUTHCS Y BIAMNOBIIHICTh TINEPTUIO, IK TEOMETPUYHE MICIIE HOro
TOYOK-peai3ailiii B mMpocTopl peai3allii, KOKHa 3 KOOPJMHAT SKOTO BiIIOBIJIAE
OJIHIM 3 03HAK 00’€KTa. 3MIMCHIOETHCS JEKOMITO3UIIIS TIMepTiIa 00’ €KTa Ha CKJIaA0B1
CJIEMCHTH, TPU IIhOMY BCTAHOBIIIOETHCS CHCTEMa aHAJOTIH MK €JIIEMEHTAMH
JIEKOMITO3HIIIT TiIepTiIa Ta apryMeHTHUMHU (QYHKIISIMU MoJIes Heiipomepexi. OTxe,
(hakTUYHO, MPOIEC HABUAHHS MEPEXl 3IIMCHIOETHCS HUISXOM JIEKOMITO3UIIIT
rineptuia 00’ekTa, a aaropuT™M QyHKIIOHYBAaHHS BIANOBIIa€ aIrOPUTMY KOMITO3HIII1

3a BCTAHOBJICHUMH B IPOIIECi HaBYaHHS eneMeHTamu [458].

1.10. BucHoBku. [locTaHOBKA 3aBAaHb AOCNiAXEHb.

HaiiBaxxnmuBimuM  (akTopoM Mpare3gaTHOCTI JeTalieid BY3JIB TEPTS €
Martepiajl, 3 SKOrO BOHM BHUTOTOBJICHI. BojgHOYAacC 3HOCOCTIMKICTH Matepialy
BU3HAYAETHCS KOMIUIEKCOM HOro (I3MKO-MEXaHIYHMX Ta (PYHKIIIOHAJIbBHUX
BJIACTUBOCTEH, a TAKO’K YMOBaMH €KCILTyaTarlii.

[TpoTsiroM TpHUBAJIOTO Yacy OCHOBHMM HAIPSMOM TIPOTH/Iii 3HOIITYBaHHIO OYJI0
MIBUIIEHHS TBEPAOCTI KOHTAKTHUX TOBEPXOHBb JeTajed. Y I1boMy Hampsmi
po3po0ieHo 6araTo METOMIB 30UIBIIEHHS TBEPAOCTI EJIIEMEHTIB KOHCTPYKITIH.
30kpeMa, 1€ CTOCYEThCS BIJOMHX TEXHOJIOT1H IIEMEHTYBaHHS, a30TyBaHHS,

XPOMYBaHH, I_[iaHYBaHHH, IMOBCPXHCBOI'O T'apTyBaHHA Ta HAIUIABJICHHA TBCPAUMU
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MmaTepianamu. baraTopidyHuil JOCBiA CBITYUTD, 11O IIE HAMIPSIM JO3BOJIMB 3HAYHOIO
MIpOIO TIOKPAIIUTH HAJIMHICTh Ta TOJOBXKHTH TEPMIH EKCIUTyaTallli PyXOMHX
CIpsDKEHb MaIllMH 1 MEXaHI3MiB, a po3po0JeH] BIAMOBIAHI TEXHOJOTI 10
TENEPINIHBOTO Yacy € MOTY>KHUM 3HAPSAIASIM Y 301IbIICHH] 3HOCOCTIKOCTI JIeTaleH.

AJle Ipu OCTIMHOMY MPAarHeHH]1 10 3MEHIIICHHS MacH MallliH, iIHTeHCHu(ikarii
TEXHOJOTTYHUX MPOILECIB, M0 MPU3BOJATH 1O 30UIbIICHHS HAaBaHTAXEHb y BY3Jax
TEpPTS Ta OJHOYACHO TOTIPIIYIOTH YMOBH 3MalllyBaHHS, TPaAMLIiiHI METOIU
MOKpAIICHHS TPUOOJOTIYHUX XapaKTEPUCTHK JeTalel IMIJITXOM I1BUIEHHAM iXHBOT
TBEpJOCTI B 0araTb0X BUIAKAX IepecTaiu cede BUpaBaoByBaTn. MakTUyHa MJI011Ia
KOHTaKTy TpPH BHUCOKIA TBEpAOCTI Marepiajly B CUJIY HU3KM NPUYMH (HASBHICTH
MOXJIMBOTO TMEPEKOCY, BEIUKOI IMIOPCTKOCTI Ta XBWJISICTOCTI MOBEPXHI) CTAHOBUTH
Iy’)K€ Maly 4YacTKy BIiJl HOMIHaJbHOI MOBEpXHI. B pe3ynpTaTi Ha AUISTHKaX
(aKTUYHOTO KOHTAKTY CTBOPIOIOTHCS BEJIMYE3H1 JIOKAJIbHI TUCKH, 10 TPU3BOIUTH 10
IHTCHCHBHOT'O 3HOIITYBaHHS ITOBEPXOHb TepTs [66].

Ha HeBiAmoBiAHICT METOJAMYHOTO TIIXOIY OI[IHIOBAHHS CTIMKOCTI M0
3HOIIYBaHHS JIMIIIE 32 TBEPAICTIO BKa3ye 11 U Te, [0 OJJHOMY 3HaY€HHIO TBEPAOCTI
METAJICBOTO MaTepialy MO’KE BIJANOBIAATH JEKIIbKa 3HAY€Hb 3HOCOCTIHKOCTI.
Hampuknaza, moBepxHi cTali 13 CTPYKTYpOIO MapTEHCHUT + KapOiu MaroTh OUIBIILY
3HOCOCTIMKICTh, HDK CTaJll 3 TaKOK CaMOI0 TBEPJHICTIO, ajle sKI HE MaloTh
HaTUIIKOBUX KapOiiB [246].

B OinbmiocTi BUMaAKiB AJis BY3/diB TEPTS 3aCTOCOBYIOTH BIJIOMI CTalll Ta
CIUIaBH, a TAKOX CTaHAAPTHI METOJM iXHBOTO OOpOOJICHHS, a YMOBH €KCILTyaTallii
MiJUTAITOBYIOTh  T1J] BJIACTHBOCTI BigoMuX MarepiamiB [254]. Ane Ttakuit
HaIBEMITIPUYHUN METOJI CTBOPEHHS TPUOOCHCTEM HE J1a€ BIIEBHEHOCTI B TOMY, IO
po3po0JieHa KOHCTPYKINS Il 3aJaHUX PEKUMHHUX MapaMeTpiB € ONTHUMAaIbHOIO
[479]. Tomy wmarepiano3HaB4i acmeKTH Yy BHUPIMICHHI NPOOIEMH IiIBHIICHHS
3HOCOCTIMKOCTI JleTaneil MaliuH, €JIeMEHTIB KOHCTPYKLIM Ta mpuiiaaiB Ha0yBarOTh
NEPLIOPSTHOTO 3HAYCHHS.

3H0C Oyab-SKOTO MaTepialy He € KOHCTAHTOI, a 3aBXKIU 3aJICKUTH BIJ
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CHpsDKEeHO1 ToBepxHi TepTs [112]. Ane B 6araTb0X MOCIHTIHKEHHIX MPAarHyTh ITTHITH
3HOCOCTIMKICTh OKPEMOTO MaTepialy ado JeTasli, He BPaXOBYIOUH MPH IIbOMY 3HOC
KOHTpLJIA, 1[0 HE 3aBX AU 30UIbIIYE 3HOCOCTIMKICTh PYXOMOTO CIIPSDKCHHS B IIUIOMY.
ToMy mpu CTBOpPEHHI ONTHUMAIbHUX Map TEPTA pPa30M 3 BU3HAUEHHSM YMOB
eKCIuTyaTallii Ta BHOOpl 3HOCOCTIMKOrO Marepialy JUisl OJHOTO eJEeMEHTa Mae
BUBYATHUCH 3HOC KOHTPTIJIA.

AHaui3 miTepaTypu MOKa3ye, 0 BUBYCHHS POJIi CTPYKTYPHUX CKJIAIOBUX, 1110
BU3HAYAIOTh 3HOCOCTIMKICTh CTaJIel, € OJHUM 3 BAXKJIUBUX HAIPSIMIB JOCHIKEHb
TpuOOMaTepiago3HABCTBA, @ ONITUMAJIbHA CTPYKTYpa MaTepially Ta MOro BIACTUBOCTI
MOXYTh OyTH PI3HHMMH B 3aJI€KHOCTI BIJl YMOB TEpTsA. 3€pHa ayCTEHITYy, MaKeTu
MapTEHCUTY, KapOi/iHa (aza € TUMHU €JIEMEHTAMU CTPYKTYPH, K1 CYTTEBO BILUIUBAIOTh
Ha CTIMKICTh METAJIEBUX ITOBEPXOHB JI0 3HOUTYBaHHS. AJi€ 10C1 HE ICHY€E OJTHO3HAYHOT
JYMK{ IOJ0 BIUIUBY pO3MipiB, (OPMH Ta MUTOMOI 4YacTKH KapOiliB, pO3MIpy
aycTeHITHOro abo (eputHOro 3epHa, MOpQOJIOrii MapTEHCUTY Ha TPUOOJIOTIYHI
XapakTepuUCTUKH cTanei. Kpim Toro, mpaune3naTHICTh MOBEPXOHb TEPTS MOXKHA
M1JIBUIIYBATH HAHECEHHSM MOKPUTTIB PI3HOTO (DYHKIIIOHAILHOTO MTPU3HAYEHHS.

JINCKpETHICTh KOHTAKTY TBEPAMX TUI MPU TEPTI € OJHUM 3 BU3HAYAIBHUX
dbakTopiB Uil MPOIECIB pYWHYBaHHs, SIKI BiIOyBalOThCS Ha JIOKAJIBHUX
HaBaHTXCHUX JUISTHKax moBepxHi [38]. BoaHodac mnpuHIMIM CTBOpEHHS
3HOCOCTIMKHX CTPYKTYp, SIKI 3yCTpI4alOThCs B JIITEpPATypl, HE MOB’SI3YIOTh 3 TaKUM
BOKJIMBUM (DaKTOM.

B 3B’43Ky 13 3a3HaY€HUM METOI0 JUCEPTALIHOI poOoTH Oyno po3poOiaeHHs
OPUHITUIIB 3HOCOCTIHKOCTI, IO TIPYHTYIOTBCS Ha 3aKOHOMIPHOCTSIX 3B SI3KY
CTPYKTYPOYTBOPEHHSI 3 TEOMETPIEI0 KOHTAKTy B3aEMOJIi Ta iX peamizallis Ha
MPUKJIaA1 KEpYBaHHS MMPALE3/1aTHICTIO HU3bKOJIETOBAHUX CTaJIel IPU OOTpYyHTYBaHHI
ONITUMAJIbHUX PEKUMIB TEPMIYHOTO OOPOOJICHHS.

JIist nocATHEHHSI MeTH B poOOTI BUPIILYBaJIUCh TaKi 3aBJaHHS:

1. BcranoButu Ta cOpMyITIOBaTH OCHOBHI 3aKOHOMIPHOCTI Ta BUMOTH [0

oprasizaiii 3HOCOCTIHKHX CTPYKTYp, BpPaXOBYIOYHM IMapaMeTpH MIKpOreoMeTpii
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OyZ0BH MOBEPXHI BIIOMUX IIMPOKO PO3MOBCIOKEHUX aHTU(DPHUKIIHHUX MaTepialiB
Ta YMOBH JIUCKPETHOCTI KOHTAKTHOI B3aEMO/IIT IPHU TEPTI.

2. IlpoBectn aHami3 BIUIMBY (pa30BUX CKJIATOBUX Ta PO3MIPHUX IapaMeTpiB
MIKPOCTPYKTYPH Ha 3HOCOCTIMKICTh CTalel Ta BU3HAYUTH HANOUIBIN 3HAYUMI IS
MOKpAIICHHS TPUOOJIOTTYHUX XapaKTEPUCTUK.

3. AnpantyBatu chopMyIHOBaHI 3aKOHOMIPHOCTI OpraHi3arlii 3HOCOCTIHKHX
CTPYKTYp 3 BpaxyBaHHAM BIUIMBY Mopdomorii (¢$a3oBUX CKIAJOBUX [0
LUIECTIPIMOBAHOTO  (JOPMYBaHHSI ~ MIKPOCTPYKTYPHM  KOHCTPYKLUIMHHUX  Ta
IHCTPYMEHTAJIbHUX CTaJIed MICN PI3HUX BUIIB TEPMIYHOI OOpPOOKH Ta y JTUTOMY
CTaHi;

4. OOrpyHTyBaTu JOUUIBHICTh BHKOPHUCTAHHS METONY CKIEPOMETpIi s
JOCITIJIKEHHS 3B’ 513Ky PO3MIPHUX MapaMeTPIB MIKPOCTPYKTYPH, PO3IMOALTY BYTJIELIO
Ta BHYTPIIIHIX HaNpy>XeHb KOHCTPYKI[IWHUX Ta 1HCTPYMEHTAJIBHUX CTaJeH Micis
TEPMIYHOI OOPOOKHU Ta y TUTOMY CTaHI.

5. BcranoButu BiuinB Mopdodiorii 6y Jo0BM MapTeHCUTY Ta KapOiaHOoi (a3u Ha
HAIPY>KEHUW CTaH Ta 3HOCOCTIMKICTh KOHCTpYKIiitHUX cTaneit 40X ta 40XHM micns
rapTyBaHHs BiJl pI3HUX TEMIIEpaTyp Ta BUCOKOTO BIJITYCKY.

6. BcranoButu BmiuB Mopdororii kapOigHOoi (a3u Ha PIBHOBAKHY
HIOPCTKICTb, CTPYKTYPHO-T€OMETPHYHI MapaMeTpu Ta HECydyy CIPOMOXKHICTb
noBepxHi craii 40X, sika popMyeTbCs Mi Yac KOHTAKTHOI B3aEMO/IIi IPHU TEPTI.

/. BCTaHOBUTU BIUIMB TE€TEPOTEHHOCTI MIKPOCTPYKTYpPU Ta JUCTIEPCHOCTI
JIEHJIPUTHOT CTPYKTYPH Ha CTIMKICTh 110 3HOITyBaHHs cTam 0812C y nuToMy CTaHi.

8. BcranoButu BIMB (ha30BOro CKJIaay Ha TPUOOJIOTIUHI XapaKTEPUCTHKU
iHCTpyMeHTalbHUX cTaner X6B®, 9X® 1 7XHM®b micas crangapTHOTO
TEPMIYHOTO OOpOOJIEHHS Ta 3 BUKOPUCTAHHSAM LIBUJIKICHOIO HarpiBaHHS J0 Pi3HHUX
TEMIIepaTyp CTPYMaMH BUCOKO] IIIJTLHOCTI.

9. 3 METOIO MPOTHO3YBAHHS TPUOOJIOTTYHUX BJIACTUBOCTEM,
IIJIECOIPSIMOBAHOTO ~ PETYJIOBAHHS ~ MIKPOCTPYKTYpH Ta  (a3oBoro  ckiamy

MOBEPXHEBUX IIapiB BUKOPHUCTATH Cy4acHI 1HGOpPMAIIHI TEXHOJOTIl IUIIXOM
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noOy0BH Ta afanTallii apXiTeKTypH ITYYHOI HEHPOHHOT MEPEXi JIJIsT MOJICTIOBAHHS
(h13UKO-MEXaHIYHUX BJIACTUBOCTEH 1 CepTH(IKOBAHUX CTPYKTYPHO-TE€OMETPUUYHUX
mapaMeTpiB TOBEpXHI I BU3HAYCHHS, PO3PAaxXyHKy Ta aHalli3y HeCcy4oi
CIPOMO>KHOCTI MOBEPXHI KOHTAKTY 3paskiB ctami 40X, M0 yTBOPIOETHCS MiJl Yac

TepTSL.
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MATEPIAITA TA METOOUKW NPOBEAEHHA OOCNIOXEHD

2.1. JocnigxyBaHi cTani Ta ixHA TepMiyHa o6poOKa.

2.1.1. KoncTpykuiiiHi craJi.

Ha nanuii yac ctans € OCHOBHMM KOHCTPYKIIITHIM MaTepialoM IPOMHUCIOBOTO
BUpoOHMIITBA. OIHMMHM 3 HaWOUIbII 3aTpeOyBaHUX B MAalMHOOYyBaHHI,
aBTOMOOLIEOyTyBaHHI, CyIHOOyayBaHHI Ta OyHIBHHUITBI € TIOKpallyBaHi
CEepeAHBOBYTJICIIEBI HM3bKOJIETOBaHI cTami, mo wmictars 0,3...0,5 % Byriemno Ta
3...5 % neryrouux enemeHTiB. Ilicas rapTyBaHHS Ta BUCOKOTO BIJITYCKY 3aBISKH
YTBOPEHHIO COPOITHOT CTPYKTYpU iM MpUTaMaHHE XOPOIIE MO€JHAHHS BUCOKOI
MIIIHOCTI 3 BHCOKOIO IUIACTHYHICTIO Ta B’SI3KICTIO. 3aBISKH TaKid CYKYIMHOCTI
MEXaHIYHUX XapaKTEPUCTHUK 3a3HA4YEHI CTai BUKOPHUCTOBYIOTH ISl BUTOTOBJICHHS
BIJIOBIJIAJIbHUX JI€Talledl PI3HOMaHITHUX KOHCTPYKULIA (BadiB, pOTOpPIB TYypOiH,
HIeCTepEHb, 3yOUAaCTHX BIHIIB, MYy(]T, TajbIiB, IITOKIB IUTYHXKEPIB TOIIO), SKI
MPaIfol0Th B YMOBAaX CTaTHYHUX Ta NWHAMIYHUX HABaHTa)KCHb, 30KpeMa TepTs Ta
snomyBanHs [480, 481].

Jist  momyky — MOXKJIMBOCTEH  (OpMyBaHHS 3HOCOCTIMKMX CTaHIB B
MOKpAIlyBaHUX CTAISIX AOCHIIXKEHHS mpoBoauin Ha crtainsx 40X ta 40XHM,

XIMIYHHH CKJIaJ SKUX HaBeaeHO B Ta0i. 2.1.

Tabmums 2.1.
XiMIYHUHM CKJIaJl TOCTIIKYBaHUX CTaJIeH.
MacoBuii BMICT €JIEMEHTIB, %
Mapka crami
C Si Mn Cr Ni Mo S P
40X 0,41 0,33 0,45 0,98 | 0,054 - 0,03 0,03
40XHM 0,40 0,24 0,61 0,58 0,99 0,18 | 0,025 | 0,02

3aroToBKM 3pa3KkiB I BUMNpPOOyBaHb (puc. 2.1) BUTOTOBISIM 3 MPOKATy

IIPOMHUCIIOBO] BUIUIABKHU.
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Puc. 2.1. Ecki3 3aroTOBKH J1J1s BATOTOBJICHHS 3Pa3KiB.

BpaxoByroun BIITUB  TEMIIEPaTypHO-4aCOBUX yMOB TapTyBaHHS Ha
MOpGOJIOTII0 MapTEHCUTY Ta KapOinHoi (a3u, ska BIUIMBAaE Ha MEXaHIYHI
xapakTepuctuku craneit [299, 305], rapTyBaHHS TOCIIPKYBAaHUX CTaJICH POBOIUIN
B OJIMBI BiJl CTAaHIAPTHOI TeMIieparypH, sika ckianae 860 °C [482], a takox 1050 ta
1160 °C. 3a pekoMeHaalisIMU JAOBITHUKOBOI JiiTepaTypu [482] yac BUTpUMKHU TIpH
TeMreparypl aycreHitu3anii ckiaagaB 30 xB. 3 METOI 3aXHCTY BiJ OKHCJICHHS Ta
3HEBYTJICIIOBAHHS HArpiBaHHS 3aroTOBOK MPOBOIMIM B COJISIHIM BaHHI 3 XIMIYHUM
ckaagom 80% BaCl, ta 20% KCIl. Ilicnsa rapTyBaHHSI 3aroTOBKM BIAMYCKaJIM TPH

600 °C B cymimri rpadiTy Ta MiCKY 3 BATPUMKOIO 2 TOJ. Ta OXOJOKEHHIM V BOJII.
y p y y p y

2.1.2. IHCTpyMeHTAaJIbHI CcTaJIi.

Omnip 3HOUIYBaHHIO OaraThOX 1HCTPYMEHTAJIBHUX CTaJIe BHU3HAYAETHCS
cOpPMOBAHOIO MPH TepMITHOMY 00pOOJICHHI KapOimaHoto (a3oro [141]. JIns BusBiIeHHS
MOYJIMBOCTEH MiJIBUIIEHHS 3HOCOCTIKOCTI CTajiel JaHOTO KJIacy LUIIXOM BIUIMBY Ha
Moposorito KapOiAiB JOCTIKEHHST MPOBOAWIM Ha JIETOBAaHMX 1HCTPYMEHTATBHHUX
crasix X6B®, 9X® ta 7XHM®DB mnpomucioBOi BHIUIABKH, SKI IIHPOKO

BUKOPUCTOBYIOTHCS JIJII BUTOTOBJICHHSI PI3HOMAHITHOTO 1HCTPYMEHTY, IO TPAITIOE
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IIPY HEBUCOKUX IMIBUAKOCTSX pi3aHHs. [{e MITUYMKH, TIIAIKU, TPOITUBKH, MPOTSHKKH,
IITAaMIIA, PYYHI HOXIBKOBI IOJIOTHA, NMWJIM, OPUTBH, MATPHUIl Ta MyaHCOHHU IS
xosoaHo1 nedopmMarii, aepeBOoOpoOHUN 1HCTpYMEHT Tomto. Ilicis TepmiuHOl
00OpoOKM BOHM HaOyBarOTh BHCOKOI MIIIHOCTI Ta 3HOcocTiikocti [483, 484].

XiMIYHUHN CKJIaa JOCTIKYBaHUX CTajeil HaBelIeHO B Tab. 2.2.

Tadomui 2.2.

XIMIYHHAMA CKJIJl AOCTIHKYBAaHUX CTaJICH.

MacoBuii BMICT €JIeMEHTIB, %

Mapka craii
C Si Mn | Cr Ni | Mo | W \Y Nb S P

X6BD 041033 (045|098 | - - 13 | 06 - 10,02 0,02
OXD 09 02| 05| 07 — — — 0,3 - 10,02 | 0,02
7XHM®b | 0,72 | 025|045 | 0,6 | 04 | 0,2 - 02 | 06 | 001|001

KoMmiekc MexaHIYHUX BJIACTUBOCTEW, 30KpEMa MILHICTh Ta IJIACTUYHICTD, B
TEPMOOOPOOIIOBAHUX CTANSAX MPU TPAAULINHOMY MOBUIBHOMY HarpiBaHHi B Ieul
JOCATAETHCSI 32 PAaxXyHOK OTPUMAHHS MPAKTUYHO T'OMOI€HHOTO ayCTEHITy Ta
HACTYyMHOro Horo au@y3iifHOro po3mnaay 3 OTPUMAHHSIM MPOAYKTIB MEPIITHOrO
ciMmelicTBa abo 0e31u(]y31iiHOr0 MApTEHCUTHOTO MEPETBOPEHHS, B PE3YbTATl SKOTO
CTaJIb IEPEXOAUTH B METaCTaO1IbHUI CTaH. BUKOpUCTaHHS MIBUAKICHOTO HATPI1BAHHS
JUKOYJIEBUM  TemioM abo crtpyMamu @Dyko jid ayCTEHITH3alli J103BOJISIE
[IJIECOIPSIMOBAHO BIUIMBATH HAa PO3MOJLT BYIJICHIO Ta JIETYIOUHX €JIEMEHTIB B
aycTeHiti [485].

Ha pmanmii wyac 1mupoke pO3MOBCIOMKEHHS OTPUMYIOTH — TEXHOJIOTII
MamuHOOYAyBaHHS Ta METalIyprii, IO 3aCHOBaHI Ha OOPOOJCHHI MeETaJIeBUX

MaTepiajiiB CTpyMaMH BUCOKOI IiiibHOCTI [486, 487].
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Puc. 2.2. Ecki3 3aroTOBKH J1Jis BATOTOBJICHHS 3Pa3KiB.

\ /// )

Puc. 2.3. Cxema ycTaHOBKH AJIs1 IIBUAKICHOTO

EJIEKTPOTEPMIYHOTO OOPOOICHHS JOCTIKYBaHUX CTaJICH:
1 — 3pa3ok; 2 — KOHTaKTHU-3aTUCKaYil; 3 — TepMoInapa;
4 — IpUCTPIid IS OXOJIOMKEHHSI 3pa3Ka MOBITPSHO-BOASHOIO CYMIIIIITIO;

5 — mpUCTpii KEpyBaHHS MTPOLIECOM.
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OpHi€r0 3 TakuX TEXHOJOTIA € MIBHJKICHE eNeKTpOoTepMiuHe OOpOOICHHS
(IHETO), sixe € eheKTUBHUM METOJOM CTBOPEHHS HETOMOT€HHHMX CTaHIB, 30KpemMa
3aBSIKM OCOOJIMBOCTSM IMOBEIIHKMA KapOiaHOi a3y y BIAMIOBIIHUX TEMIIEPATYPHUX
1HTepBaax, 10 CYTTEBO BIUIMBAE HA KOMIUIEKC MEXaHIYHUX XapaKTEPUCTUK CTajel
[488 — 492].

3pa3ku uisi BUPOOyBaHb BUTOTOBIISLIN 3 MPOKATYy MPOMHCIOBOI BUILIABKH Y
BUIIISAI TUTacTUH po3MipoM 5x10x100 mm (puc. 2.2). Tepmiune oOpoOIeHHS 3pa3KiB
JOCITIKYBaHUX CTaJIeH 3MIMCHIOBAJIHN 3a CTAHIAPTHOIO METOMNKOTO [484], a TakoX 3a
noromororo IHIETO.

Cxema ycranoBku a1 npoBeaeHHs [IIETO naBenena Ha puc. 2.3. 3pa3ok 1
¢dikcyBanu Ha yCTaHOBII B KOHTaKTax-3aTHCKaudax 2, 3a JIOTIOMOTOI0 SKHX Yepes3
3pa3oK MPOMYCKaIHM €NEeKTPUYHUN CTPyM, 110 HarpiBaB ioro. [licns HarpiBaHHS 10
3aJaHOl TEeMIIEpaTypd BHMHKAJIACh Mojada CTPyMy, Ta BMHKABCS TPUCTPIM IS
OXOJIO/DKCHHS 3pa3Ka MOBITPSIHO-BOASHOWO cyMmimo 4. Temneparypy HarpiBaHHs
3pa3ka KOHTPOJIOBAJIM 3a JIOIIOMOTOI0 TepMonapu 3, sIKy NMpPUBApIOBAIU B LIEHTPI
3pazka. TemmepaTypHO-4acOBI yMOBH TapTyBaHHsS 3a/laBalld 3a JOIIOMOTOIO
IPUCTPOIO KEPYBAHHS IIPOLECOM 5.

[IBuAKICHE eNeKTpOoTEpMIUHE 0OPOOIEHHS 3pa3KiB IHCTPYMEHTAIbHUX CTaJIel
3MiMCHIOBANIM 3 MBUAKICTIO HarpiBanus Vy = (1...2) - 10° K/c. Bignyck nposoxuin
npu 200 °C 3 HarpiBaHHSM y Te4l. 3 METOI0 MONIYKY ONTUMAJIbHHUX PEKUMIB
TEpMIYHOT OOpOOKM [UIsi (POpMYyBaHHS 3HOCOCTIMKOI CTPYKTYypU TEMIEPATYpPY

raptyBanss ipu LIIETO 3mintoBamum Big 760 mo 820, 950, 1060, 1100 ta 1200 °C.

2.1.3. Craji y 1uTomy cTaHi.

OmuuM 3 ePEeKTUBHUX METOIB BiJHOBJICHHS Ta 3MIITHEHHS JICTAJICH MaIIUH,
[0 TPAIOI0Th B YMOBaX KOHTAKTHOI B3a€MOJIli, € HaIlJIaBJICHHs, TE€XHOJOTIYHI
napameTpH SIKOTO CYTTEBO CIUIMBAIOTh HA €KCIUTyaTalllifHl XapaKTepUCTUKU BUPOOIB
[493]. docmimkeHHs mpOBOAMIM Ha 3pa3kaxX BArOHHOIO KoJjeca, XIMIYHHH CKiaf

SKOT0 HaBEJIEHO B TabJI. 2.3, micJisi IPOBEIEHHS] PEMOHTHO-BITHOBIIOBAJILHUX POOIT
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METOJIOM €JIEKTPOyTOBOTO HATUIABJICHHS M1 (IIIOCOM.

Taomurg 2.3
XiMIYHUH CKJIaJl JOCHIKYBaHOT KOTICHOT CTaJl.
MacoBuii BMICT eJIeMEHTIB, %
C Si Mn Cr Cu Ni S P
0,55 0,3 0,7 0,1 0,09 0,15 0,020 0,022

[lepen mpoBeneHHSIM BIJHOBIEHHS KOJECO TOMEPEIHbO HarpiBaid 0
temriepatypu 275 °C 3 mBuukictio 6 °C/xB. HamnmaBneHHs mnoBepxHI KoJieca
npoBounu npu Hampy3li U=30+1B, crpymi [=170+10 A Ta mBuakocti
ob0eptanHs n = 0,13 006/xB. 3 BUkopuctanusaMm enexkrpoay CB-0812C, xiMiuHUM CKIaja
SKOro HaBeleHo B Ta0i. 2.4, 1 pirocy AH348A. [licns popMyBaHHS HOTHPHOX LIAPIB
Ha MOBEPXHI, 1110 BIJHOBIIIOETHCS, KOJIECO MOBUIBHO OXOJIOKYBAJIU 10 TEMIIEpATypH

55 °C.

Tabmuis 2.4.
Ximiynuii cknan enekrpoay Ce-0812C.
Macosuii BMICT €1eMEHTIB, %
Mapxka enekrpona
C Mn Si S P
C-0812C 0,1 2,0 0,9 0,020 0,03

2.2. BU3HaYeHHA MeXaHiYHMX XapaKTepUCTUK AOCHiAXKyBaHNX

cTanemu.

2.2.1. BumiproBaHHsI TBEpPAOCTI.

TBepaicth 3a MeTogoM bpinemns BuzHavanu Ha npuiaal THI-2M BianoBiiHO
10 'OCT 9012-59. CraneBy KyJbKy 1laMeTpoM S5 MM mi HaBaHTakeHHsM 7500 MIla

npotarom 10 ¢ BTHcKanu y qociiKyBaH1 3pa3ku. Uucio tBepnocti HB Buznauanu
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3a (hopmyitoro [494]

2P

:nD-(D—«/DZ—dz)’

HB 2.1)

ne P — npuknaseHe HaBaHTAXCHHS;
D — niametp cTaneBoi KyJlbKu;
d — miameTp BiIOMTKA, SIKUI 3aJIMINKABCS HA TIOBEPXHI 3pa3Ka.

BuwmiproBanHs TBep0CTi 3a MeTo10M PokBena npoBoawin Ha mMamuHi TK-2M
BianoBigHO 10 'OCT 9013-59. AnMa3Huii KOHYC I1i]1 TTONepeHIM HaBaHTaKEHHIM
100 H 1 ocHoBHuM HaBanTaxeHHsM 1400 H BTuCkaBcs y 3pa3ok mpoTsirom S...7 c.
3nauenns TBepaocti HRC Bu3znauanum 3a mkasnorw C.

OctaTouHi pe3yJabTaTH OI[IHKK TBEPOCTI 32 000Ma METOIaMU PO3pPax0OByBaIU

3a cepeHiM 3HaueHHsaM 3 8...10 3aMipiB, IpU IbOMY MTOXHOKa ckiaaana mexiie 1 %.

2.2.2. IlpoBeieHHS CKJIEPOMETPUYHHUX T0CTiTKEHb.

Ha nmanmii yac crae Bce OUIbII OYEBUIAHHM, IIO OCOOJMBOCTI PO3MOILITY
€JIEMEHTIB CTPYKTYpH B MO€JIHAHHI 3 iXHIMH MEXaHIYHUMH XapaKTEPUCTUKAMHU Ta
PO3MIpDHUMHU TapaMeTpaMH € BIANOBIAAJIBHUMH 32 CTaOUIBHICTH aOCOIIOTHOT
OUTBIIOCTI KOHCTPYKIIITHUX BJIACTUBOCTEH MeETaliB, CIUIaBiB 1 KOMMO3UTIB. [Ipu
I[LOMY TIOIITYK ONTUMAJIbHUX CITYKOOBHX XapaKTEPUCTUK HE SK IUISIXOM CTBOPCHHS
OJIHOPITHUX, TaK 1 HEOJHOPIAHUX CTPYKTYP.

Pazom 3 TUM KOMIUIEKCHA METOJWMKA BHU3HAYEHHS OJHOPIAHOCTI abo
HEOJHOPIAHOCTI OyI0OBH HA TAHWI Yac HEJOCTATHRO PO3pO0JIeHa, X04a B JIITEpaTypi
3ycTpidaroThess pobotu [495—-498], B SAKMX BKa3yeTbCsd HA MOXIUBICTh
BUKOPHCTAHHS B IIbOMY HaIlpsiMi METOJa BU3HAYCHHSI MIKPOTBEPIOCTI APSITAHHSIM.
YMoBu noaibuunx Bunpodysanb Oymu BuzHaueHi [[OCT [499], a cam MeTo oTpuMaB
Ha3BY CKJIEpOMETPIi a00 CKped-MeTO/I.

Bimomi Tpu NUIsSIXM BUPAXKCHHS PE3y/IbTaTiB BUNIpoOyBaHHs apsmanHsaM [500]:

3a BCJIMYHMHOIO HAaBaHTAXXCHHA, HGO6XiI[HOFO IJIA OTpPUMAHHSA ITOAPAITMHHN MIEBHO1L
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mUpuHU a0o TIMOMHM (MeToj] BuUMpoOyBaHHS 3a MapTeHCOM); 3a IIUPUHOIO
NOJPSANUHU, SIKA OJEPXKYEThCS TMpPU TEBHOMY HaBaHTaXEHHI Ha BICTps; 3a
TaHTEHI[IAJTbHUM 3YCHJUISIM, 10 HEOOXIAHE MJisi MPOJYyKYBaHHS MOJPSIIUHHU, 3a
00yMOBJIEHOTO HOPMaJIbHOTO HABAHTAXXCHHS Ha 1HACHTODP.

VY 3B’53Ky 3 HEIOCKOHAJICTIO Ta TPYAOMICTKICTIO METOJIUKH, HE3PO3YMIIICTIO
B JICSIKUX BHUIAJKaX TPAKTYBaHHS OTPUMAHUX PE3yJbTaTIB CIOCIO BHUMIPIOBAHHS
MIKpPOTBEPJIOCTI JpSANaHHSAM HE OTpPUMaB IMHUPOKoro po3snoscromkeras [500],
HEe3Ba)KaloyM Ha Te, 10 HOT0 METOJIMYHI OCOOJIMBOCTI Ta MOMIJIMBOCTI BUKJIQ/ICHI B
OaraThox pobdotax [495, 501 — 503].

3actocyBaHHs 1H()OPMAIIHHUX TEXHOJIOTIH JO3BOJIUIIO CYTTEBO CIPOCTHIIN
00poOKy pe3yNbTaTiB CKJICPOMETPUUHUX AOCIIJKEHb, 3aBISIKH YOMY 1€ METOJ
MOYaB aKTHBHO BUKOPHUCTOBYBATHCh, 30KpeMa, [JI1 BHMIPIOBAaHHS TaKHX
XapaKTEepPUCTUK MaTepiaiiB, K OMip adpa3suBHOMY 3HOIIYBaHHIO, KOSPIIIEHT TEPTH,
TPIMHOCTIWKICTD, anre3is miiBok [497, 498, 504 — 508]. KpiMm Toro BHSABJIEHO, 110
CKpEU-METOJ] € YYTJIUBUM JI0 BUCOKOKYTOBUX 1 CYOCTPYKTYpHUX MEX, J03BOJISIE
BCTAHOBJIIOBATH PO3MIPHU HU3KU CTPYKTYPHUX €JIEMEHTIB, OI[IHIOBAaTH BEJIMYHWHY,
3HaK Ta PO3MIip MOJIIB 3aIMIIKOBHUX HanpykeHb [509 — 512], a Takok AKICTh 3BapHHUX
3’emHanb [513 — 515].

CknepoMmeTpuuHi BUNPOOYBaHHS NPOBOAWIM Ha HuTidax MOCTIIKYBAHUX
cTasiei Ha crangapTHoMy npuiagi [IMT-3 6e3 3minu iloro koHCTpyKii. PiBHOMIpHE
NEPEeMILLIEHHS! MPEeIMETHOr0 CTOJMKA 3J1MCHIOBAIOCH  EJIEKTPOABUTYHOM 3
MOHM)KYIOUUM PEAYKTOPOM, SIKHI JKOPCTKO Yepe3 THyUYKUI TPOCUK OYB MOB’ I3aHUM 3
Horo xo0BUM IBUHTOM. JlaHa KOHCTpYKIis 3a0e3neuyBasia IEpEeMIlIEHHS! CTOINKa
BIJIHOCHO 1HACHTOPA 3 MOCTIMHOIO MBHUAKICTIO 10,5 MKM/C, 110 BiATOBija€ BUMOTaM
[499]. InneHTOpOM ClTyryBaia cTaHaapTHA YOTHPHUTPAHHA aIMa3Ha Mipamijia 3 KyToM

3aTouyBaHHs ~ 136°. HaBanTaxkeHHs Ha iHAeHTOp ckiaaano 10, 201 50 r.
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XapakTtep 3MiHU MUPUHY TOAPSATTMHA BUBYABCS HA JIOBXKHUHI 1...6 MM 3 KpOKOM
1,5...5,0 mxm. 1151 BOTO 32 JIOITOMOTOXO ONTUYHOT MIKPOCKOITi1 Mpu 301JIBbIIICHH], 110
JIO3BOJISUIO YITKO CIOCTEPIraTd HaHECEHY MOJAPSAIUHY, MOCTIJOBHUMU MOJSMU 30PY
pobunu 11 Gororpadii, siKi B MEBHIM KOMI IOTepHIN mporpami popMyBaiu B LIJIbHE
300paxeHHs (puc. 2.4, a). [Ipu iboMy Takox otorpadyBanu 006’ €KT-MIKPOMETP, 1110
B MOAAJIBIIIOMY CIIYTYBaB JIJIsl OI[IHKM a0COJIOTHOTO 3HAYCHHSI JIOBXKUHU Ta IIUPUHU
MOJIPSITMHM, a TAKOK KPOKY ii BUMIPIOBAHHS.

3a ¢ortorpadiero cTBoproBasid rpadgiuHy cxeMy nojapsinunu (puc. 2.4, 6), Ha
Ky HAHOCHUJIM MacIITabHi MITKH (BKa3aHO CTplIKaMu Ha puc. 2.4, 6), 110 BU3HAYAIIN

BIJITTOBIJTHO /10 00’ €KTa-MIKpOMETpa MEBHY BiJICTaHb (B JaHOMY BUMAJIKY 1€ 50 MKM).

(Xi, Yi2) (X1, Yivn)2)

e s

bi
bi+1

R

(X, Yi1) h (X+1), Yirn1)

Puc. 2.5. Cxema BusHaueHHs mupuHu noapsmuau (D;) B310BXK i1 JOBKUHH 3 KPOKOM

(h) 3a nonomororo nporpamu GetData.

Jlns  BU3HAYCHHSA 3MIHM IMUPUHU TIOAPSAIMHU B3JIOBX 1i JOBXKHHU
BUKOpPUCTOBYBaIM KoMmIl toTepHy mnporpamy GetData, sika 3a rpadiuHoro cxemoro
JTIO3BOJINJIA!

— omudpoByBaTH OOWJBI KpWBI, IO BHU3HAYAIOTH OEpeTd MOMAPSATUHU

(puc. 2.5), TOOTO BU3HAYUTH KOOPAWHATH IXHIX TOYOK (X;, Vi) Ta (X;, Yi2);
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— 3a MacmTtaOHuMu MiTkamu (puc. 2.4, 0) mnpuB’sA3aTH KOOPAWHATH
BU3HAYECHUX MIPOrPAMOIO TOUYOK JI0 iXHiIX aOCOMIOTHUX 3HAYECHB;

— 33/IaTd CHCTEMY KOOpAMHAT Ta KPOK 3MIHM KOOpDAMHATH X 3 TaKUM
PO3paxyHKOM, 100U MOBHICTIO OXOMUTHU BCl OCOOIMBOCTI 3MiHU XapaKTepy KPHUBOI;

— BH3HAYHUTH 3 KPOKOM N = X;+1 — X; 3MiHY IITUPUHU TOJPSTHHA 33 PI3HHUIICIO
BIJIIIOBITHUX KOOpAUHAT b; = Y2 — Y.

3a oTpUMaHUM MAaCcHBOM 3HAYCHb ITMPUHY TOAPSTUHY D; BU3HAYAIIN BETMUUHY
mikpoTtBepaocti H; B i-Tiit Toutti 3a ¢popmysioro [499]

3.708P
HiDP - T (22)
l

ne P — HaBaHTa)KEHHS Ha 1HIEHTOP.
3a koopauHatamu (X, H;) OymyBamm 3aiexxHocTi (CKped-rpamm), sIKi
BiJIOOpaXkaiy 3MiHY 3Ha4€Hb MIKPOTBEPAOCTI MOBEPXOHBb JOCIIIKYBaHUX CTajeH,

BHU3HAYCHO1 MCTOAOM JpsIlaHHsA, 3 ICBHUM KPOKOM.

2.2.3. Bu3HayeHHs BiITHOCHOTO PiBHA BHYTPIllIHiX HANIPYKEHb.

BHyTpinHi HanpyXKeHHSI BUHUKAIOTh Y JIETAJSAX 1 BUPOOax Mmicis pi3HUX BUIIB
00po0OOK (JIUTTS, KyBaHHS, TEPMIYHOI Ta MEXaHIYHOI OOpPOOKH TOIIO) 1 CYTTEBO
BIUTMBAIOTh Ha 1XHI EKCIUTyaTalliiHl XapaKTepUCTUKH. Y OUIBIIOCTI BUMAIKIB
nepeayacHui BUXij 3 JaAy AeTajield 1 KOHCTPYKLIM MOB’SI3aHUM 3 HAasBHICTIO B HUX
HAJUIMILIKOBOTO PIBHS HampyXeHb. Y 3B’43KY 3 LIUM MPHU BUOOPI BUTY 0OPOOOK, SIKI
BIUTMBAIOTh HA MIIHICHI 1 CIY>KOOBI XapaKTEpPUCTUKH, [Js1 JOCSITHECHHS
MaKCHMAJIbHOTO CTPOKY CITY>KOU JieTajiei U BUPOOiB HEOOXiJHO BU3HAYATH PIBEHb,
3HAK 1 XapakTep po3IoAlTy BAHUKAIOUNX BHYTPIIIHIX HAPYKEHb 1 Mpu oTpedi, ado
KOpEryBaTu pexXuMH, a0 3MIHIOBATH BUJl OOPOOKH.

IcHye HM3Ka METO/IB METO/ BU3HAYECHHS BHYTPIIIHIX HAMPY>KEHb Yy MeTaJax 1
crutaBax. Pentrenorpadiuamii 6a3yeThcsi HA TOYHOMY BUMIP1 MEPIOIiB TPATKU TyKe

TOHKHMX MpHIOBepxHiX mapiB [516]. Moro HemomikoM € Te, MO0 BiH J03BOJISIE
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OJIep>KaTH JaH1 PO HAMPY>KEHUN CTaH TUTBKH B Iy’K€ HEBEJIUKOMY MTPUIIOBEPXHBOMY
00’eMi 3pa3kiB. [HIIMI METOJ BKIIIOYAE BUPI3KY 3pa3zKa, 3HATTS CICKTPOJITHUHUM
CrIocoO0M 3 OJHOTO Kparo 3pa3ka Mapy Ta OOYHCICHHS BEIMYMHH HAIPYKCHb 3a
BEJIMYMHOIO MPOTHHY 4M Aedopmaltii 3pa3ka [517]. Ase BiH HE € HEpYHHYIOUNM 1 Ma€e
HEBHCOKY TOYHICTh PE3yJIbTaTIB BUMIPIOBAHb.

BinHnocHumii piBeHb BHYTPILIHIX HANIPYXEHb B POOOTI BUBYAIH 332 METOIUKOIO,
3arporioHoBaHoro B po6oTi [510]. Ha mocmikyBaHy MmosmipoBaHy MOBEPXHIO 3pa3ka
Ha cra"paptHomy mnpwianl [IMT-3 HaHocwiM Tpu 3a/laHOMy HaBaHTaKECHHI
MOJIPSANIMHY dYepe3 IMEeBHHKM KpPOK BHM3HAYaNMM i1 mupuHy (muB. 1. 2.2.2). Ilicms
BU3HAYECHHS CEPEJHbOr0 3HAYCHHS IIUPUHHM TOJPSANMHUA BHU3HAYAIM XapakTep

O30Ty, BIIHOCHUI PIBEHb 1 3HAK HAIIPY>KEHb 32 (POPMYIIOI0
H; = bcep — b; (2.3)

ne Dep — cepenHe 3HaUCHHS MMPHUHU YU TIIMOWHY piBYAKa;
bi — 3HaYCHHS MUPWHU YM TTMOWHU piBYaKa B I-Till TOYIIL;

H; — BimHOCHU# piBEHb HAMIPY)KEHB Y I-Tii TOUII.

2.2.4. BuzHayeHHs 3HOcOCTiliKkocTi Ta KoediunieHTa TepTs.

BusnaueHHs 3HOCOCTIMKOCTI JTOCHTIIPKYBAaHUX CTajedl TMPOBOIWIM B PEXKUMI
TepTs KoB3aHHs 0e3 marneHHs Ha MaiuHi 2070 CMT-1 3a cxemoro «IuCK-KOJIO0IKa
B TIapi TEPTS 3 CTAJIEBUM KOHTPTLIOM (puc. 2.6).

3pa3Kku MOKpaIlyBaHUX CTajeil y BUIJISIAI CErMEHTIB (puc. 2.7) BUTOTOBIISIIA
TOYIHHSM Ta (Ppe3epyBaHHSIM 3 3aroToBOK (puc. 2.1), skl MonepeaHbO MPONIUIN
TepMiuHy 00pOOKY. 3arOTOBKH 3 IHCTPYMEHTAJIbHUX CTaJICH Ta B IUTOMY CTaH1 uepe3
Opak wmaTepialy HE JO3BOJMJIM BUTOTOBUTH 3pa3Kd Il BUMPOOYBAaHHS Ha
3HOUIYBaHHS y BUIJISAJI CerMeHTiB. ToMmy aHami3 3HOCOCTIMKOCTI MPOBOJIMIM Ha
3pa3kax MEHIIOro po3mipy (puc. 2.8), i BUNpoOyBaHHA SKUX OyIo

CKOHCTPYHOBAHO CIeliaIbHUN TprUMay.
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3pa3ok

Kontprino

Puc. 2.6. BunpoOyBanus Ha 3HomyBanHs Ha Mamuai 2070 CMT-1 3a cxemoro

«JIMCK-KOJIOKa» Ta (popMa 3pasKiB.

Puc. 2.7. Ecki3 3pa3ka 3 MOKpalllyBaHOi CTal Jijisl BUIPOOYBaHHS HA 3HOLIYBaHHS

ga marmuai 2070 CMT-1.
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5¢gb6

Puc. 2.8. Ecki3 3pa3ka MEHIIIOTO po3Mipy JUlsl BUTPOOYBaHHS HA 3HOLTYBaHHS Ha

maruai 2070 CMT-1.

3a3nauenuit Tpumad (puc. 2.9) ckinagaeTbes 3 Kopmycy | 3 ma3om aiis ¢ikcarii
3pa3kiB 2, OChOBOMY IIEPEMIIICHHIO SKHX 3amo0iraroTh JBI IJIACTHHH 3, IO

3aKpIIUICH] Ha KOITyCl TBUHTaMU 4 Ta railkamu 5.

Puc. 2.9. Tpumau my1s BUnpoOyBaHHS 3pa3KiB HEBEJIIMKOTO PO3MIPY Ha MaIllUHI

2070 CMT-1.

Ha mouarky BunmpoOyBaHb Ui TIOBHOTO MPWJISATAHHS MOBEPXHI 3pa3KiB 10
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KOHTPTIiJIa MPOBOJIWIM iXHE MpurpaioBanHsa. [licist nboro 3pasku 3BaxyBalu Ta
BCTAHOBJICHY Bary npuilManu 3a BuxigHy. JOCHiJKeHHS NPOBOAWIN €TalaMu
TpuBaiicTio Big 30 xB. 10 1 rox. 3 mepepBamu Il BU3HAYCHHS BEJIMYUHU 3HOCY.
3HOITyBaHHS OI[IHIOBAJIM 32 CEPEIHIM 3HAYCHHSIM BUTIPOOYBaHHS 6...7 3pa3KiB.

[Ipu anami3zi pe3yabTaTiB  JOCHIKEHb 3HOCOCTIMKOCTI 3a  KIJIBKICHI
XapaKTEPUCTUKHU OYJI0 B3ATO:

- JAiHIAHUE 3H0C Al, MKM, sSIKMI XapaKTepu3ye 3MiHY PO3MIpiB 3pa3Ka,
MEePICHANKYJIIPHY 10 TTIOBEPXHI TEPT;

- MacoBUi 3HOC AM, T, IO BHU3HAYa€ BTPATy Macu Marepiaily IpH
3HOUITYBaHHI;

— MacoBa I1HTEHCUBHICTh 3HOIIYBaHHS |y, 1[I0 po3paxoByBajiach 3a

dopmyioro [518]

| o Am (2.4)

Jie p — TyCTUHA MaTepiany;
S — nUIsIX TEPTS;
P — reometpuyHa mioIia KOHTaKTY.
Jliniitauii 3H0C Al BU3HAwamu 3a JomoMororo kommnaparopa M3A-2, a BTpary
Macu Matepiany Am — aHamiTHIHOi Baru Mapku WA-21.
[Tin gac BunmpoOyBanp Ha 3HOmTyBaHHsA Ha MamuHi 2070 CMT-1 Bu3Havyanu
MoMeHT TepTsi (Myep), 32 JomomMorow skoro BusHauanu koedimieHnt tepts (f) 3a

dbopmymoro [519]:

M
f=— 2.5
F. R (23)

N

ne Fn — cuna nmpuTucKaHHs 3pa3ka 10 KOHTPTLIA;

R — paxiyc KOHTpTLIA.
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2.3. [OocnigxXeHHA MIKPOCTPYKTYpM.

Y QopMyBaHHI eKkcIUTyaTal[liHUX Ta TEXHOJIOTTYHMX BJIACTHUBOCTEH OAHE 3
BUPIIIAJIbBHUX 3HA4YE€Hb BIJAIIPaE MIKPOCTPYKTypa crajeid. Tomy BaKJIMBUM
MOMEHTOM € BCTaHOBJICHHS KOpPENAlili MDK ii pO3MIpHHMHU MapamMeTpamMu Ta
MEXaHIYHUMH XapaKTePUCTUKAMM JTOCIIKYyBaHUX MartepiaiiB. CTaHIapTHI METOIU
BU3HAYCHHS BeMUUnHU 3epHa [520], a TakokK OIIHKK MIKPOCTPYKTYpH Ta KapOigHOi
HEOTHOpITHOCTI cTajiei [521] € HamiBKIIBKICHUMH METOJaMHU 0ajloBOi OINIHKH, SKi
SBJIIIOTH COOOI0 Bi3yaJIbHE MOPIBHSHHS IMOJIS 30py 3 €TAJIOHHUMU IIKaiaMu. Taka
Cy0’€KTUBHICTh OLIIHKA OOYMOBIIIOE HEBUCOKY TOUHICTh Ta HEJJOCTATHIO HAJIMHICTh
pe3ynbTaTiB. MeTo/Iu BUSHAUCHHSI BEJIMYMHU 3€pHA 32 CEPEIHIM JIHIHHUM PO3MIpOM
JiaMeTpa abo 3a IUIOLICI0 CEPEAHBOTO 3€pHA XapaKTEPU3YIOTh JBOMIPHHM Tepepi3
nuTida Ta HEOJHO3HAYHO TOB’sI3aHI 3 00’€eMHUM Horo posMmipom [522]. Tomy mis
OTpUMaHHS OUIBIII JOCTOBIPHUX PE3yJIbTATIB BUHUKAE HEOOXITHICTh Y BUKOPUCTAHHI
METOJMKH, II0 TOB’A3y€ XapakTEpPUCTUKH OO0’€MHOiI OylOoBHM 3 MapameTpaMu

IUIOLIMHHOI CTPYKTYPH.
2.3.1. BusiBjieHHsI BHYTPIllIHIX NOBEPXOHb PO3ALIY Ta MiKPOCTPYKTYPH.

Bigmosigao [520] 1o Mexi 3epeH cTajieii BUSBISIIOTHCS METOAAMH XIMIYHOTO
Ta ENEKTPOJITHYHOIO TPABJEHHS, LIEMEHTAllli, OKHUCJIEHHS, CITKH (EepHUry,
LHEMEHTHUTY, MEPIITy ad0 TPOOCTUTY, BAKYyMHOIO TEPMIYHOTO TPABJICHHA. 3€pPEHHY
CTPYKTYPY AOCIIDKYBAHUX CTAJICH MIC/ISA TapTyBaHHS BHABIISIIA METOJOM XIMIYHOTO
TPaBJICHHS 3a JOMOMOTIOI HACHYEHOTO BOJHOTO PO3YMHY MIKPHUHOBOI KHCIOTH 3
nojnaBaHHsAM 3...5 % MOBepXHEBO-aKTUBHUX PEUOBHUH. BHYTpILIHS CTPYyKTYypa 3epeH
BusBJsUIach Hitawmo [520, 523 — 525].

JlociiKeHHs! TpaHULb 3€PEH CTaJIel MICs BIAMYCKY MPOBOJIMIIM MICIIsI I0HHO-
IUIa3MOBOr0 (BaKyyMHOTO KaTOJHOTO) TpaBicHHs [526], skuii 3mificHIOBaIN B

PO3psAIHIN KaMepi 3a JOTIOMOTOI0 BAaKyyMHOT'O YHIBepcaibHOTo nocta BYII-4.
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2.3.2. BuzHayeHHs BeJJMYUHU 3epHA Ta Ga30BUX CKIATOBHX.

OuiHKY BENWYMHU MIMCHOTO PO3MIpy 3epHa NpoBOAWIM 3a ¢oTorpadisMu
MIKPOCTPYKTYp Ta IIpH O€31ocepeIHbOMY CIIOCTEPEKEHH1 MUTI(IB i MIKPOCKOTIOM.
Jlis 1poro BU3HAYA M HAaWMEHIIMKA Ta HaWOUIBIIMK JiaMeTpH 3€peH, MpHiMaiu
PO3MIpHI IHTEPBAIM JiaMETPIB, Ta YKCIO PO3MIPHHX Ipyl B Mexkax K = 7...12 [522].
BcranoBmoBanm KibKICTh TIEpEPi3iB 3epeH N; 3 cepeaHiM aiamerpom Dj miis koxxHOT
po3MmipHOi rpymu. BignoBigHo mo [526] mist oTpumaHHS pe3yNbTaTiB 3 TOYHICTIO
onmu3bpK0 5% obpaxoByBaiu 250...300 00’eKTiB.

3a hopmyioro (2.6) BU3HAYAIU KUTBKICTE 3epeH i-1 po3MipHOi rpymu [522]

N, :Aini_Ai+1ni+A1_"'_Aknk _ (2.6)

ne A; — xoedilieHTH, 3HaYeHHS IKUX Opaju 3 Tabumi [522];
A — KpOK pO30OHTTS, IKUI pIBHUH BIJHOIIICHHIO MAaKCUMAJILHOTO JliaMeTpa repepizy
3epHa Dpax 10 KUTBKOCTI TpyT pO30UTTS K.
CepenHiii giaMeTp 3epHa po3paxoByBaju 3a orpuMmanuM posnoaiiom Ni(D;) 3a

dopmystoro (2.7) [522]
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Benmunny aucnepcii 65 posnoginy D; BusHauamu 3a popmyitoro (2.8) [522]
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2.3.3. Bukopucranus ingopmMauiiiHuX TeXHOJIOTiii IPU PO3PaXyHKY

PO3MIipHHX MapaMeTPiB MiKPOCTPYKTYPH.

[Ipu anamizi po3MipiB MIKPOCTPYKTYPHHUX CKJIQJOBUX 3 METOK OTPHUMAHHS
JIOCTOBIPHUX PE3YJIhTATIB BUHUKAE HEOOX1THICTh Y BUMIPIOBAaHHI 3HAYHOI KiJTbKOCTI
PO3MIpHHUX TapaMeTpIB Iepepi3iB €IEMEHTIB CTPYKTYPH, IO BUTPABIIOIOTHCS Ha
wionwmHi mutidis. e, 30kpema miHiHI po3Mipu Mepepi3iB MIKPOUaCTUHOK, CEPEIHS
KUTBKICTh TOUYKOBHUX Ta JIHIMHUX CTPYKTYPHHUX €JIEMEHTIB Ha OJUHHIII IJIo1i 1itida,
CepeaHs KUIbKICTh TOYOK MEPETHHY CIYHOI 3 JIHIHHUMH eJIeMeHTaMU Ha 1i OJTMHUIT
TTOBKUHHU.

HeckinueHHo pizHOMaHITHI (popMuU Hepepi3iB CKIAOBUX CTPYKTYpPU CYTTEBO
YCKJIAHIOIOTh BH3HAYEHHA iXHIX TEOMETpUYHUX mapamerpiB. Tomy 3 MeToro
CIPOLIEHHS BUMIPIOBaHb YAcCTO 3aCTOCOBYIOTH IIA0JOHHM PI3HOMAHITHUX (iryp 3
NICBHUMH JiaMeTpaMH Ta IIONIAMH, 3 IKHMH 3ICTaBIIAIOTH TIepepi3u YacTUHOK [522].
AJe Tpu BUKOPUCTAaHHI 3a3HAYEHOT METOIWKH OTpPHUMaHi pe3yJbTaTH MaloTh
HEBEJIMKY TOUHICTb.

Bukopucranus B po6oTi komm totepHoi nporpamu Image-Pro Plus 4.5 mis
00poOku 2D Ta 3D 300pakeHb AO3BOJUIO JIOCATTH BHCOKOI BIITBOPIOBAHOCTI Ta
JIOCTOBIPHOCTI pe3yJIbTaTIB MPH OLIHII PO3MIPHUX XaPAKTEPUCTUK MIKPOCTPYKTYPH.
[Ipy upomMy wmeTonOM cKaHyBaHHS (ororpadiii MIKpOCTPYKTYp CTBOPIOBAIU
rpadiuni daitnu, siki oOpoOsAIM 3a JOMOMOTOI0 3a3HaueHoi mporpamu. lLle
JTIO3BOJIMIIO 3 BEJTMKOIO TOUHICTIO BUMIPIOBATH T€OMETPHUUHI MApaMETPU CTPYKTYPHHUX
€JIEMEHTIB, 30KpEMa MAaKCHUMAaJbHOTO, MIHIMAJIBHOTO Ta CEPEAHBOTO J1aMETPIB,
koedimienty Gopmu, NEepUMETpy, IUIOLI, a TaKoX OTPUMYBATH TiCTOrpamMu
pPO3MOMLTY Ta MPOBOJAUTH IXHINM CTATUCTUYHUIN aHAITI3.

Henonikom mporpamu € Te, 110 BOHa €(PEKTUBHO MPAIIOE€ JIUIIE 3 YITKHMH
BHCOKOKOHTPACTHUMH 300paKeHHAMHU. B 3B’sI3Ky 3 TUM, IO MIKPOCTPYKTYypH HE
3aBKIU  3a70BOJIBHSIOTh 3a3HAYEHUM BUMOTaM BHCOKOKOHTPACHOCTI,  JJIst
MiABUIIEHHS €()EKTUBHOCTI poboTu mporpamu 3a (ororpadisiMu MIKpOCTPYKTYP

cTBOproBaiu rpadiuni cxemu (puc. 2.10).
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Puc. 2.10. ®ororpadii mikpocTpykTyp (@), (0) Ta CTBOpEH] Yy BiIMTOBITHOCTI
10 HUX TpadiuHi cxemu (B), (I') ayCTEHITHUX 3€PEH Ta IHTEPMETaJiJHUX BKIIOYEHb
SnSb s Bu3HaYeHHs IXHIX mapaMeTpiB 3a JOIMOMOro0 mporpamu Image-

Pro Plus 4.0.
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2.3.1. AHaJii3 HAIUIaBJIEHOI CTPYKTYPH.

Excrutyarariifini BIaCTUBOCTI CTajleil B IMTOMY CTaH1 CyTTEBO 3aJIeKaTh BiJ il
MIKPOCTPYKTYPH, 30KpeMa PO3MIPHHUX IapaMeTpiB ACHAPUTIB [527 —529], ski B
CBOIO YEpry BigoOpakaroTh 3aKOHOMIPHOCTI TPOIECy KPUCTATI3aIlli CTaeH.

MetonoM KuUIbKICHOI MeTajorpadii BUBYAIM TMapaMeTpu JHUTOI CTPYKTYpH,
30KpeMa po3Mip MOMEPEUYHUX Tepepi3iB Ta JOBXKHUHY MEPBUHHUX KPHUCTAJITIB. 3a
KpUTEPil 3MIHU IEHAPUTHOI CTPYKTYPH B3sUIH 11 AucniepcHicTh D, sky BU3Hauamm 3a

dopmyoro [522]

n
D=—, (2.9)
L
ne XL — cymapHa JOBXHHA OCHUX [IUISSHOK Ha CIYHIM mpsAMii, mnpoBeAeHIN

MEPIICHIUKYIISAPHO IO HAMIPSIMKY OCEH IEHAPUTIB;
N — KUIBKICTh OCHHUX JIJISTHOK Ha CIYHIN TIPSAMIM.
3 METOI OTPMMAaHHS MAaKCUMaJIbHO OO’ €KTHMBHUX pe3yJbTaTiB BUMIPH

MIPOBOAMIIM Ha BCIU MJI0MIi 1utida 3 mocaigoBHUM neperisiaoM 20...25 nois 30py.

2.3.2. EJeKTpOHHO-MiKPOCKOMIYHi 10CTiTKeHHSI.

ToHKY CTPYKTYpy BHWBYAId 3a JIOIOMOIOK) pAacTpOBOi Ta TPaHCMICIHHOI
€JIEKTPOHHOT MIKPOCKOTIIi.

JIist  eNeKTPOHHO-MIKPOCKOIMIYHUX  JIOCHIPKeHh Ha TMPOCBIYYBaHHS 3
KBaJIPAaTHUX CTEP>KHIB IOCTIKYBaHUX cTajelt nepepizom 10x10 MM micis TepMidHOT
00OpoOKM BUpi3ajad 32 JOMNOMOTOI0 ajJMa3HOr0 IHCTPYMEHTY IJACTUHU 3aBTOBILKH
0,7...1 MM, #AKi B TMOJAIBIIOMY MEXaHIYHO TOTOHIIYBAJIUCh JO TOBIIMHH
0,25...0,3 MM. 3 OTpUMaHMX TUIACTHH €JIEKTPOICKPOBUM METOJOM BHpI3aJId MIANHOH
J1aMeTpOM 3 MM, sIKi TTiCIIs MeXaH1gyHOTO noToHeHHs 10 0,15...0,18 MM nonipyBanu
B €JICKTPOJIITAaX 3a PSKUMaMHU, 1110 HaBeJeHO B Ta0m. 2.5,

CtpymeHeBe eNeKTpOXiMIYHE TOJIipyBaHHS 3pa3KiB y 3arapTOBaHOMY CTaH1

3MIICHIOBAJIOCh Y XPOMOBOOIITOBOMY €JIEKTPOJIITI, a Yy BIANYyIHICHOMY — 3
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NEPXJIOPHOI0 KHUCIOTOK. 3 METOI0 3amoOiraHHs PO3IrpiBy 3pas3KiB €JIEKTPONIT B
TpoIieCi MOJIipYBaHHS TIEPEMIITyBaBCsl, a CTPyM BKJIIO4YaBCs Ha 5...6 c. Ilpu mosiBi

OTBOpPY J1ameTpoMm /10 0,5 MM eJeKTPOIOTipyBaHHS IPUTTUHSIIOCH.

Taomurg 2.5

XiMIYHHH CKJIaJ €JIEKTPOJIITIB Ta PEKUMHU SICKTPOXIMIYHOTO TOIiPYBaHHS.

TocsikyBanuii I'yctuna (Cnagu Hanpyru|  Yac

vaTepian CkJiaj eneKkTpoIiTy CTpYM}Zl, B p06o‘110My poboTH,
A/MM cradi, B XB.
KoHnctpykititini 133 MII. TBOJSHOI OLITOBOT KHUCIIOTH,
cTaii 75 r xpoMoBoro anriapuay, 20 mi 0,6 13...15 10...15

JTUCTUILOBaHOI BoaM (MeTox boiMana)

5 % mepxiopHoi Kucnotu, 95 % ouro-

. . . 0,7 20 4...6
BO1 KUCJIOTH (CTpyMiHEBE MOJIIPYyBAHHS)

[HCcTpyMEHTaNIBH 125 mu1. 1b0ASTHOT OIITOBOT KUCJIOTH,
1 cTaul 75 T XpoMoBoro anrigpuay, 10 ma 0,8 85...105 g...10
JTUCTUIILOBAHO1 BoaM (MeTox boimana)

Cknan xapOinmHOi (a3u Ha NOBEpPXHI 3pa3KiB BUBYAIM 32 JIONOMOTOKO
PEHTI€HOCIIEKTPAJILHOTO aHAMI3y.
BynoBy noBepXHi KOHTAKTHOI B3a€MO/I1i BUBYAJIM 3a JOIIOMOI'OI0 PacTpOBOIO

enekTpoHHoro Mikpockorny TESLA npu 30umbsienusx 1o 5000 pas.

BucHoBKM

1. OOrpyHtoBaHo BHOiIp MatepiaiiB AOCIIDKEHb Ta PEXUMH iXHBOTO
TEPMIYHOTO OOPOOJICHHS.

2. BukiageHo miaxij 0 BU3HAYEHHS TETEPOTCHHOCTI 32 MEXaHIYHUMU
XapaKTEPUCTHUKAMU TOBEPXHI KOHTAaKTHY Ta BIJHOCHOTO pIBHS BHYTPIIIHIX
HaIPY>KEHb 3a IONOMOTOK0 METO/1a CKIIEPOMETPII.

3. B po0oTi BUKOpUCTaHI Cy4acHI ONTHYHI W €JEKTPOHHO-MIKPOCKOIIYHI
METOAM AOCHIPKEHHS Ta aHalli3y MIKPOCTPYKTYPH CTajeil 1 MOBEpXOHb TEPTs, a
TaKOXX TPUOOJIOTIYHUX XapaKTEPUCTUK MaTepiaiiB, o0 0araro B YOMYy BHU3HAYAIOTh
MOBHOTY 1 JOCTOBIPHICTb OTPUMAHUX pe3ynbTariB. Bucoka i1HGOPMATUBHICTH
3aCTOCOBYBAHUX METOJUK B MO€JHAHHI 3 CYYaCHHMHM NpUiIaiaMd Ta YCTaHOBKaMHU
3a0e3MeuyloTh OTPUMAaHHS HEOOXITHOTO KOMIUIEKCY 1H(opMallii i BUPIIICHHS

IIOCTAaBJICHHUX 3aBJaHb.
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PO34IN 3. BMJIUB XAPAKTEPY CTPYKTYPOYTBOPEHHSA HA
3HOCOCTIUKICTb KOHCTPYKLIMHUX HU3bKONErOBAHUX
CTAINEN

CydacHe MamMHOOYIYyBaHHS XapaKTEPU3YEThCS CKIAJHUMU yMOBaMH
eKCIUTyaTallii MallldH, TIOB’S3aHUMU 3 BHCOKMM pIBHEM [IIOUYMX HaMNpyKeHb,
BiOpamisiMi,  IIUPOKMMU  TEMIEPATypHUMH  IHTEpBaJlaMH,  arpeCUBHUMH
cepenoBumamMu Tomo. ChOTOAHINIHIA piBeHb 3HaHb NPO (i3MUHI Ta MeEXaHIYHI
BJIACTUBOCTI MaTepiajiB J03BOJIAE€ 3a0€3MEUUTH iX JOCTATHIO MIIHICTh 3 BEJIHMKOIO
rapaHTI€l0 BiJl TOJIOMOK 3a HOpPMaJbHUX YMOB ekcrutyataiii. Bomgnouac no 90%
MaliuH 1 MEXaHi3MIB BUXOJATHh 3 JIaJy HE uepe3 IMOBHE iXHE pyMHYBaHHS, a B
pe3ynbTaTi 3HOCY poOOYMX MOBEPXOHb OKPEMHX JeTasied MiJ BIUIMBOM CHJI TEPTH.
[Ipy 1poMy BUTpaTH Ha PEMOHT Ta TEXHIYHE OOCIYyroByBaHHA B 5 — 8 pa3iB
MEPEBUIIYIOTh IXHIO BapTICTh, @ BUMYIIEHI MPOCTOI MPU3BOJAATH JO 3MEHIICHHS
npoaykTuBHOCTI Ha 15...20 % [530 — 534].

CTBOpEHHS TEXHOJIOT11 BUTOTOBIICHHS JieTajiel 1 BUpoOiB, ikl O HE BUMaraiu
KaImTaJIbHUX PEMOHTIB 32 BECh TEPMIH €KCIUTyaTallli, a TAaK0X CKOPOUYECHHSI K1JIbKOCTI
MMOTOYHUX PEMOHTIB JI03BOJISIE 3a01IAIUTH 3HAUHUHN 00CST (PIHAHCOBUX, TPYJOBUX Ta
MaTtepiaibHUX pecypciB. ToMmy MiHIMIZaIlis 3HOIIYBAHHS € OJTHOIO 3 IIEHTPAIBbHUX
JAHOK pIIIEHHS TakuxX TMpoOJieM, SIK E€KOHOMIisl €Heprii, CKOPOYEHHsS BHTpaT
MaTepialiB, a TaKOXk 3a0e3MeUeHHs HaAIIHOCTI Ta OE3MEeKN MEXaHIYHUX CUCTEM.

TpuBanuii yac OCHOBHUM KPHUTEPIEM OI[IHKM 3HOCOCTIMKOCTI MOBEPXHEBUX
mapiB crajed BBaKaJlM TBEPAICTh, IO MIATBEP/KEHO KOPENAIIE0 i1 3MIHM 31
3HOITYBaHHSM CTaJl MICJISI TapTYBaHHS Ta PI3HUX TeMIiepaTyp Biamycky. OCHOBOIO
miei xkounemniii Oyma moHorpadis [101], a mMeTomuuHui miaXin HAOyB YWHHOCTI
3aBJISIKM TTPOCTOTI BU3HAYCHHS 3a3HAYCHOT MEXaHIYHOT XapaKTEPUCTHKHU.

Boanouac po60TH OCTaHHIX JECATUIITH MOKa3yI0Th, 1110 TPUPO/Ia 3HOLTYBAHHS
3HAYHO CKJIaJHIIIA Ta OaraTorpaHHilia, a 3HOCOCTIMKICTh HE MOYXKE OIlIHIOBATHCS

JUIEe 3a TBEPHICTIO. BenwdesHWil NpakTUYHUN  JOCBiJ, TEOpPETHYHI Ta
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eKCIIEPUMEHTAIbHI JOCIIHPKEHHS 3 BHBUYEHHS MPAlE3aTHOCTI PI3HUX Map TepTs
MOKa3ajgu HEOOXIJHICTh BpaxyBaHHSA HE TIIbKM KOMILIEKCY (DI3MKO-MEXaHIYHUX
BJIACTHBOCTEH, a W 0OCOOMMBOCTEW MIKPOCTPYKTYpH, (a3oBoro ckiagy SK Ha

MOBEPXHi, TaK 1 3a INMIMOMHOIO €IEMEHTIB Map TePTH.

3.1. OcHoBwM opraHi3auil MiKpOCTPYKTYpU MeTarneBux martepianis

ANA nigBULLEHHA 3HOCOCTIMKOCTI nap TepTs.

Sk Oyno cka3aHo B 11. 1.1.2 KOHTaKT TBEpAUX TUI 10 IEBHOTO THUCKY BHACIIIJIOK
ICHYBaHHA TIOBEpPXHEBOro Mikpopenbedy € auckpetHuM. Ilmomia, Ha sKiid
3IIACHIOETHCS KOHTAKT MIKPOHEPIBHOCTEH, IO YTBOPIOKOThH IIOPCTKICTh MOBEPXHI,
CKJIQ/Ia€ThCSl 3 JAUCKPETHUX IUJISIM KOHTAKTY Ta € (PaKTUYHOIO IUIOIICI0 KOHTAKTY.
3a3zBuuail (paKTMYHA IJIOIIA KOHTAKTYy CKJIAJa€e COTy ab0 THCSYHY YacTKy BiA
HOMIHAJIBHOI.

B oOnacti B3aeMoaii MOBEpXOHb BUHUKA€E HAINPYKEHUH CTaH, IIO0 CYTTEBO
BIJIMBA€ HA NpPOLIEC TePTS Ta 3HOUTyBaHHS. HaliOlnbpIna KOHUEHTpallis Hapy>KeHb
csira€ MOONHM3y OKPEeMHX IUISIM KOHTAaKTy Ha BIJCTaHSIX, IO CHIBPO3MIpHI 3
macitadbom okpemoi HepiBHocTi [11]. Kpim Toro, hopMyBaHHS MIKPOCTPYKTYpH Ta
MIKpOpENbe]y MOBEPXHI BU3ZHAUAETHCA BIUIMBOM MEXAHIYHOI, TEIUIOBOI Ta (Di3UKO-
XiMiuyHOi [ii Ha moBepxHIO TBepaux Tin [535, 536]. Tomy mnpu CTBOpEHHI
3HOCOCTIMKHMX MarepiajiB KpiM KOMIUIEKCY MEXaHIYHUX XApaKTEPUCTHK BaKJIMBO
BpaxoByBaTH OyIOBY iX IIOBEPXHi, PO3MIPHI XapPAKTEPUCTUKH CTPYKTYPHHUX

CKIadOBHX, X CHiBBiI[HOI_HeHHH 3 JUCKPECTHUMH CIICMCHTAMU IIJIAIM KOHTAKTY.

3.1.1. lasaxu ¢opmyBaHHs OyI0BH MIKPOCTPYKTYPHM IOBEPXHEBUX

apiB 1J1s MiIBUILIEHHS 3HOCOCTIIKOCTI MeTajIeBUii MaTepiaJiB.

Sx Oyno 3a3znaueno Bumie npuHIun [llapmi-bouBapa ommcye ocoGmmBOCTI
po3TalllyBaHHS B TOBEPXHEBUX Iapax cruiaBiB (a3 mis 3a0e3nedeHHsT BHUCOKOL
3HOCOCTIWKOCTI Ta 1HIIUX €KCIUTyaTalllifHuX BiIacTUBOCTEW. Llei mpuHIMI MHIpOKO

BUKOPUCTOBYETbCSI HE OJMH JECATOK POKIB i (OPMYBaHHS CTIMKUX [0
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3HOIIIYBaHHS, TEPEeBAKHO JTUTHX [256 — 262, 537 — 541] Ta mopomKoBHUX BUPOOIB
[270 — 275], 30kpema Takoro kiacy MaTepialiB, K KapOimoctam [276 — 285].
Haxanb, nuine He3HauHA YacTHHA Mpallb aHAI3Y€e 3aJIeKHICTh 3HOCOCTIMKOCTI BIJT
PO3MIpHHX MapaMeTpiB MikpocTpyktypu [270, 275, 276]. JlocmimkeHHs, ski Ou
OB’ SI3yBaJId MIKPOCTPYKTYPY MaTepiajiiB 31 CXeMOIO pO3TallyBaHHS IUISIM KOHTaKTy
IIOPCTKUX IMOBEPXOHBb TBEpAMX TUT mpu Tepti (puc. 1.3), B miTepaTypi Maibke He
3YCTPIYarOTHCHL.

[IpoBeneHHs Takoro aHamizy OyJo 3/11iiCHEHO Ha 6abiTax — BIJOMHUX BXKE MMOHA]
HiBTOpa CTONITTSA aHTUPpPUKIIHHUX cioiaBax [543, 544]. [puHnunu OymoBu
MIKPOCTPYKTYpH 0a0iTiB BUBYAIM HA MPUKJIIA]1 BACOKOOJIOB IHUCTOTO cIiaBy b83 Ta
Oro CBUHIICBO-OJIOB SHUCTOTO 3aMiHHMKA bT, $KI BBaXXalOTHCA OJHUMH 3
HalKpanux TpH EeKCIUTyaTarii 3a yMOB BHCOKHX Ta CEpPEIHIX HAaBaHTAKCHb Ta
BUKOPUCTOBYIOTHCS IS TMIIUIMIHUKIB MapOBUX TYpOIH, ABUTYHIB BHYTPIIITHHOTO
CHAIIOBAaHHS, MOTY)KHUX TYpOOKOMIIpECOpiB, TypOOHACOCIB, €JIEKTPOJBUTYHIB,
reHepaTopiB, MeTaoo0poOHUX BepctatiB Tomo [11, 76, 255, 545 —548]. M’ska
OCHOBa 0a0ITiB CTIPHUAE MIBUAKOMY MPUMPALIOBAHHIO Ta YTPUMAHHIO B 30H1 KOHTAKTY
MAacJISTHOT TIJTiBKH, a TBEP/Ii BKIIFOUEHHS BUKOHYIOTH POJIb MiKPOOTIOP /IS CIIPSKCHHMX,
MEepeBaXHO CcTalieBUX Jeraneil. [lpu mpoMy 3MeHIIyeThCs IIIoma (PaKTUYHOTO
KOHTaKTy KOHTaKTYyIOUUX [MOBEPXOHbB, 110 B CBOIO UEPTy 3HUKYE KOE(DILIEHT TEPTH,
MOJICTITYE TIOCTYIJICHHS MACTUJILHOTO MaTepially B 30HY TepTS, THM CaMHUM
3a0e3MeuyUr BUCOKY 3HOCOCTIHMKICTh mapu TepTs [76]. Tomy Oyiio mpoaHaizoBaHO
PO3MIpHI XapaKTepUCTUKU TBEepAUX (pa3 3a3HAUEHUX CIUIABIB, XIMIYHUM CKJIAJl STKMX
HaBeJIeHO B Ta0:1. 3.1, 3 HallKpamuMu 3HAYECHHSIMHU EKCIUTYaTaIllHHUX XapaKTEPUCTHK.

Mikpoctpyktypa cruiaBy b83 (puc. 3.1, a) ckiamaeTscsi 3 BITHOCHO M’ SKOi
MaTpHIll, SKa € TBEPAUM PO3YMHOM CYpPMH Ta MiJill B OJIOBI Ta PO3TAIIOBAHUX Y HIM

TBEPJUX IHTEPMETANI B — TPAaHYACTHX KpUCTaJiB SnSb, roqdacTux 1 3ipKomoaioHmX

kpuctaiiB CuzSn [255, 549 — 551].
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Tabmuns 3.1.
XIMIUYHAM CKJIaJ MOAEIBHUX CIUIaBiB 0a0ITIB.
Mapka MacoBuii BMICT enleMeHTIB, %
CILIaBy Sn Sb Cu Te Pb
b8&3 perita 11,0 6,0 — —
BT 10,0 15,0 1,0 0,1 pemiTa

B mikpoctpyktypi 6a60ity BT (puc. 3.1, 0) cnocrepiraroTbest TBEpAi TpaHYacTi
kpuctaau SnSb Ha ¢GoHI MOTPiitHOT BigHOCHO M’sikO1 eBTekTHkm Pb + ShSn + vy 3

HEBEJIMKOIO KUIBKICTIO TOJKOMOAIOHNX KPUCTaNIB XIMIYHUX crioidyk CusSn ta PbTe

[552].

Puc. 3.1. Mikpoctpykrypa 6a6itiB b83 (a) ta BT (6) [255].

AHaJi3 po3MipiB Ta XapakTepy PO3IMOAUTY TBEPIIIINX CKIAJ0BUX B CTPYKTYpI
000x 0abiTiB TpoBeneHHM 3a cxemamu (puc. 3.2, a, 0) MOKazaB, IO PO3MIPH
iHTepMetaniiB SnSb B criaBi b83 3naxoasaTees B mexkax 10,0...50,0 mxm (puc. 3.2,
B) 3 cepeaniM 3HadeHHsM 31,60 mxm, a B crutaBi BT — 15,0...55,0 MkM BigmoBigHO 3

cepenHim 3HaueHHAM 32,54 mxMm (puc. 3.2, T).
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Puc. 3.2. Cxemu MikpocTpykTypu 0a6itiB b83 (a) Ta BT (0) 3 BignmoBigHUMH

ricrorpamamu po3nojiny (B, T) 3a cepenHimu aiamerpamu (D) rpanuactux

inTepmertaniaiB SnSb [557].
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YcepenneHa BiCTaHb MK 3a3HAUYEHUMHU BKJIIOYEHHAMH B 000X CIJIaBax
3HaxXoauThC B Mexkax 125,0...155,0 mxm.

ExcnieprMeHTanbHO Ta TEOPETUUHO BCTAHOBJICHO, IO CEPEAHIN 1aMeTp IUIsIM
KOHTAaKTy MaJIO 3aJIe)KUTh BiJ] HABAaHTAXXCHHsI Ta MPU TEPTI METAJICBUX MaTepiaiiB
3HaXOAUTHhCS B Mexax 6...30 mxMm. DakThyHa IUIONIA KOHTAKTy 3MIHIOETHCS
TOJIOBHHUM YHHOM 32 PAaxXyHOK 3MiH KUIBKOCTI IUIAM KOHTAaKTy Ta 3aJIeKUTh BiJ
CTUCKAIO4OT0 HaBaHTKEHHs. [Ipu MbOMy BiJICTaHb MK IUIAMAaMH KOHTAKTy TPH
3MiHI THTOMOTO HaBaHTakxeHHs B Mexkax 450...760 Mlla, 1o € 6J1U3bKUM 10 YMOB
eKcIUTyaTarii JociipkyBaHux 0a0itiB, ckmamae 80...120 mxm [1, 32, 43, 53,
553 — 555].

[TopiBHIOIOYM  3a3HAu€HI 3HAYEHHS 3 JaHUMU PO3PaxXyHKy CXeM
MIKpOCTpYKTypH 0a0iTiB (puc. 3.2) MOXKHA MPHUITYCTHTH, IO BUCOKA 3HOCOCTIHKICTh
napy TePTs «CTallb-0a01T» MOB’s3aHa 3 TUM, IO PO3MIPH Ta PO3MOJILIT CTPYKTYPHHUX
CKJIaJIOBUX 0aOlITIB 3 MiIBUIIICHUMH MEXaHIYHUMH XapaKTEPUCTUKAMU € OJIM3bKUMU
JI0 pO3MIpIB Ta PO3MOJALTY TUISIM KOHTAKTY B CX€Mi KOHTAKTYy TBEPJUX TLJ MPHU TEPTI
(puc. 1.3).

Bigomo, 1o micns mpumnpaiioBaHHS By3Jia TEPTsS MOBEPXHI HOro neranei
HaOyBarOTh EBHOI MOPCTKOCTI (prc. 1.6), sika B OLIBIIOCTI BUMAIKIB 30€piraeThes 3a
BECh YaC EKCIUTyaTalli, 3aJIeKUTh JIMIIE BiJ] YMOB pPOOOTH PYXOMOTO CHPSIKEHHS
(HaBaHTaXXEHHS, IIBUIKOCT1, YMOB MAIllEHHS TOIIO) 1 HE 3QJISKUTh BiJ] MOYATKOBUX
napameTpiB reometpii moBepxHi [38, 556]. To6To, BinOyBaeThcsi GopMyBaHHS
NIEBHOT, BCTAHOBJICHOT CXEMHU KOHTAKTY Tl TipH TepTi (puc. 1.3), sKy MokHa Ha3BaTh
ONTUMAJILHOI0 MEXaHIYHOI CXEMOK0 KOHTaKTHOI B3aeMoii [557].

binpmiicte  matepianiB - aHTUGPUKIIMHOTO  MPU3HAYCHHS  PO3POOJICHO
emmipuyHuM Twisixom [479, 558]. Asie Benukuii NpakTUYHUN JOCBIJ, a TaKOX
TEOPETUYHI Ta EKCIIEPUMEHTAbHI JOCTIDKCHHS PI3HMX Map TepTs BKa3ylOTh Ha
HEOOX1HICTh BpaXyBaHHs MpU PO3pO0IeHHI aHTUDPUKLIMHUX MaTepiaiiB HE TUIbKU
KOMITJIEKCY iX (DI3MKO-MEXaHIYHUX BIJIACTUBOCTEH 1 (a3oBoro ckiamy, aie W

Mopdororii nux ¢as.
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OmgauM 3 SICKpaBUX MPUKIAAIB 110 CKa3aHOTO € 0abiTh, sKi epEeKTHBHO
MPaIloTh B Mapi TepTs 31 CTAJI0 HaBITh 0e3 mareHHs [255]. [Ipu npomy mindip
ONTUMAJILHOIO XIMIYHOTO CKJIQy 1 TEXHOJOTTYHUX PEKUMIB IXHBOT'O OTPUMaHHS OyB
COpsIMOBaHWN HE JIMIIE Ha JOCATHEHHS TIEBHUX MIIHICHUX 1 JIMBapHUX
XapaKTEePUCTUK CIUIaBIB, a i HA yTBOPEHHS MIEBHOI KIJILKOCT1, PO3MIPIB 1 pO3MOLITY B
00’emMi TBEpAWX BKIIOUYEHb, SKHA BIAMOBIA€ ONTUMAJIBHIA CXeMi KOHTaKTHOI
B3a€MO/II1 3a MEBHUX YMOB eKcIutyararii. ToOTo po3Mipu iHTepMeTamiaiB B 06a0iTi
MOBUHHI OyTH OJIM3BKUMU JI0 CEPETHBOTO J1aMEeTPy IUISIM KOHTAKTY, a BIICTAaHb MK
HUMH — JIO CEPEAHBOI BIJICTaH1 MK IIUMHU IUIIMaMHU.

[Ipami ocraHHIX pPOKIB TMOKa3ylOTh, IO (OPMYBaHHS TETEPOreHHUX 32
MEXaHIYHIMH XapaKTEPUCTHUKAMH CTPYKTYP MaTrepiajiiB map TepTsS B €BTEKTUYHUX
crwaBax  [559], xommosumiiiHux TOkpuTTax [560], oTpuMaHuUX MeToaaAMH
nopomikoBoi metanyprii [270 — 285, 561] cTBOpIOIOTH 32 TUM K€ MPUHIUIIOM —
BI/IMOBIHICTh ONTUMAaJIbHIM CXeMi KOHTaKTHOI B3aemojii. Kpim Toro, yBara i goci
npUalIgeTbes 0abiTam, JOCHIDKEHHS SKUX CIPSMOBAaHI HE Ha ONTHUMI3allio
XIMIYHOTO CKJady, a Ha IOIIYK HOBUX JIMBAPHUX TEXHOJIOTIH, IO BIUIMBAIOTh HA
MOpPQOJIOTiI0, pO3MIp Ta XapakTep po3moaiTy iHTepMeTaniaiB [562 — 564]. 3okpema,
B mpansx [550, 565, 566] 3anpornonoBaHo TypOysIeHTHHIA crtoci0 juTBa 6adity B83,
KUl 3a0e3neuye GopMyBaHHs KpucTaniB SnSb rinoOynsipHOi popMu, 3MEHILIEHHS 1X
pPO3MIpIB 1 KIJIBKOCTI KOHLEHTPATOPIB HAMPYKEHb Ha MEXaxX 3 MaTPHULICIO, & TAKOX
OuThII piBHOMIpHHMIA po3nonia. Ile 3HaYyHO TMOKpaIlye KOMIUIEKC TEXHOJIOTTYHHX,
MEXaHIYHUX Ta CIIY>KOOBUX XapaKTEPUCTUK L[LOTO CILIABY.

Takum yuHOM, MOXHaA CHOPMYITIOBATH OCHOBHI TPHUHIIMIN Ta BHUMOTH JIO
oprasizaitii 3H0COCTIHKHX CTPYKTYp [567]:

1. TlouatkoBo cTBOpeHa abo cdopMoOBaHa TICAS  MPUIIPAIIOBAHHS
HEOJHOPIAHICTh TOBEPXHI Marepialy 3a MEXaHIYHHUMH XapaKTEePUCTUKAMHU,
po3MipamMu Ta PO3MOJAUIOM MMOBHHHA BIJMOBIAATH ONTUMAIbHIA CXE€Mi1 KOHTAaKTHOL
B3a€MO/II1 By3Jla TEpTS 3a JaHUX YMOB €KCILTyaTallii.

2. JlokayibHI JUISHKA MIKPOCTPYKTYPH 3 TIJBHIICHUMH MEXaHIYHUMHU



161

XapaKTEPUCTUKAMU, SIKI MOTEHIIIHHO MOXYTh BUKOHYBaTH POJIb IUISIM KOHTAaKTY,
MarOTh MaTH BUCOKY MIITHICTh, TPIITUHOCTIWKICTD, B TOMY YHCIII ¥ IO MEXaxX TBEPIUX
¢da3 3 MaTpuIieo.

3. Jinsuku TBepaux (a3 MOBUHHI PO3TAIIOBYBATHCH B OTOYEHHI OUIBII
M’SIKOT OCHOBH, 3/IaTHOI BiAIrpaBaT 1 AeMIIPyr0dy poJib, 3a0€3MeUyr0Yr TPUBATUI

TEPMIiH CITy>KOH map TepTsl.

3.2. CTpYyKTYpOYyTBOPEHHSA Ta 3HOCOCTIiMKiCTb cTani 40X

3.2.1. CxynepoMeTpHy4Hi 10C/IiIzKeHHSI MOBEPXHi 3pa3kiB cTaJi 40X.

JUIsi  yTBOpEHHS B TIOKpAllyBaHHX CTalIIX TeTEPOTEHHOI CTPYKTypH
BUKOPUCTOBYBaM BcTaHoBIeHY B [299, 305] 0co06iMBICTh BIUIMBY TeMIepaTypu
rapTyBaHHs Ha pO3MIipHI apameTpu Ta MOp(OoJIOriyHi 0coOIMBOCTI MapTeHcUuTy. B
3B’SI3KY 3 IIUM JIOCIIJKEHHSI MpoBoAuian Ha craii 40X mpomMuCIOBOI BHUILIABKH,
XIMIYHUH CKJIaJT IKOT HaBeACHO B Ta0. 2.1, micis raptyBanHs Big 860, 1050, 1160 °C
1 BUcokoro Biamycky npu 600 °C.

[TinBumenns temneparypu rapTyBads 3 860 mo 1050 ta 1160 °C 3menmrye
TBepAicTh 3a bpinemnem Biamymenoi crami 40X Big 2636 no 2499 Tta 2457 Mlla
BIJIMOBITHO, IO MOSICHIOETHCS K 30UTBIICHHSM KUTBKOCTI 3QJIMIIIKOBOTO ayCTEHITY,
TaKk 1 YyKPYINHEHHSM  €JIEeMEHTIB  CTpPyKTypu. BogHouac  mpoBeneHHs
CKJIEPOMETPUYHUX JOCIIKEHb MPHU HABAHTAXKEHHI Ha 1HAEHTOp 20 T 3 KPOKOM
2...4 mxM mokazano (puc. 3.3, a, 0), mo micns rapryBanHsa Big 860 ta 1050 °C
CepeaHe 3HaYCHHsI MIKpPOTBEPAOCTI 3pa3kiB Heep HE 3MIHIOETHCS Ta 3aJIMIIAETHCA Ha
pini 6,8-10% H/mm?,

TapryBanns Bix 1160 °C 36inbmye snagenns Hee, 10 8000 H/Mm? (puc. 3.5, B)
[568]. [Ipu 11bOMy pO3KHA 3HAYCHH MIKPOTBEPAOCTI y BCIiX BHIAJKaX € MPUOIM3HO
OJIHAKOBHM, TIPO TIO CBIT4aTh OJM3bKI 3HAYCHHS CEPEIHHOKBAIPATUYHOTO
BIIXWJICHHS O, aJie 3pOCTaHHsS Temreparypu raptyBanHs 3 860, 1050 mo 1160 °C

3Mminnye inTepsan po3kuay 3 (3,3...13,2)-10° no (4,9...13,8)-10° H/mm?.
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Puc. 3.3. 3mina mikpotBepaocTi (Hozo) mpu ckiIepoMEeTpUUHUX TOCTIIKEHHSIX 3
HaBaHTaXeHHSM 20 T B310Bxk noapsmuan (L) Ha numidax cram 40X micns

raptyBanHs Big 860 (a), 1050 (6) 1 1160 °C (B).
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Puc. 3.3. IlpogosxeHHS.

Bucokuii Bignyck npu 600 °C 3HMKYe cepenHiii piBEHb MIKPOTBEPAOCTI
3arapToBaHuX CTaHiB (puc. 3.4), 10 MOB’SI3aHO i3 3HAYHUM MAMIHHSAM TyCTHHH
JUCJIOKAIlM 32 YMOB PO3BUTKY MOJITOHI3alli Ta KapOlJOyTBOpPEHHS. AJle cepeiHe
3HAYEHHA MIKPOTBEPAOCTI BIAMYIIEHUX 3pa3KiB 3 IMIJABUILICHHSIM TeMIepaTypu
rapryBaHHs Bij 860 10 1050 Ta 1160 °C 36insmryrotses B 1,26 Ta 1,70 pasis (3 2,3-10°
10 2,9-10° Ta 3,9-10° H/MM? Bianosigro). IIpu 1b0My iHTEpBAX iX PO3KUIY 3pOCTac
we y 6inpmii creneni 3 (1,5...3,5)-10° go (1,7...5,2)-10% Ta (2,1...6,1)-10° H/mMm?.
Kpim Toro, ananiz HaBeZIleHUX pe3yJIbTaTiB CBIAYUTH MPO TE, IO K B 3arapTOBAHUX,
TaKk 1 BIAMYIIEHUX 3pa3kax B3JOBXK TMOJPSMUHU CIOCTEPITalOTHCA JBa THUIU
MaKCUMYMiB MIKpPOTBEPAOCTI.

Jlo mepiIoro BiIHOCSTHCS HAWOIMAKY1 OJMH 70 OJHOTO, CEPEIHs BiJACTaHb 11
MDK SIKHMU TPAKTHYHO HE 3MIHIOETHCS 3QJIEKHO BiJ TEMIEpaTypH TapTyBaHHSA 1

3HAXOAMUTHCS B Mexkax 46,8...55,5 mxMm (puc. 3.4).
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Puc. 3.4. 3mina mikpotBepaocTi (Hozo) mpu ckiIepoMeTpUYHUX TOCTIKEHHSIX 3
HaBaHTaxxeHHsAM 20 r B310Bxk noapsanunau (L) Ha nuridax cram 40X micns

raptyBanHs Big 860 (a), 1050 (6) 1 1160 °C (8) Ta Bucokoro Biamycky mpu 600 °C.
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Puc. 3.4. IlpogorxeHHS.

Jlo npyroro — MakCUMyMHu 3 OUIbIIMM TiepiogoM Ta, SKWM 301IBIITYETHCS 3
122,1...147,6 no 240,0...250,0 Tta 489,2...611,4 MKM Ta 4YiTKiIlI€ BUSBISETHCS TPU

3pOCTaHHI TeMrepaTypu rapTyBanus (puc. 3.4, 3.5).

6001 —e— raprypanns o
| —O=—rapryBanHs + Biamyck 600 °C

500+ °

=400 -
F‘(\1

300+

200 T /
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rapt’

Puc. 3.5. 3anexHICTh 3MIHU CEpEHBOT BETUUMHU MEPIOANYHOCTI MAKCUMYMIB

MikpoTBeprocTi (Tacep) Bl TeMHepaTypu rapTyBaHHSI (twpr) 3paskiB crami 40X.
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Puc. 3.6. 3mina mikporBepaocTi (Hoiw) npu ckiiepoMeTpUuHUX TOCTIIKEHHAX 3
HaBaHTaxeHHSIM 10 r B3goBx noapsmuan (L) Ha mimidax cram 40X mics

raptyBaHHs Bijg 860 (a) Ta 1160 °C (0) 1 Bucokoro Biamycky mpu 600 °C (0).
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Puc. 3.7. 3mina mikpotBepaocTi (Hoso) mpu ckiiepoMeTpUudHUX TOCTIIKEHHSX 3
HaBaHTaxkeHHAM S0 r B310Bxk noapsanunau (L) Ha nuridax cram 40X micns
raptyBanHs Big 860 °C (a), a Takox raptyBanHs Big 1160 °C Ta BUCOKOTO BIAIYCKY

npu 600 °C (6).



168

BinMiueH1 3aKOHOMIPHOCTI 30€piraroThCsl K MpU 3MEHIIECHH! HAaBAHTAXXKCHHS
Ha iHAeHTOp A0 10 r (puc. 3.6), Tak 1 ¥Moro 30inbmeHH] 10 50 T (puc. 3.7) npu
30epexeHH1 3HaueHHs nepiony To. [Ipu HaBantaxkenH1 50 r nepion T 3anuInaeTbes
He3MiHHUM, a ipu 10 T — 3menmyeThes 10 28,0...30 MKM.

OTxe oTpuMaHi pe3yJbTaTH CBIIYaTh, IO NP MiABUILCHHI TeMIIEpaTypH
raptyBanHs ctaii 40X 3 860 no 1160 °C B ii cTpykTypi BiI0OYBarOThCS MPOIECH, SIKI
MPU3BOIATE JI0 MOCWJICHHS HEPIBHOMIPHOCTI PO3MOJIUTY BEIUYUHU MIKPOTBEPIOCTI

IIPU CKJIEPOMETPUYHHUX BUIPOOYBAHHSIX.

3.2.2. locaimzkeHHs MIKpOCTPYKTYpH cTaji 40X

JlocmipKeHHsT MIKPOCTPYKTYpU TMOKa3ald, 0 TapTyBaHHS Bl TEMIIEpaTypu
860 °C 3 ButpuMkor0 30 XB. MPUBOIUTH 0 YTBOpeHHS B cTaji 40X 3epeH ayCTeHITy
3 cepenHiM miametpom 22,1 MM (puc. 3.8) mpu cepenqHbOMY 3HA4YEHHI JiaMeTpiB
nakeTiB MapTeHcuty 8,9 MM (puc. 3.11, a) Ta cepemHbOMY pPO3MIpi MOMEPEYHOTO
nepepizy periok 0,37 mxm (puc. 3.11, 0).

[Ipu 3pocranHi Temmneparypu rapTyBanHs 10 1050°C B cTpykTypi
JOCITIIKYBaHOT CTaJli CIIOCTEPITalOThCs 3epHA, TiaMeTp SKUX 3MiHI€eThCs Bif 35,0 10
270,0 mxM, a cepeaniii giametp gopiBaioe 101,7 mxwm (puc. 3.9). Po3mip cepenHboro
JlaMeTpy MakeTiB MapTeHcuTy ckiagae 53,4 mxm (puc. 3.12, a), a momnepedyHoro
nepepizy peiok — 0,52 mxwm (puc. 3.12, 6).

I'apryBanng Big 1160 °C 3cyBae mpoMI>KOK BapitOBaHHS ayCTEHITHOT'O 3€pHA
10 85,0...540,0 mxm nipu cepeaabomy aiameTpi 239,2 MM (puc. 3.10). BigmoigHo
o 111,5 mxm 301IbIIUBCS ¥ CEpeHI iaMeTp nmakeTiB MmapTeHcuTy (puc. 3.13, a), a
nepepi3 oro peiok Maii>ke He 3MIHUBCS Ta ckiangae 0,53 Mkm (puc. 3.13, B).

Takum 9ymHOM, 13 3pOCTaHHSM PO3MIPY AYCTEHITHOTO 3€pHA 301IBIIYETHCS
PO3Mip MAKETIB MAPTEHCUTY, a PO3MIP PEHOK MAapTEHCUTY Mail>ke HE 3MIHIOETHCSI, III0

HiATBEPUKYETHCS HU3KOIO JOCIIKEHb IHIIMX aBTOpiB, 30Kkpema B [569, 570].
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Puc. 3.8. MikpocTpykTypa (a) Ta po3Mmoii JiaMeTpy 3¢peH ayCTeHITy 3a
po3Mmipamu (0) B ctami 40X micas raptyBanHs Bix remriepatypu 860 °C,

BUTPUMKA Ipu rapTyBaHH1 30 XB. (TpaBJeHHS MIKPUHOBOIO KUCIOTOIO).
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Puc. 3.9. MikpocTpykTypa (a) Ta po3MmoIii TiaMeTpy 3€peH ayCTeHITY 3a
po3mipamu (0) B craii 40X micis rapryBanHs Big Temrnepatypu 1050 °C,

BUTpHUMKA Mpu rapTyBaHHi 30 XB. (TpaBJIeHHS MIKPUHOBOIO KUCIIOTOIO).
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Puc. 3.10. MikpoctpykTypa (a) Ta po3MoALI JiaMeTpy 3epeH ayCTEHITY 3a
po3mipamu (6) B ctami 40X micis rapryBanHs Big TemnepaTtypu 1160 °C,

BUTPUMKA Ipu rapTyBaHHi 30 XB. (TpaBJeHHS MIKPUHOBOIO KUCIOTOIO).
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Puc. 3.11. Po3noain giameTpy makeTiB MapTEHCUTY (@) Ta MOTIEPEYHOTO
nepepizy perok MapTeHcuTy (0) 3a po3mipamu B ctaii 40X miciis rapTyBaHHS

Bix Temriepatypu 860 °C, BuTpumKa mpu rapTyBanHi 30 XB.



173

/\ Dcep = 53,4 MKM

c = 19,8 MKkm

\®)
[e)
1

—
W
1

Kiunekicts, %
[
o
1

5
0 A e B e NSRS A
20 40 60 80 100 120
D, Mkm
a
25
§ LCep =0,52 MKkM
20+ § o =0,35 MKkm
=15
¥
S
i 1/ N
g1 N
~ N\
7 N
N\
) SN N,

00 02 04 06 08 10 12 14 1,6 1.8
L, Mxm

0

Puc. 3.12. Po3nonin aiameTpy NakeTiB MapTEHCUTY (a) Ta MONEePEeYyHOro
nepepizy perok MapTeHcuTy (0) 3a po3mipamu B ctaii 40X micis rapTyBaHHS

Bi1 Temmepatypu 1050 °C, Burpumka npu raptryBanHi 30 xB.
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Puc. 3.13. Po3nonin aiameTpy nakeTiB MapTEHCUTY (a) Ta MONEePEeYHOro
nepepizy pernok MapTeHcuTy (0) 3a po3mipamu B ctaii 40X miciis rapTyBaHHS

Bi1 Temmepatypu 1160 °C, Burpumka npu raptryBanHi 30 xB.
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Puc. 3.14. MikpocTpyKTypa MakeTHOTro (a) Ta roa4actoro (6) MapTEHCUTY B

3araptoBaHiit Big 860 °C crami 40X.
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Puc. 3.15. MikpocTpykTypa makeTHoro (a) i roagactoro (0) MapTEHCUTY B

zaraptoBaniit Big 1050 °C crami 40X.



177

Puc. 3.16. Mikpoctpykrypa Biamymienoi npu 600 °C crani 40X micis

rapTyBaHHs Bij Temmepatyp 860 °C (a), 1050 °C (6), 1160 °C (B), BuUTpUMKA Mi]

raptyBaHHs 30 XB. (I0HHO-ILJIA3MOBE TPABJICHHS).
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Puc. 3.17. Mikpoctpykrypa ctani 40X micis rapryBanHs Bix 860 °C Ta BUCOKOTO

Biamycky npu 600 °C.
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Puc. 3.18. Mikpoctpykrypa ctam 40X micis rapryBanns Big 1050 °C (a, 0),
1160 °C (B) Ta Bucokoro Biamycky mpu 600 °C.,
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Puc. 3.19. Po3nonin aiametpy kap6iais (D) B crani 40X 3a po3mipamu
niciisg rapTyBaHHs Bij Temieparyp 860 (a), 1050 °C (6) 11160 °C (B) ta

Bianycky npu 600 °C, ButpuMka npu raptyBanHi 30 xB.
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Puc. 3.19. IIponoBxeHHSI.

TpaHcMmiciiiHl  €1eKTPOHHO-MIKPOCKOIIYHI JOCTI/DKEHHS TOKa3zalu, IO B
MIKPOCTPYKTYp1 3arapTOBaHUX B1J] pI3HUX TeMIiepaTyp 3pa3kiB ctam 40X npucyTHii
MapTEeHCUT JBOX THUMIB — MaKeTHUW 3 pEHKOBOIO OyJOBOIO Ta TOJYacTUH 3
MikpoBifiHukamu Beepeaudi (puc. 3.14, 3.15) [571]. LlinbHicTh auciokaliiii B 000X
a-dazax ckmagae 10 cm 2, Ilpu npoMy 3 IiJABUIIEHHAM TEMIIEPATYpH TapTyBaHHS
10 1050 Ta 1160 °C 3611b11yI0THCS pO3MIpHU Ta 00’ €MHA YaCTKa rOJTYaCTUX KPUCTAJIIB
(puc. 3.14, 3.15).

JlocmipkeHHsT MIKPOCTPYKTYPH BHSIBUJIM, IO TICIAST BHUCOKOTO BIAMYCKY
BCIMYMHA 3€pHAa cTami He 3MiHeThes (puc. 3.16). BoaHodac migBUIICHHS
TeMIrepaTypyu TapTyBaHHS CHpPUSE HE TUIBKU 30UIBIIEHHIO PO3MIPIB T0JIYACTUX
KpHUCTaJIIB MAPTEHCUTY, a i 3pOCTAaHHIO BEJIMYMHU KapOiJliB, sIKI BUAUISIIOTHCA B HUX
micnst mokpamieHHs. [Ipy oMy mpu BiAMYCKY MAKETHOTO MApTEHCHUTY BHIUICHHS
OUIBII JUCIIEPCHUX Ta PIBHOOCHUX KapOiJiB BiOYBA€ThCS, MEPEBAXKHO, HA MEXKax
petiok (puc. 3.17, a, B, puc. 3.18, a, B), a ro1gacToro — Ha MiKpOJABIMHUKOBHX MEKax
BCEpEMHI KPHUCTAJIIB MAapPTEHCUTYy, IO CHOpHUSE YTBOPEHHIO KapOimHoi (a3u
BU0BKeHOT popmu (puc. 3.17, 0, 3.18, 0). Cepeaniii siameTp KapOiiB 3arapToBaHOT

Big 860 °C Ta Biamymenoi crami 40X, ckmamae 0,049 mxm (puc. 3.19, a). Ilpu
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raptyBanHi Bif 1050 °C Ta Biamycky BinOyBaeThcs ioro 3poctanns 10 0,056 mxm
IIPY MOSIBI KPYMHUX KapOimiB po3mipoM Ommsbko 0,2 MM (puc. 3.19, 0). [Toganbiie
NiABUILIEHHS Temneparypu raptyBanss 10 1160 °C crnpusie 3poCTaHHIO CEpEeTHBOTO
niametpa kap6imiB g0 0,061 MKM Ta 30UIBIICHHIO KUIBKOCTI KPYMHHX KapOiiB

niamerpom 0,2 mxm (puc. 3.19, 0).

3.2.3. BiiuB mikpocTpykTrypn crajdi 40X Ha CcKIepoMeTpHYHi

JOCJIIKeHHS.

JIist  BCTaHOBIEHHSA  3B’S3Ky MK  3MIHOIO  MIKPOTBEPAOCTI  TIpH
CKJICPOMETPUYHHUX JOCIIDKEHHAX 3 XapaKTepoM MIKPOCTPYKTYpH BHUBYAIU
0COOJIMBOCTI 3MIHH HIMPUHU MOAPSATIUHYU MPHU MEPETHUHI TPAHUIIb 3€PEH Ta cy03epeH
Ha OAHO(DA3HIA CTPYKTYpl KPYMHOKPUCTAIIYHOTO apMKoO-3alli3a 3 CepeaHIM
niamerpoM 3epra 350,0 MmxMm nipu HaBaHTaxeHHI Ha iHAeHTOp 20 Ta 50 T (puc. 3.20).
B pesynbTaTi BUsIBIIEHA TMEBHA IUKIIYHICTH JAHOTO MPOLECY Ta BU3HAYEHO, IO
cepeHs BIJICTaHh MK MiHIMAJIbHUMHU 3HAUYCHHSAMU IIMPUHM TTOApsnuHU (puc. 3.21,
a), a BIAMOBITHO 1 MaKCHMaJbHUMHU 3HAYEHHSIMHU MIKpOTBepaocTi (puc. 3.21, 0)

ckianae 137,0 MKM Ta He 3a/Ie)KuUTh BiJ HaBaHTakeHHs [509].

Hanpsmox

IpsIaHHS

Puc. 3.20. Ioxpsmuua Ha nutii 3pa3ka apMKo-3aii3a Ipu HaBaHTAXKCHHI Ha

iHeHTop 20 T Ta 1 IPOXOHKEHHS Yyepe3 MIXK3epEeHHY MEXY (BKa3aHO JITEporo A).
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Puc. 3.21. 3mina mmupuHu noapsnuHu b (a), mikporBepocTi Hopo (0) Ha mumidi
3pa3ka apMKo-3aiiza. JIiTeporo A BKazaHO MiCIle TPOXOHKEHHS 1HACHTOpA uepes

MDK3EpPEHHY MEXKY, ToKa3aHy Ha puc. 3.19.
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3a JTOMOMOTOI0 ONTHYHOI MIKPOCKOIi BHSBIEHO, IO 3a3HAYCHI IMKOBI
3HAYCHHS BIJIOBIIAIOTH CEPE/IHIN BIACTaH1 MK MEKaMH 3€pPEeH Ta CYOCTPYKTYPHHUX
enemeHTiB. KokHe HaOmKeHHS 1HACHTOpa J0 MEXi 3epHa abo cyO3epHa
CYIIPOBODKYETHCSI 3MEHILIEHHSM IUPUHU TMOAPANUHU, a Tepexia depe3 Mexy — ii
soutbmeHHsM (puc. 3.20). Lleit mporec mpooBKYEThCS NMPUOIU3HO 10 CEpeAUHU
Tpacu MEPETUHY MOJAPSAIUHOIO 3epHa ab0 Cy03epHa, MiCIs YOTO CHOCTEPITaEThCS 1l
3MEHIIEHHS aX JI0 Mepexody 4epe3 HacTynmHy Mexy. OcoOIMBOCTI 3MIHU HMIMPUHU
HNOJIPSINMHY B MeEXax 3epHa abo cy03epHa MO BIJHOILEHHIO O CYCIAHIX 3€peH
3aMMIIAloThes 0€3 3MiH, XOo4da a0COJIIOTHI 3HAYEHHS MOXYTh BIApI3HATUCH. Lle
MOB’SI3aHO 3 OCOOJIMBOCTAMM KpucTajorpadiyHoi Opi€HTaIli eJIIeMEHTIB, fKi
GbopMYIOTh CTPYKTYPY BIJJHOCHO HAINpSAMKY 1HJACHTYBaHHS, III0 BU3HAYAE XapaKTep

TUTACTUYHOI Ta MPYXHOI Aedopmartii mpu BUnpoOyBaHHsX [572].

Taomuis 3.3
3aJIe)KHICTh CepeAHIX PO3MIPIB €JIEMEHTIB CTPYKTypH cTaii 40X Ta cepeaHbol
B1JICTaH1 MDDK MAKCHMyMaMH 3Ha4€Hb MIKPOTBEPAOCTI T2 B3AOBXK MOAPSITHHA

3aJIe)KHO B1J] TEMIIEPATYpH rapTyBaHHS

CepenHiil po3mip €JIeMEHTIB
frapes °C CTPYKTYPH ITICJISI TAPTYBAHHS*, MKM Ty, MM . ;1“(;,(1;45(’1\450) i
D3 Dn Lp
860 22,1 8,9 0,37 122,1...147,6 28,0 (46,8)
1050 101,7 53,4 0,52 240,0...250,0 28,0 (52,0)
1160 239,2 111,5 0,53 489,2...611,0 29,5 (55,5)

*Ds3 — cepenHiii JiaMeTp ayCTeHITHHUX 3epeH; D — cepenHiii iaMeTp makeTiB
MapTeHCUTIB; Lp — cepenuiii monepeyHuii mepepi3z peok MapTEHCHUTIB.

CmiBcTaBneHHs 3HaYeHHS niepioay T1 mpu HaBaHTaKeHHI Ha iHAeHTOp P = 10T
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3 mapamMeTpaMu CTPYKTypHUX eneMeHTiB crtami 40X (tabdn. 3.3) mokasye, 110
HaOmmxkaumMu 0 28,0...29,5 MKM 3HAUYE€HHS CIOCTEPIrarOThCs Yy CEPeaHbOTO
JiaMeTpa aycTeHITHUX 3epeH micias rapTyBanHs Big 860 °C (D3 = 22,1 mMkm).
OTtpumani 3HaueHHs1 D3 micast raptyBanns Big 1050 ta 1160 °C 101,7 ta 239,2 Mxm

BIJIMOBITHO MOYKHA BBa)KaTH KpaTHUMHM 1HTEpBady 28,0...29,5 MKM 3 Koe]illieHTOM

4 Ta §.

Puc. 3.22. ®parment mikpoctpyktypu 3araproBanoi Big 1050 °C crani 40X (a) Ta
cxema (0) mepeTuHy MoAPSANUHOIO (1) MeX ayCTEHITHUX 3€PEH Ta MaKeTiB

MapTEHCUTY (CYIIbHI Ta MYHKTUPHI JIHIT BiIOBITHO).
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AHami3  XapakTepy  MpOXO/UKCHHS  MOAPANHUHUA  Yepe3  EJIEeMEHTH
MIKpOCTPYKTYpH Ha mpukiaai 3araproBanoi Bim 1050 °C cram 40X (puc. 3.22)
nokazas [509], mjo, xoua mepepi3 ayCTEHITHOTO 3e€pHa MICTHTH B co01 Big 5 10 13
nepepiziB makeTiB MapTeHcuty (puc. 3.22, a), MOApSANHHA, HE3aICKHO BII 1l
HAnpsSMKYy, MOXKE MEpeTHYTH B cepeaHboMy Mexi 4 maketiB (puc. 3.22, 0). Lle
CHIBIAJa€ 3 KPATHICTIO BijHOIIEHHS D3, 3a3HaueHol0 BUIE, I TeMIEpaTypH
rapryBanss 1050 °C no nepiony Th.

Jlist 3paskiB crani 40X micis rapryBanss Big 1160 °C Benmnuuna Tq mana 6u
3pOCTH yABIYl. AJie MOXHa MNPUITYCTUTH, 10 BOHA HE 3MIHWJIACh 3a PaxyHOK
YTBOPEHHSI PO3BHHEHOI CyOCTPYKTYpPH MapTEHCUTY y BHIUIAII OnokiB [573, 574],
MEX1 SKHX, OYEBUIHO TAKOXX BIUIMBAIOTh HA 3HAYEHHS MIKPOTBEPAOCTI MpHU
CKJIEPOMETPUYHHUX BUIIPOOYBAHHSX.

Takum 4yuHOM, (aKTOpOM, SKWWA BHU3HAYAE€ LUKIIYHICT Ti1 3MiHH
MIKPOTBEPAOCTI pU HaBaHTaXeHH1 Ha 1HAeHTOp P = 10 1 3pa3kiB micist rapTyBaHHs
Bix 860 °C e mexi 3epeH, Bix 1050 °C — Mexi 3epeH Ta makeTiB MapTEHCUTY, a Bif
1160 °C — Mexi 3epeH, akeTiB Ta 0JIOKIiB MapTEHCUTY.

[Tpu 30inpmienni HaBaHTakeHHs 10 20 Ta 50 T CyTTE€BO 3pocTae IMHMpHUHA
HOJPSINUHYU, B 3B’SI3KY 3 UMM 3HAYHO 3pOCTAa€ IUIONIA, 32 SIKOK BHU3HAYAETHCS
ycepeqHEeHe 3HA4YeHHS MIKPOTBEPJIOCTI, IO 3MEHIIYE TOYHICTh METOAY s
BUSIBJICHHSI MEX TIAKETiB, OJIOKIB MAPTEHCUTY Ta MPU3BOJUTH JI0 3pOCTaHHS MEpioay
T1 10 46,8...55,5 Mkm. OTKe METOJT CKIIEPOMETPIi € UYYTIMBUM J0 BUCOKOKYTOBHUX Ta
CYOCTPYKTYpHUX MEX, a UMOBIPHICTh BUSIBJICHHS OCOOIMBOCTEH MIKPOCTPYKTYpPH

MOB’sI3aHAa 3 HABAHTAXKCHHSIM Ha 1HIACHTOP Ta KPOKOM BUMIPIOBAHHSI.

3.2.4. 3B’A30K CKJIEPOMETPUYHMX JOCTiKEHb 3 PO3NOAIJIOM BYIJIeHI0

Ta BHYTPIlIHIMHM HANIPYKEHHAMMU.

AHami3 MIKpOCTPYKTYpH TIOKa3aB, IO 3MiHA BEJIMYMHHU mepiofiB Ty 3
MiIBUIIEHHSAM TEMIIEpATypH TapTyBaHHS HE KOPEIIOE 3 KOJHUM 3 PO3MIPHHUX

napamMeTpiB CTPYKTypHHX (hopMyBaHb — aycTeHiTHUX 3epeH (Ds), makeriB (Dn) Ta
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peiiok Mmaptencury (Lp) (tadu. 3.3). [Ipu nbomy cepe/Hi giaMeTpu ayCTeHITHHX 3epeH
Ta MaKeTiB MAPTEHCUTY, OCOOJIMBO MICIIsl MAKCUMAIBHUX TEMIIEPATyp TapTyBaHH, €
YMOBHUMH, OCKUTIBKU TICTOTpaMu PO3MOILTY iX 32 pO3MipaMu JIEKAaTh B IIUPOKOMY
iHTepBani 3HaudeHb (puc. 3.8 — 3.13), a 3MiHAa KUIBKOCTI IaKeTiB B Iepepisi
ayCTEHITHOI'O 3€pHa OJTHOTO PO3Mipy MOke kosmmBaTucs Bif 1...3 mo 10...13.

Bimomo [575 — 577], 1m0 yTBOPEHHSI MAPTEHCUTY PI3HOTO CTPYKTYPHOTO THUITY
BU3HAUYAETHCS HAcamIepe]] TEMIEpaTyporo Woro (GopMmyBaHHs, sIKa 3aJIEKHUTH BiJ
CKJIaJly CIUIaBY, a TOJIYACTHI MapTEHCUT YTBOPIOETHCA, IEPEBAXKHO, PU TapTyBaHHI
BHCOKOBYTJICLIEBUX CTaneil. ToMy BHSBJICHE MIJBUIIEHHS Ta 3MiHA XapakTepy
[UKIIIYHOCTI 3HA4€Hb MIKPOTBEPAOCTI 3 mepiogoM T, 30UIbIIEHHS PO3KHUAY i
3HaYeHb MPHU 3POCTAaHHI TeMIepaTypu TapTyBaHHS, OUYEBHUIHO, TOB’S3aHE 13
3pOCTaHHSIM HEPIBHOMIPHOCTI PO3MOAULY BYIJELI0 Ta yTBOpeHHsSM B craii 40X
MIKpOOO’€MIB, W10 YEPrylOThCA, SKI 3a XIMIYHUM CKJIAJOM BIAMNOBIIAIOThH
BHCOKOBYTJICLIEBI a00 HU3BKOBYTJEUEBIM cTaji. 3a3Hau€Ha HEPIBHOMIPHICTh, 11O
HIJCUIIIOETHCS 31 30UIBIIEHHSM TEMIIEpaTypu TrapTyBaHHS, CIIPUSiE YTBOPEHHIO B
o0’emMax 3 MIJABUIIEHUM BMICTOM BYIJICIIO TOJIYACTOrO0 MapTEHCHUTY 13 3HAYHOIO
KUIBKICTIO MIKPOJIBIMHUKIB BCEPEIMHI, Ha SAKUX MICIS BUCOKOTO BIJIYCKY
BUJIIJISIFOTHCS KPYITHI KapOiJiu.

MakpockoniuHi JociiKkeHHs 3pa3kiB craini 40X mokaszanu, 110 MiABUIICHHS
temriepaTypu raptyBanHsa 10 1160 °C 30uiblrye WMOBIPHICTh MOSBU rapTyBaIbHUX
TPILIMH, $IKI PO3MOBCIOKYIOTHCS HE3aJEKHO BIJT MEXK €JIEMEHTIB CTPYKTYpH.
CmiBcTaBieHHS pe3yJbTaTiB  CKIEPOMETPUYHUX JOCTIDKEHb 3  IPOILIECaMH
TPIIMHOYTBOPEHHS JO3BOJIMJIO BCTAHOBUTH, 10 98 % TPIIIMH CHOCTEPIraloThCs B
00JacTsAX 3 MIHIMAJIBHUMHU 3HAYEHHSIMH MIKpOoTBepaocTi. lle Bkasye Ha 3B’S30K
0COOJIMBOCTEH PO3MOILTY BYTJICIIO 1 HOTO BIUIMBY Ha HAMPYKEHHUM CTaH CTalll Ta il
CTPYKTYPY, 110 (DOPMYIOTECS B PE3YJIbTATI TEPMIUHOT OOPOOKH.

[Ipu cTBOpeHH1 BUCOKOMIITHUX CTPYKTYp B pe3yibTaTi (Pa3oBUX MEPETBOPECHD
MapTEHCUTHOTO TUITy MOP()OJIOTis KpPUCTaiB, IO YTBOPIOIOTHCS, 3aJCKHUTh HE

TUIBKM BI1J] BMICTY BYIJICLIO Ta JIETYBaJbHUX €JIEMEHTIB, a i BIJl TeMIlepaTypu
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HarpiBaHHS TiJl TapTyBaHHS Ta IIBUAKOCTI OxoJo/xkeHHsS. Lle Bu3Hauae
pO3TalllyBaHHS JIETYBaJIBHUX €JIEMEHTIB B PEIIITII YTBOpeHUX (a3 1, BIATOBIIHO,
piBeHb HAMPYKEHb, KI BAHUKAIOTH SIK JI0, TaK 1 miciis neperBopenns [308].
[Ipupona MeTona cKiIIepoMeTpii HEOJTHOPA30BO OOTOBOPIOBAIACH B JIITEPATYPI
[578 — 580]. Boaxouac poJib BeIMUMHN BHYTPIIIHIX HAMIPY)KEHb HE OYJI0 BpaxoBaHO,
X04Ya iX BIUTMB HA PiBeHb MikpoTBepmocti 6e3cymHiBHO € [308, 581]. Tomy moxHa
MIPUITYCTUTH, 110 BEJIMYHWHA OMOpPY MaTepialy MPOHMKHEHHIO 1HJeHTopa (pn) Oyle

3aJIe)aTH Bl PIBHS HAIPYXKEHb Ta BiJl IXHOT'O 3HAKY, TOOTO

pH:(ipBH)-I_pP’ (31)

7ie Pp — HABaHTAKCHHSI HA 1HICHTOP.

OCKIJTbKH  HaNpy>KEHHS CTUCKY (+ppy) TMEPEIIKOKAIOTh MPOHUKHCHHIO
IHACHTOpA, TO 3MCHIIEHHS IMUPUHU TOJAPSANUHA B 3arapTOBaHHX MaTepiaiax
CBIYATh AK MPO 3pOCTAaHHS MIKPOTBEPAOCTI, TaK 1 PICT IUX HaNpyx eHb. BomHovac
HAMPYKEHHS PO3TATY (—Pgu) CYMPOBOIKYIOTHCS 30UIBIICHHSAM TMPUHH TOIPSITHHH
Ta 3HWKEHHAM MiKpoTBepaocTi. Ciia 3a3HayuTH, WO JJis 3arapTOBaHOrO CTaHy
BILUTUB Je(hOopMaliiitHOTrO 3MIIHEHHS 32 PaXyHOK 30UIbIIEHHS HIIJILHOCTI TUCIOKAIIIN
IpU 1HASHTYBaHHI € MIHIMaJbHUM, OCKUIBKM TyCTHHA IMCJIOKAIN y MapTEHCHUTI
cknanae 1o 102 cm2 [582].

Takum YMHOM, 3apeecTpoBaHI E€KCTPEMYMHU 3MIHM MIKPOTBEPIOCTI, fAKI B
2,5...3 pa3u BiJIpI3HAIOTHCS 3a BEJTUIMHOIO, TIOB’ 13aH1, 0YEBUIHO, HE TIJILKH 3 PI3HUM
BMICTOM BYTJICIIO B MapTEHCUTHUX KpHUCTalaX, a ¥ 3 BUHUKHCHHSAM HANpYyXKCHb
pi3HOTO PpIiBHS Ta 3HAaKy, IO BIAMOBIJAIOTH 3a O0OCOOJUBOCTI (PopMyBaHHS
MIKPOCTPYKTYPH, B TOMY YHCJII i IPU NOJATBIIOMY BIJIITYCKY.

CxeMa MOJIeTTbHUX YSBJIEHB PO B3a€EMOJII0 HANPYXKEHb 1 X B3a€MO3B’ 3Ky 3
pPO3MOMLIOM BYIJICIIO HaBeaeHa Ha puc. 3.23, ne 1 1 2 — 00’emu, B SKHX 3pOCTa€c
KOHLIEHTpAIlisl ByTJIEII0 B HAPSIMKY IXHIX [EHTPiB A1 1 Ao. BIIMOBIIHO 1O CydyacHHUX

ySBJIEHb MPO aTOMHY OyAOBY PEYOBMHHU B JESKOMY 00’€MI ayCTEHITY MpU yY—>a
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MapTEHCUTHOMY TEPETBOPEHHI BiAOYBalOThCS 3MIHM MI)KaTOMHHMX BiJICTAHEH, IO
CYNpOBOKYIOTbCs 3MiHOIO Tuny pemnitku Bin I'IHK go OLK mpu 3MeHieHH1 ii
napamerpa (a) 3 3,56 no 2,87 [583, 584]. Takuii ¢gazoBuii nepexia 3a JOMOMOTOIO
KOOTIEPAaTUBHUX TEPEMIIMICHb aTOMIB Ha BIJCTaHi, 1[0 MEHII 3a MDKAaTOMHI, MPHU
HE3MIHHIN X KIJTBKOCTI B PO3MVISIHYTHX 00’€Max CYMPOBOKYETHCS BIJAMOBIIHO J10
noJyio’keHb beiiHa 3MiHaM# ABOX TUIIB: 30UIbIICHHSM BiICTaHI M’k aTOMaMH KOMIPKH
B OJHUX HaIpsMKaxX Ha BEJIMYUHY + A MpH 3MEHIICHHI B iHIIMX Ha —3A [568, 575,
583]. Le BigmoBimae TpUPa30BOMY TPIOPUTETY HANPYKEHb CTUCKY Haj

HaIPY>KEHHSIMH PO3TATY.

T,

Al +pIBH
IIIIIII».‘IIIIIII

—P b

Puc. 3.23. Cxema ¢opMyBaHHsI MOJIiB HANIPY)KEHb MIPH peatizarii y—>ou
MepeTBOPEHHS B IBOX CYCIJIHIX oOmacTsax 112 3 neHtpamu A i Aa.

[TyHKTUPHUMU 1 CYIIUTBHUMU CTPUTKAMH TIO3HAYEHI BHYTPIIIHI HAMIPY>KEHHS CTHCKY

(+ Psn) TA PO3TATY (— Pyy) BIATOBIIHO.

Sk Oyno CKa3aHO BHIIE, YTBOPEHHS MapTEHCUTY PI3HOIO CTPYKTYPHOTO THITY
BHU3HAYAETHCS TEMIIEPATYPOIO HOTr0o (POpMyBaHHS, KA 3aJICKUTH Bl CKIAAy CILUIABY.

HasBHICTH MiKp0OO’€MIB 3 pi3HUM BMICTOM BYTJICHIO PO3IIUPIOE TEMIIEpaTypHUN
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1HTEepBaJ MOYATKY 1 KIHI MapTEeHCUTHOTO TiepeTBOpeHHs (M, — My). [Ipu rapryBanHi
B1J1 O1JIBIII BUCOKOT TEMIIEpaTypH Ha Meki obJiacTei 1 12 3 HU3bKUM BMICTOM BYTJICIIIO
YTBOPIOETHCS MaKeTHUH MapTeHcuT [576, 577]. B moganbmioMy B cepeauHi 00’ eMiB
1 1 2 BigOyBalTbCd MAapTEHCHTHI MEPETBOPEHHS 3 (POPMYBaHHAM TOIYACTOTO
MapTEHCHUTY, KOJM BHUHHMKAIOTh OUIBII BHYTPIIIHI HANpyXEHHs, HIK Mpu
NIEPETBOPEHHAX, IO 1M mepexyBaimu [575]. B akomonariii mux HampykeHb OepyTh
y4acTh CTPYKTypu Mex obnacteil 1 1 2, ne 10 HbOro 4acy Bxe cPopMyBaBcCs
MAaKeTHUM MapTEHCUT 3 BHUCOKOIO TYCTHHOIO JHMCIOKAIliii, PO3BUHYTOIO
CYOCTPYKTYpOIO Ta HEBHCOKOIO peliakcalliiHoro 3aaTHicTo [570].

3a3HadeHl SBUILA B YMOBax 30€peKEeHHS IIUTICHOCT1 MaTepially BUKIUKAIOTh Y
MIEBHUX HAIPSMKaX HAJJTUIIOK 1 HecTady 00’ €My Y3[IOBXK YSIBHUX MEXK PO3TIITHYTHX
oOnacTeil. Penakcartiis npy>kHUX CIIOTBOPEHb, MPOMOPIIIHHUX BiHOIIEHHIO DA/a, 1e
D — giamerp oOmsacti, peanizyeTbcsl B MekaxX KOXKHOI 001acTi yepe3 0COOJIUBOCTI
BHYTPIIIHBOI CTPYKTYpH 1 Mopoutorito yrBopenux (a3 [584]. [Ipu npomy B310BK
MEX JBOX OOJacTell MIKpOCTPYKTYpH B pa3l peaiizailii BCEpeArHl MPOTHIICKHO
CIPSIMOBaHUX TIPOIIECIB CTUCKYBAHHS Ta PO3TATYBaHHS, MOXXYTh BUHHKATH 3HAYHI
HaINpY)KeHHs. IXHs BelTMYMHA IPONOpPLIiiHA po3MipaM 3a3HaYeHUX obIacTel i, B pasi,
KOJIM PIBEHb HAMPY>KEHb PO3TATY JOCATAE 3a BEIMUUHOIO MOPOra TPIIUHOCTIMKOCTI
— CIOCTEPIraeThCsl (HOPMYBaHHS TPIILLIKH.

Lle moOpe y3romkyetbes 3 [585], me BkazaHo, 1110 YMM O1JIbIIE BYTJICIO B CTall,
TUM O1Ib1I1 00’ €MHI 3MIHU Ta CTPYKTYPHI HAMPYKEHHS, @ TAKOXK OlIbIle HeOe3NeKn
BUHUKHEHHSI rapTyBabHUX TpimuH. Takox 3 [308], ne moBoauThCs, MO pPiBEHb
3aJMIIKOBHX HAIMPYXKEHb 3arapTOBaHUX CEPEIHBOBYIJICIIEBUX CTaJeH BU3HAYAETHCS
CTEMHHIO TEPEePO3MNOILTy BYIJICII0. A TaKoX 3 pe3yiabTaramu podotu [586], ne
BIJIMIU€HO, 11O MiJIBUILIEHHS TeMIiepaTypu raptyBanHs ctaneit 40X ta 45 no 1100 °C
MPU3BOJUTH IO yIIUPEHHS (I3UYHOI HIMPUHHM peHTreHiBcbkoi JiHil (220), ska
XapakTepu3y€e 3arajbHE 3POCTAHHS BHYTPINMIHIX HAMNPYXEHb JIOCTIIKEHHUX

MaTtepiaiB.
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Takum ymHOM, 3MiHA MIKPOTBEPJOCTI 3arapToBaHUX 3pas3kiB ctam 40X
00yMOBJIEHa 0COOIMBOCTSIMHU PO3IOALTY BYTJICIIO, SIKW BIUIMBA€E HA PiBEHb Ta 3HAK
HaNpy>XCHb, 110 BHHUKAIOTH MPH MAapPTCHCUTHUX TMEPETBOPCHHSIX Ta BU3HAYAIOTh
0c0o0IMBOCTI CHOPMOBAHUX CTPYKTYP Ta PiBEHb 3aJUIIKOBUX HANpPYyKeHb. Bucokwuii
BIIMyCK 3HAYHO 3HIKYE 3arajJlbHUH pIBEHb CIOTBOPEHb MIKPOCTPYKTYpPH Ta
OpU3BOAUTH 110 (OpMyBaHHS HOBUX 1i €JIEMEHTIB Yy BHIJISAI TMOJITOHIB 1
CYIIPOBODKYETBCSI TMOSIBOIO KapOimHOI (a3u, po3MipH, TYCTHHA Ta XapakTep
pO3TallyBaHHs SIKOT BU3HAYA€E BEJIMUUHY OIOPY KX 3pa3KiB iHAeTyBaHHIO [571].

Omxe wmeron ckiepoMeTpii Moxe OyTH 3acTOCOBAaHHHN JJiIi OINIHKH SIK
BCJIMYMHHM, 3HAKY Ta PO3MIpPIB MOJIB 3aJUIIKOBUX HampyxeHb [510, 511], tak i ix

B32€MO3B’S3KY 3 XapaKTepPOM CTPYKTYpOyTBOpeHHs B ctaysix [509, 572].

3.2.5. 3B’A30K 3HOCOCTIKOCTI 3 0COOJUBOCTAMM MIiKPOCTPYKTYpH

crauai 40X.

BumnpoOyBaHHsI Ha 3HOLIYBaHHS IMPOBOIMINA 33 CXEMOIO «IHCK-KOJIOJKA» B
pekuMi CyXoro TepTsi KoB3aHHAM. [IIBHIKICTh KOB3aHHS 3pa3KiB MO KOHTPTLLY
V = 0,5 m/c, HaBaHTaxxeHHs Ha 3pa3ku P = 300 H, marepian koHTpTiIa — cTanb 45,
TBepaiCTh KOHTpTUIAa —42...44 HRC. Ilicns npumnpaiiroBaHHs 3pa3ku BUIIPOOOBYBAIN
npotsarom 10 roaun. PesynbTaTl ociikenb Ha 3HoITyBaHHs ctaii 40X HaBeneH] B
tabn. 3.4 ta Ha puc. 3.24. [ToxubOka BUMIpIOBAaHHS NpPH I[LOMY HE TIEPEBHUIIYBaJa
4...5%.

Or1riHKa 3HOCOCTIMKOCTI TIOKa3ye, 110 MiJBUIEHHS TeMIEepaTypyu rapTyBaHHs
10 1050 °C 3menirye Ha 19% IHTEHCUBHICTh 3HOLTYBAHHS SIK 3pa3KiB TOCIIKYBaHO1
cTaii, Tak 1 Ha 29% xoHTpTina. [loganbiie 3pocTaHHs TeMIepaTypu rapTyBaHHS 110
1160 °C He3HayHO 3MEHIIY€ 3HOCOCTINKICTD cTall 40X Ta He 3MIHIOE KOHTPTILIIA.

[Tpu BU3HaYeHHI KoedimieHTy TepTs BctaHoBieHO (tadu. 3.4, puc. 3.25), mo
raptyBaHHs Big 1050 °C 3menmye Ha 17% xoedimient tepts 3 0,199 no 0,164, a Bix
1160 °C nemo #toro 360unbmrye a0 0,169.

ToOTo, 3 TMIABMUILEHHAM TEMIEPATypy TrapTyBaHHS, HE3BaKaloyud Ha
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3MCHIIICHHS] TBEPAOCTI micis mokpamieHHs (auB. m. 3.2.1), 3HOCOCTIHWKICTh
JOCTiPKYBaHOT CTaji 3poCTae, IO CBIAYUTH TPO BIUIMB MIKPOCTPYKTYpH Ha
IHTCHCHBHICTh 3HOINIyBaHHSA. BoaHoYac 3MEHIICHHS MacoBOi 1HTEHCHBHOCTI

3HONIYBaHHS KOHTPTLIa, OYEBHUIHO, ITOB’SI3aHO 13 3MEHIICHHSIM KOE(DIilli€EHTY TEPTsL.

Taomug 3.4
3anexHICTh MacOBOI IHTEHCHBHOCTI 3HOIITYBaHHS 3pa3Kka Ta KOHTPTiIA |y, a Takoxk

koedirienrta tepts f Bin Temmeparypu rapryBanns ctaii 40X micis MOKpameHHs.

Temmnepatypa Im-10°° I/ I ingas™, %0 f
rapryBaHia t, °C | 3pa30x | koHTpTiNO| 3pasok | KOHTPTLNO
860 3,719 1,604 100,0 100,0 0,199
1050 3,012 1,139 81,0 71,0 0,164
1160 3,125 1,138 84,1 70,9 0,169

*[IpumiTtka: 32 Imges MTPUWHITO MacCOBY I1HTEHCHUBHICTH 3HOIIYBaHHS 3pa3ka,
3araptoBaHoro Bij 860 °C, Ta Horo KOHTpTLIA

4. M I_3paskiB L L KOHT‘pTiHa% f 0.4
3_
=
—F 27 —
e
B\ 7= —
860 1050

t, °C
Puc. 3.24. BruiuB TeMiiepatypu rapTyBaHHs HA MAaCOBY IHTEHCUBHICTb 3HOIIYBaHHS

(Im) 3paskiB nokparieHoi craii 40X Ta KOHTPTINIA, a Takoxk KoedimieHT Tepts ().
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Puc. 3.25. 3mina koedinienty Tepts (f) Ha nuisxy tepts (S) 3pa3kiB mokparieHol
cram 40X micis raprysanns Bix 860 °C (a), 1050 °C (6) ta 1160 °C (B) npwm

OJIHAKOBOMY KOHTPTLII.
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[Toni6uuii pe3ynbpraT oTpuMano B mparti [158] (puc. 1.30), ne makcumasnbHi
3HAYEHHS 3HOCOCTIMKOCTI Ma€ cTaib Y 8 micis rapryBanus Big 1100 °C.

KontakTHa  B3aemojis TpU  TEPTI  CYNPOBOKYETHCS  MPOLIECAMHU
nedopMyBaHHS, YTBOPEHHsSI 1 pyHHYBaHHS (PPUKIIMHHUX 3B’SI3KIB Ha JIOKAIBHUX
JUISTHKAX TMOBEPXHI — IJIIMax KOHTAKTY, CEPeHIN lIaMeTp SIKUX, K 3a3HAYEHO B II.
3.1.1, cknagae 6...30 mxm. ToMmy Bci JIOCHIIKEHI BHUILE €JIEMEHTH CTPYKTYpH
NOTPAIISIOTh B 30HY KOHTAakKTy, a iX MOBEAIHKAa NpPHU MPUKIAJAHHI 30BHIMIHIX
HABAHTAXKEHb B TiM YU 1HIIII CTENEH] BIUIMBAE HA OMip KOHTAKTHOMY PYHHYBaHHIO.

[To 3akiHUEHHIO MPOIIECY MPHUIPAIIOBAHHS B TOBEPXHEBOMY IIapi 3aBTOBIIKU
no 10 mxM, dopmMmyeThCcsi OpieHTOBaHa (pparMeHTOBaHa MIKpocTpykTypa. IIpouec
HOPMAJILHOTO TEPTS Ta 3HOIIYBaHHS 0€3 3aJMPOK 1 CXOIUICHHS BU3HAYAETHCS
YTBOPEHHSIM Ta 30€pEKEHHAM CTA0LIBHOI CTPYKTYPH B MEXaX IUISIM KOHTAaKTy, IO
3/1aTHA KBA3IPYKHO CIpUIMATH HaBaHTaKeHHs. CTaOlIbHICTh CTPYKTYPU B MEXKaxX
IJIsIM 0OyMOBJIEHA 1i CTIMKICTIO, a TaKOXX PIBHOBAror IIJIBEACHHS Ta BiJBEIACHHS
nedexTiB Ha rpanuii GparmenTis [554].

Ockuibku KapOiu € 0araTo4rceNbHUMH TEPEIIKOJaMU Ha MUISAXY PyXy
JUCIIOKAIIIH, YUM CIIPUSIOTH 3a0€3MEeUEHHI0 BUCOKOT MIIIHOCTI CTaJli, OCOOJIUBY POJIb
B MpOIECi MiABUIIEHHS 3HOCOCTIMKOCTI BiJirpae kapOigHa aza, 1l po3Mip Ta
MexaHiuHi BiactuBocti [141, 186, 587, 588]. Tomy uvac icHyBaHHS TUISIM B3a€MO/IiT
OyJle BU3HAYATHCS, 3 OJHOTO OOKYy, CTaOlIbHICTIO KapOi/iB BiAHOCHO IXHBOTO
po3najay Npu IIaCTUYHIN aedopmariii, a 3 1HIIOTO0 — po3MipamMu KapOidiB, BiI IKOTO
3aJIOKUTh TEPMiH iXHBOT cTablIbHOCTI TipH Aedopmartii [589 — 591].

Takum 4MHOM, 3pOCTar04a HEPIBHOMIPHICTh PO3NOJALTY ByTJeLto B ctaii 40X
3 MABUILIEHHAM Temneparypu raptyBanss 10 1050 °C cnpusie 30UTbLIEHHIO pO3MIpPiB
1 KITBKOCTI BUCOKOBYTJICIIEBUX KPUCTAIIB rOJIYACTOTO MAPTEHCUTY Ta BUAUICHHIO B
CepelMHI HHUX Ha MIKPOJABIMHUKOBUX MeEXaxX TPU BIAMYCKY OUIBII KPYIHUX

MOPIBHSHO 3 MAaKeTHUM MAapTEHCUTOM KapOiliB, CTAOUIBHUX A0 pO3Maay IpHu
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IacTU4HIN nedopmanii mig yac ¢pukiiitHoro koHTakty. [Ipu nbomy Ha moBepxHi
TEPTA YTBOPIOIOTHCS IIISHKH MIKPOCTPYKTYPH, sIKI MAlOTh IMIJABUINEHI MEXaHIYH1
XapaKTEPUCTUKHU, MOXKYTh BUKOHYBATH POJIb CTIMKHUX 10 pyHHYBaHHS IUIIM KOHTaKTy
Ta GopMyBaTH (PAKTUUHY ILIOINLY KOHTAKTY.

[lonanpiie 30i7bIIeHHS TemmepaTypu rapTyBanHa a0 1160 °C xoua i
MIPU3BOJIUTH 10 YTBOPEHHS 1€ OIBIITOT HEPIBHOMIPHOCTI PO3MOAUTY BYIJICITIO 3 IIIE
OUIBIIMMU KPUCTAJIAMH TOJYacTOr0 MAapTEHCUTY, ajle MpH IOMY 3HAYyHO
30UTbIIYEThCA  BIACTaHb MK MIKpooO’eMaMu Marepiaay 3 MOiABUIICHUMHU
MEXaHIYHUMH XapaKTepUCTHUKaMH Ta 3MEHILIYETHCS iX KUIBKICTh Ha MIOBEPXHI TEPTH,
10 3MEHUIY€ CTIUKICTh A0 3HOLIYBAaHHS MOPIBHSAHO 13 3pa3KaMu, 3arapTOBAHUMHU B1J
1050 °C. e nobpe y3romxyeThes 3 nociimkeHHsaMu [186], B IKUX CTBEpIKY€EThCA,
10 CEPEIHE 3HAYEHHS BUIBHOTO IPOMIKKY M1 TBEPIUMH BKIIOYEHHSIMU CTPYKTYPH
€ OUIBII BOXJIMBUM (DAaKTOPOM JIJIsi TPUOOJIOTIYHUX XapaKTEPUCTUK, HIK PO3MIP IIUX
BKJIFOUEHbD.

OT1xe, CTBOpEeHHs reTeporeHHoi 3a npunuunoM lapni-bouBapa cTpyktypu B
cram 40X, sxka OJM3bKA 10 ONTHUMAJIBHOI CXEMH KOHTAKTHOI B3a€MOJIi, € OJJHUM 3
BUpIIANBHUX (PAKTOPIB 3MEHUIEHHS! IHTEHCUBHOCT] 3HOLIYBaHHS SIK 3pa3KiB, TaK 1
KOHTPTLIA, a TaKoX KoediiieHTa Teptd. Lle miaBuiiye 3HOCOCTIMKICTh Tapu TEpTS B

1JIOMY.

3.3. CTpyKTypOyTBOpPEHHA Ta 3HOCOCTIMKicTb ctani 40XHM

3.3.1. CxiepoMeTpuyHi JOCJHiI:KeHH TOBepXHi 3pa3kiB  cradii

40XHM.

3 MEeTOI0 BUSBJICHHS BIUIMBY J0JIaTKOBOTO JieryBaHHs ctaii 40X Ha 31aTHICTh
710 (hOpMyBaHHS TETEPOTCHHOI CTPYKTYPH JOCHIKEHHS poBo A Ha ctam 40XHM
MIPOMHUCJIOBOI BUTUTABKH, XIMIYHHM CKJIaJ1 SIKOi HaBeICHO B Ta0J1. 2.1, micis rapTyBaHHs

Bix 860, 1050, 1160 °C Ta Bucokoro Biamycky npu 600 °C.
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Puc. 3.26. 3mina MikpotBepaocTi (Hoz0) npu ckaepoMeTpuYHUX JOCIIIKEHHSX 3
HaBaHTaxkeHHsAM 20 r B3n0Bx noapsinunu (L) Ha nutidax cram 40XHM micns

rapTyBanHs Big 860 (a), 1050 (6) 1 1160 °C (B).
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Puc. 3.26. IIponosxeHHs.

[TinBumenns temneparypu rapTyBads 3 860 mo 1050 ta 1160 °C 3menmrye
TBepaiCcTh 3a bpinemtem Biamymienoi ctaiai 40XHM 3 3799 no 3749 ta 3681 MIla 3a
ananorietro o craimi 40X. Ane 3arajdbHuUM pPiBEHb TBEPAOCTI € BHILUM, LIO
0OyMOBJICHO OUTBIIIMM BMICTOM JIETYBaJIbHUX €JIEMEHTIB.

CkiepoMeTpHUYHI JOCIKEHHS 3arapTOBAHUX 3pa3KiB IPU HaBaHTaKeHH1 20 T
3 kpokoMm 1,8...2,0 MKM mokasay, 1o nopiBHsAHO 13 crayuno 40X crans 40XHM mae
BMIILIi CEpEeHI 3HAYEHHS MIKPOTBEpAOCTi Ha piBHi (9,6...9,8)-10° H/Mmm? (puc. 3.26)
Npu Jianas3oHi ix 3MmiHU Big 5,4 10 18,6-10° H/Mm2. BonmHouac MIpU TapTyBaHHI BiJ
1160 °C MiKpOTBEpPIICTh € HAMHMKYOI. AHAJIOTIYHI PE3yNbTaTH OTPUMAIIU 1 MpHU
HaBaHTakeHHI 50 1 (puc. 3.27) KOJM MIKPOTBEPAICTh BAapIIOETHCS B MeE¥kKax
(5,3...12,7)-10° H/mMm? 3 cepennim 3HaueHHsM (8,3...8,5)-10° H/mMm?,

Bucokwuii BiAImyck HE 3MIHIOE XapaKTep PO3MOiTY MIKPOTBEPAOCTI, a JIUIIE

3HUXKYE 1i 3araJIbHUN PiBEHb.
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Puc. 3.27. 3mina mikpotBepaocti (Hoso) npu CKIepoMEeTpUYHUX JOCIIIKEHHSX 3
HaBaHTaXeHHSIM 50 T B3g0oBxX noApsmuan (L) Ha mumidax crtam 40XHM micns

raptyBanss Big 860 (a), 1050 (6) 1 1160 °C (B).
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Puc. 3.27. IlponoBxeHHs.

Cepenue ii 3Ha4eHHs mpu HaBaHTaxeHHi 20 T Bixnosinae (4,7...5,4)-10° H/mm?
(puc. 3.26), a mpu 50 r — (4,4...5,1)-10° H/mm? (puc. 3.27). Poskun cknamac
(2,5...8,8)-10° H/Mm? Ta (2,8...7,8)-10° H/Mm? BignosigHo. MiHiManbHi 3HAuEHHS
MIKpOTBEPJIOCTI, SIK 1 B 3arapTOBaHOMY CTaHi, MalOTh TMOKpAIEHI 3pa3Kd MiCIs
raptyBanHs Big 1160 °C.

Sx 1y Bunagky cram 40X, Ha ckpeurpamax craii 40XHM cnocrepiratotbes
JIBa TUIIM MAaKCUMyMIB MikpoTBepaocTi. CepeaHe 3HaueHHs nepiony Ti1 JeXUTh B
Mexax 53,0...73,0 Mkwm, 1o nepeBuiye Benuunny 11 B ctani 40X. Cepenns BiAcTaHb
MDK MaKCUMyMaMH 3 OUTHITUM TiepioioM T2 B 3arapTOBaHHUX 3pa3kax 13 3pOCTAHHSI
temriepatypu rapryBanns 3 860 g0 1050 Ta 1160 °C 361mbmryerses 3 187,0 1o 200,0
ta 220,0 MKM BIJMOBIJIHO MPU HaBaHTakeHH1 Ha iHAeHTOp 20 r Ta 3 187,0 10 191,0
ta 215,0 MKkM Tipu BUIIpOOYBaHHI i) HaBaHTaxeHHsM S50 T.

Binmyck cripusie HezHauHOMY 301bIIeHHI0 niepioay Tz 3 194,0 no 220,0 Ta
250,0 mxm Ta 3 200,0 1o 230,0 Ta 255,0 Mmxm npu HaBanTakenHi 20 (puc. 3.28) Ta
50 r (puc. 3.29) BiAMOBIIHO.
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Puc. 3.28. 3mina mikpotBepaocTi (Hozo) mpu CKIIEPOMETPUIHUX TOCTIIKEHHSIX 3

HaBaHTaXeHHsIM 20 T B370Bx noapsinuuu (L) Ha nutidax cram 40XHM micns

raptyBanss Bix 860 (a), 1050 (6) 1 1160 °C (B) Ta Bucokoro Biamycky mpu 600 °C.
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Puc. 3.29. 3mina mikpotBepaocTi (Hoso) mpu CKIIEPOMETPUIHUX TOCTIKEHHSX 3
HaBaHTaxeHHsM 50 r B310Bx noapsanuuu (L) va numidax cram 40XHM nicns

raptyBanss Bix 860 (a), 1050 (6) 1 1160 °C (B) Ta Bucokoro Biamycky mpu 600 °C.
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Puc. 3.29. IlponokeHHs!.
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Puc. 3.30. 3anexHicTh 3MiHU CEPEHBOI BEIMYMHU NIEPIOTUYHOCTI MAKCUMYMIB
MiKpoTBepAOCTI (Tacep) BiA TEMIIEpaTypu rapTyBaHHS (trapr) 3pa3kiB ctan 40XHM

IIpY 1HACHTYBaHHI I11]1 HABaHTaKEeHHSIM 20 T.

OTxe, Ha BiqMiHy Bija ctani 40X, MiABUILIEHHS TEMIIEpaTypy TapTyBaHHs CTalll
40XHM He Mae Takoro CHJIBHOIO BIUIMBY Ha pIBEHb Ta PO3KHU] 3HAYEHb
MIKPOTBEPAOCTI TMPHU CKIEPOMETPUYHUX BHUIPOOYBAHHAX, XO4a JAEIIO 30LIbIIye

BEJIMYMHY MEPIOTUIHOCTI MaKCUMYMIB MikpoTBepaocti T2 (puc. 3.30).

3.3.2. Jocaimxkenus MikpocTpyktypu craii 40XHM

[Tpu mocmimkenni ctpykrypu ctaini 40XHM BusiBieHo, 110 3arajibHUI BIUIUB
TEeMIIepaTypy TapTyBaHHS Ha PO3MIPHI XapaKTEPUCTUKU ayCTCHITHUX 3€PEH, MAKETIB
1 KpUCTAJIIB MAPTEHCUTY € aHaJOTT4HUM, siK it ctam 40X. [Tpu Bcix Temneparypax
rapTyBaHHS BHSBJICHO MAKETHUM Ta TOMYACTHI MApTEHCHUT, ajie PO3MIPH KPHUCTAIIB
OCTaHHBOT'O € MEHIIIMMHU, HIXK y cTam 40X.

[Ipu rapryBanHi Bia Temneparypu 860 °C 3 BUTPUMKOIO MPHU ayCTEHITH3aLli
30 xB. B crami 40XHM yTBOpMIMCH ayCTEHITHI 3€pHa 3 CEpPEAHIM J1aMETPOM
13,6 mkm (puc. 3.31) mpu cepeHbOMY 3HAYCHHI IiaMETPIB MAKETIB MapTCHCUTY

7,4 vMxm (puc. 3.34,a) Ta cepeAHLOMY PO3MIpl MOIMEPEUHOTO IMepepizy perok

0,38 mkwm (puc. 3.34, 6).
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Puc. 3.31. MikpocTpykTypa (a) Ta po3MOALI JiaMeTpy 3€pPeH ayCTEHITY 3a
po3mipamu (0) B ctami 40XHM micns rapryBanus Big temnepatypu 860 °C,

BUTPHUMKA Mpu rapTyBaHHi 30 XB. (TpaBJIeHHS NIKPUHOBOIO KHCIOTOIO).
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Puc. 3.32. MikpocTpykTypa (a) Ta po3MmoAiI JiaMeTpy 3epeH ayCTeHITY 3a
po3mipamu (6) B ctani 40XHM micns rapryBanHs Big remmeparypu 1050 °C,

BUTpPUMKa Mpu raptyBanHi 30 XB. (TpaBJIeHHS MKPUHOBOIO KUCIOTOIO).
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Puc. 3.33. MikpoctpykTypa (a) Ta po3Moail JiaMeTpy 3epeH ayCTEHITY 3a

po3mipamu (0) B cram 40XHM micns rapryBanss Bia temnepatypu 1160 °C,

BUTPHUMKA Mpu rapTyBaHHi 30 XB. (TpaBJIeHHS NIKPUHOBOIO KHCIOTOIO).
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Puc. 3.34. Po3noin giameTpy makeTiB MApTEHCUTY (@) Ta IOTIEPEYHOT0 Mepepizy
periok MapTeHcuTy (0) 3a po3mipamu B ctaii 40XHM micins rapTyBaHHS Bij

temrepatypu 860 °C, BuTpumka mpu raptyBanHi 30 XB.
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Puc. 3.35. Po3nonin giameTpy makeTiB MapTEHCUTY (@) Ta OTIEPEYHOTO Mepepizy
periok MapTeHcuTy (6) 3a po3mipamu B ctaii 40XHM micins rapTyBaHHS Bij

temrniepatypu 1050 °C, Butpumka npu rapryBansi 30 xB.
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Puc. 3.36. Po3nonin giameTpy makeTiB MapTEHCHUTY (@) Ta MOTIEPEYHOTO TIepepizy
periok mapteHcuTy (0) 3a po3mipamu B ctaii 40XHM micist rapTyBaHHS Bijl

temnepatypu 1160 °C, Burpumka npu rapryBansi 30 XxB.
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3pocranHs temnepatypu rapryBanHs 10 1050 °C npuBOauTh 10 YTBOPEHHS
ayCTEHITHUX 3€pEH, PO3MIpIB SAKUX 3MiHIOETbcs B Mexax 20,0...270,0 Mkm 3
cepentim aiametpom 97,4 MM (puc. 3.32). Cepeaniil AlaMeTp MaKkeTiB MapTEHCUTY
cknanae 47,6 MxM (puc. 3.35, a), a mupuHa peitok B Hbomy 0,46 MM (puc. 3.35, 0).

[Ticns rapryBanHst Big 1160 °C po3Mmip 3epHa ayCTEHITY pI3KO 3pOCTa€e Ta
cepenniit giametp carae 325,6 mxm (puc. 3.33). [Ipu nboMy 3’SIBISIOTHCSA ayCTEHITHI
3epHa po3mipom mnonan 800,0 mxm. BimmoBimao g0 135,8 MkMm 30imbIIyeThHCS
CepelHii JAiaMeTp MakeTiB MapteHcury (puc. 3.36, a), a mMpuHaA peloK B HUX — JI0
0,56 mxw™ (puc. 3.36, 0).

EnexTpoHHO-MIKPOCKOMIIYHI ~JIOCTIJKEHHS BUSIBUJIM B CTPYKTypl cCTajl
40XHM, He3anexxHO BIJ TEeMIEpaTypu TapTyBaHHs, PEHKOBHM Ta NaKEeTHUU
MapTEHCHT 3 IIIGHICTh PO3TAIlyBaHHS AMCIOKanii Omseko 10 em? (pue. 3.37,
3.38). Aue y mopiBHsHHI 31 cTainiio 40X po3Mip Ta MIBHICTE OKPEMHUX KPUCTATIIB OL-
(da3u 3 03HaKaMH MIKpPOJIBINHUKYBAaHHS BCEPEANH] € MEHILOIO.

3aranpHUN BIUIMB TEMIEpaTypu TapTyBaHHS Ha PO3MIPHI XapaKTEPUCTHKHU
ayCTEHITHMX 3€pPEH, MAaKEeTIB 1 KPUCTAJIIB MAPTEHCUTY € aHAJOTIYHUM, SIK JUIsl CTalll
40X — pu 301IBIIICHH] TEMIIEpaTypy rapTyBaHHS PO3MIPH €JIEMEHTIB 3pOCTAIOTh.

Bucokuit BiAlyck HE 3MIHIOE PO3MIP KOJHUIITHHOTO 3€pHA ayCTEHITY CTail
40XHM (puc. 3.39). IlixBuimenHs temmepaTypu raptyBaHHs 3 860 mo 1050 Ta
1160 °C cnpusie pocTy Ticas BUCOKOTO BIIIYCKY CEPEAHBOTO PO3Mipy KapOimHOi
da3u 3 0,019 o 0,042 ta 0,057 mxm Biamosiauo (puc. 3.40, 3.41) Ta 3pocraHHi
4acTKU KapOiaiB po3mipom moHas 0,10 Mxm.

Busuenns kap0inuux Bunuiens ctam 40XHM micns rapryBanns Bin 860 °C ta
BHUCOKOTO BIAMycKky mokazanu (puc. 3.40, a, puc. 3.41, a), mo cepenHiil po3Mip
kap61aiB ckiaangae 0,019 mxm. [Ipu boMy iXH1 po3Mipy 3HAYHO MEHII HIXK B CTal
40X, OCKIJIbKH JIETYBaHHS cTajei MoJi01eHOM 3a0e3Medye MiBUIICHY JUCTIEPCHICTD

Ta OLIBII OJJHOPIIHE BUALICHHS KapOigHOoi dasu [592].
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Puc. 3.37. Mikpoctpykrypa ctamn 40XHM micas rapryBanns Big 860 °C (a, 6) Ta
1050 °C (0).
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Puc. 3.38. Mikpoctpykrypa cran 40XHM micns rapryBanns Big 1160 °C.
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Puc. 3.39. Mikpoctpykrypu Biamymenoi npu 600 °C ctam 40XHM micns

raptyBaHHs Big Temneparyp 860 °C (a), 1050 °C (6) i 1160 °C (B), BuTprMKa mija

raptyBaHHs 30 xB. (10HHO-IIJITA3MOBE TPABJICHHS).
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Puc. 3.40. Mikpoctpykrypa cram 40XHM micns raptyBanns Big 860 °C (a),
1050 °C (6), 1160 °C (B) Ta Biamycky mpu 600 °C.
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Puc. 3.41. Po3noxin miametpy kap6iais (D) B cram 40XHM 3a po3mipamu micis
raptyBanHs Big Temmepatyp 860 (a), 1050 °C (6) 1 1160 °C (B) ta Biamycky mpu

600 °C, Butpumka npu raptyBansi 30 xB.
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Puc. 3.41. IlponoBskeHHSI.

IapryBannsa Bix 1050 °C Tta HACTYymHHMI BHCOKHH BIAMYCK 30UIBIIYE PO3MIP
KapO1JHUX BUALIECHD 3 TIOSIBOIO HEPIBHOMIPHOCTI B IXHBOMY PO3MOJLI1 32 pO3MipaMu
(puc. 3.40, 6, puc. 3.41, 6). Ane y nopiBHsHHI 31 cTayuo 40X mics aHATOTTYHOTO
PEXKUMY TEpMOOOPOOKH MaKCHMAaJIbHHM po3Mip KapOidiB Maiike BIBIYI MCHIIIHM.
[linBumenns Ttemneparypu raptyBanHsa g0 1160 °C cmpusie 3pocTaHHIO 110
0,057 MxM cepeHBOTO AlaMeTpy KapOiIiB Ta OUTBIIT OAHOPIAHOTO iIXHBEOTO PO3MOLTY
3a po3Mmipamu (puc. 3.40, B, puc. 3.41, B).

Takum yuHOM, B 000X JOCII/DKYBAaHHX CTajsAX BHUSIBIICHA 3aKOHOMIPHICTH
IIOJI0 3pOCTaHHS 13 30UIBLIEHHSI TEMIEpaTypu TapTyBaHHS CEPEIHbOrO JlaMeTpa
ayCTEHITHOTO 3€pHA, SKUW € BU3HAYAIBHUM JUIsI PO3MIPIB CTPYKTYp TapTyBaHHS
(makeTiB MapTEHCUTY, PEHOK TOIIIO).

[Ticns rapTyBaHHS B MIKPOCTPYKTYpi 000X cTajieid BHUSBICHO o-a3zy IBOX
MOPGOIOTIYHUX TUITIB Y BUTJISIII TOJTYACTOTO Ta MAKETHOTO MAapPTEHCUTY 3 BIJIMOBIIHO
MIKpPOJIBINHUKOBOIO Ta pelikoBoro OyaoBor0. [Ipu nbomy B ctam 40XHM KinbKicTsb 1
PO3MIp KpUCTaJIiB nepiioi (Ha3u € 3HAUYHO MEHIIIUMHU.

Posnoxain kapOifiB 3a po3MipaMu € OUTbII HEOJHOPIAHUM B ctaii 40X, mo
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MOKHA TMOSICHUTH MOPQOJIOTIYHUMH OCOOTUBOCTSIMH OyJOBH TOIYacToro Ta

IMaKCTHOT'O MapTCHCHUTY.

3.3.3. 3B’s130K eJIeMeHTAMHU

CKJIEPOMETPUYHUX  JAOCTIIKeHb 3

CTPYKTYPH Ta PO3NMOALIOM Byrieno B crajai 40XHM.

AHaJti3 MiIKpOCTPYKTYpH TT0Ka3as, 110 B ctaini 40XHM, sk 1 B cram 40X, nepion
T, He kopemoe 3 po3Mipamu aycTeHITHHX 3epeH (Ds), maketiB (Dp) Ta peiiok

mapteHcuty (Lp) (Tabm. 3.6).

Tabmuis 3.6
3aJIe’KHICTh CepeAHIX PO3MIPIB €eMEHTIB MiKpocTpyKkTypHu ctaii 40XHM Tta
CEpelIHbOI B1JICTaHI MI’)K MAKCUMyMaMU 3Ha4€Hb MIKPOTBEPAOCTI T2 B3JIOBK

MOAPANMHHM 3aJI€KHO BIJl TEMIIEPATYpPHU TapTyBaHHS

CepenHiil po3mip €J1eMEHTIB
o MIKPOCTPYKTYPH TICJs rapTyBaHHA™, MKM T2, MM
trapr, °C P =20 (50) T1, MKM
Ds Dn Lp

187,0...194,0

860 135 4 038 1 (187.0..200,0) | °2°
200,0...220,0

1050 97,4 47,6 0,44 (191.0...230.0) 73,0
220,0...250,0

1160 325,5 135,8 0,56 (215.0...255.0) 64,0

*Ds3 — cepenHiii JiaMeTp ayCTeHITHUX 3epeH; D — cepenHiii 1iaMeTp makeTiB
MapTeHCUTy; Lp — cepenHiii monepeunuii mepepiz periok MapTEHCUTY.

Tomy, sk 1 B ctam 40X, BUsBIEHE MIABUIICHHS 3HAa4YeHHS nepiony Tz mpu
30uTBIIeHH] Temmiepatypu rapryBaHHs ctaini 40XHM moB’s3aHe 13 3pocTarouoro
HEPIBHOMIPHICTIO PO3MOJLTY BYIJICIIO Ta PIBHEM BHYTPIIIHIX HANpyXeHb. Ale, Ha
BinMiHy Bif ctam 40X, mepiog T, Ta po3kuz 3HaUYE€Hb MIKPOTBEPIOCTI B CTai
40XHM 3MIHIOEThCSI HE B TaKii 3HAYHIA CTEMEHi, M0 MATBEPKYETHCS MEHIITUM

BIJIMBOM TEMIEpPAaTypu TapTyBaHHS Ha PICT KUIBKOCTI Ta PO3MIPY TOIYACTHX
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KPHUCTAaJIIB MAPTCHCUTY .

OT1xe, OTHUM 3 BU3HAYAIBHUX (PaKTOPIB B PO3IMO/ILII Ta BEIUYMHI HAIIPY>KCHb,
0 BHUHHUKAIOTh B JIOCHDKYBaHHUX CTalIX, € ByIJelb. PicT TemmnepaTypu
ayCTEHITH3allli CIpUsie€ YTBOPEHHIO 00JacTei 3 HOro MmiJBUIICHOI0 KOHIICHTPAIIIETO,
0 MPU3BOAMUTH /IO 3POCTAaHHS BHYTPIIIHIX HANpPYXEHb MiJ Yac MapTEHCUTHUX
HIEPETBOPEHB aX 10 MOPOTY TPIIMHOYTBOpeHH: [568].

Po3Mipu aycTeHITHUX 3epeH, MAPTEHCUTHUX MAKETIB Ta OKPEMHUX KPUCTAIB HE
CHPaBJISAIOTh BUPIIIAIBHOTO BIUIMBY Ha PO3MOJLN BYIJIELIO, a JIMIIE TOM SKIIYIOTh
HaANpY>KeHHI CTaH, 1[0 BAHUKAE TIPU TapTyBaHHI1, 3aBASKH pellakcalliiHuM Mpoliecam,
K1 1HTEHCU(]IKYIOTbCS 13 30UIBIICHHSAM MPOTSHKHOCTI MEX TpH TOJpIOHEHH]
€JIEMEHTIB MIKPOCTPYKTYPH.

HonatkoBe neryBanHs cTtam 40X HikegeM Ta MOJIOAEHOM CTPUMYE
301IbIIEHHS 00JIaCTE CKyMUEHHs BYIJICLIO Ta 3pOCTaHHS B HUX HOr0 KOHLIEHTpAIlii
3 MiJBUIICHHIM TeMIIepaTypH rapTyBaHHs. L{e CynpoBOIKy€EThCS 3HMKEHHSIM PiBHS
BHYTPIIIIHIX HANPYKEHb IM1]1 4Yac rapTyBaHHS Ta 3pOCTaHHAM cTikikocTi ctam 40XHM
JI0 YTBOPEHHS TapTyBaJlbHUX TPINMH TOpiBHSHO 31 cramwmno 40X, 1o

niaTBepukyeThes [308, 593].

3.3.4. 3B’A30K 3HOCOCTIHKOCTI 3 XapaKTepoM MiKPOCTPYKTYPH 3pa3KiB

crauai 40XHM.

BunpoOyBaHHs Ha 3HONIYBaHHS MPOBOAMIM 3a YMOB, AaHAJIOTIYHUX [0
BunpoOyBanus ctami 40X (muB. m. 3.2.5). Anami3 pesynbraTiB BKasye (tadu. 3.7,
puc. 3.42, puc. 3.43) Ha Buly 3HOcoCTiHKicTh cTasli 40XHM MOpiBHSHO 3 CTALIIO
40X, 10 KOpeIto€e 3 TBEPAICTIO 3pa3kiB. [liABUIICHHS TeMmepaTypu TapTyBaHHS J0
1050 °C, sk 1 ays crani 40X, miaBuiye omip 3HouryBanHio ctaini 40XHM nume Ha
5,7% Ta B He3HauHiW cTemeHi 3MmeHmrye koedimient tepts 3 0,154 mo 0,150.
[Tonanbiie 3poctanHs Temneparypu raptyBanss 1o 1160 °C, Ha BiAMIHY BiJ cTasl
40X, 3011bI1Yy€ IHTEeHCUBHICTH 3HOITYBaHHA cTaini 40XHM maitxe Ha 15% Ta Ha 8,5%

B1JIHOCHO 3pa3KiB, 3arapTOBaHUX BiJl CTaHIaPTHOI TEMIIEPATYPH, a TAKOK KOe(IIE€HT



tepTs g0 0,156.

JIns BCTAHOBJIGHHS TPUYMH BHSBJIEHOI 3aJIEKHOCTI 3HOCOCTIMKOCTI BiJl

TeMIIEpaTypHUX YMOB rapTyBaHHsI POBOAWIM MOPIBHAILHUN aHasi3 kapoiaHoi da3u

000X cTajeil.

Tadomurs 3.7

3anexHICTh MaCOBOI IHTEHCUBHOCTI 3HOIITYBaHHS I, a TakoXk KoediiienTta

tepts f Bix Temneparypu rapryBanns cram 40XHM micist mokpanieHHs.

Jewneparyra 1 ol % :
860 2,599 100,0 0,154
1050 2,451 94,3 0,150
1160 2,821 108,5 0,156

*[IpumiTKa: 3a Im6a3 MIPUMHSITO MacCOBY IHTCHCHBHICTb SHOIIYBAHHA 3pa3Ka
b
3arapToBaHOI'O Bi,[[ 860 °C

I 3paskis
f

10,2

10,3

0,1

0,0

Puc. 3.42. BruiuB TeMiiepaTypu rapTyBaHHSI HA MacOBY IHTEHCHUBHICTb 3HOIITYBaHHS

(Im) 3pa3kiB nokparienoi cram 40XHM Ta koedimienT tepts (f).
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Puc. 3.43. 3mina koedirienty tepts (f) Ha nuaxy Tepts (S) 3pa3kiB MoKparieHol
ctam 40XHM micns rapryBanns Bix 860 °C (a), 1050 °C (6) ta 1160 °C (B) npu

OJIHAKOBOMY KOHTPTLJII.
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3.3.5. BnuiuB mopdoutorii kap6iaHoi ¢pa3u Ha 3HOcoCTIlKicTB cTasai 40X

Ta 40XHM.

JlocmimkeHHs po3MmoAiLTy KapOiIiB MoKa3ao, 1o mciis raptyBanHs Big 860 °C
Ta BIJIIYCKY B CTPYKTypl 000X CTajedl CIOCTEepIraroThCs MPUOIU3HO OJIHAKOBA
KUTBKICTh PIBHOOCHUX KapOidiB, pIBHOMIPHO PO3TAIIOBAHUX B CTPYKTYpi. [Ipn mpomy
cepennit miametp kap0OinaiB B ctaini 40XHM wmaibke y 2,5 pa3u MEHIIUN HIXK B CTajl
40X (puc. 3.44).

Buninennsa kap06iaiB BiA0YBa€eThCs, IEPEBAXKHO, HA MEXKaX KOMIPOK NAaKETHOTO
MapTEHCUTY, YTBOPEHUX IPHU BIAMYCKY, Ta MeXaX KOJHUIIHIX KPUCTaIIB rOJ4acTOro
MapTEHCUTY, MIMpUHA SKAX HE3HAYHO TEPEBHUIINYE TOMEPEUHUN Tepepi3 perok
MapTeHCUTY. MIKpOCTpYKTypa Ta MOBEPXHA KOHTAaKTHOI B3aeMonii craieit 40X ta
40XHM mnpu cra"mapTHid TepMiuHiii oOpoOIll 3a eJeMEHTaMu CTPYKTypH Ta
MEXaHIYHUMU XapaKTEPUCTUKAMH € CTATUCTUIHO OJTHOPITHOIO.

[Ipn migBumeHHi temneparypu rapryBaHHs 10 1050 °C B ctpykTypi 000X
cTaJiel pa30M 3 TaKeTHUM MapTeHCUTOM YTBOPIOIOTHCS BEJIMKI KPUCTAIH TOTYACTOTO
MapTEHCUTY 3 MIKpPOJBIMHUKAMH B CEPENIMHI, MOMEPEUHUN TMepepi3 SAKUX CYTTEBO
NEepPEeBUILY€E UPUHY PEHOK MAapTEHCUTY 1HIIOI Mopdouorii. Ilpu Biamycky Takoi
CTPYKTYpH Ha MeXaX KOJMIIHIX PEHOK MakeTHOro MapTEHCHUTY, K 1 y BUIAAKY
rapryBanHa Big 860 °C, BHAUIAIOTBCS PIBHOOCHI KapOiau. Ajie Mpu 3pOCTaHHI
TEMIIepaTypyd ayCTEHITH3aIlli 13 30UIBIICHHSM IIHUPUHU PEHOK BiIOYBAETHCSA
YKPYIHEHHSI KOMIPOK MIKPOCTPYKTYPH BIAMYCKY Ta 3MEHIIEHHS MPOTSHKHOCTI
cyOcTpyKkTypHUX MexX. Lle mpu3BOAUTH 1O YKPYIHEHHS PO3MIPIB Ta 3MEHILECHHS
KUIBKOCT1 KapOiqHUX BKIIOYEHB (puc. 3.44), X04a AUISTHOK CTPYKTYpPH, BUTLHUX BiJ
KapOiIHUX BUJILJICHB, B JAHOMY BUIIQAKY HE criocTepiraeThes [568].

[Ipu BiAmycKy Trog4acToro MapTEHCHUTY KapOiJOYTBOPEHHS MPOXOAWTHh B
CepellMHI KpPUCTaJIIB Ha MIKPOJBIMHUKOBUX MEKaxX, YTBOPIOIOUM 3HAUHI CKYIMYEHHS
KpYIHUX KapOiiB BUIOBXKEHOI (hOPMH, PO3MIp Ta MiCLE BUAUICHHS SKUX BU3HAYA€E

iX TMABUIIIEHY CTIMKICTh A0 JUCOINAI] IPH IIACTUYHIN Aedopmalrii.
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Mikpo6’emu MaTepialy 3 Takow MOPQOJIOTIEI0 OyIOBH XapaKTEPU3YIOTHCS
HAsBHICTIO BHYTPIMIHIX MIKPOCIIOTBOPEHb, IO BOJOJIIOTH BHUIIUMH BIJIHOCHO
OTOYYIOUOi  MIKPOCTPYKTYpU  MEXaHIYHUMHM  XapaKTepUCTUKAMH, 30Kpema
MIKpOTBEPICTIO, Ta CTIHKICTIO IO pyWHYBaHHS MPU TEPTI.

Tomy noBepXHs KOHTAKTHOI B3a€EMO/I1i TP MOKPAIICHH] MICJIsl rapTyBaHHS Bij
1050 °C € HeoAHOPIAHOIO SIK 32 CTPYKTYPOIO, TaK 1 32 MEXaHIYHUMH BIACTHBOCTSIMHU.
BpaxoByrouu, 10 B MEHII JIETOBAHOMY TBEPJOMY PO3YMHI KPUCTAIH TOT4ACTOTO
MapTEHCHUTY Ta KapOigHa (asza € OLIpIUME 3a po3MipamMu Ta KUTBKICTIO (puc. 3.44),
reTepOTreHHICTh MOBEpXHI TepTs crajii 40X micis 3a3Ha4€HOi TEPMIYHOI 0OPOOKH €
Habarato penbedHimow, HiXKX y cram  40XHM, wmo niaTBepaxKyeThCs
CKJICPOMETPUIHUMH HociipkeHHsaMu (puc. 3.4, 6 Ta 3.28, 6). Lle Bu3Hayae BiTuyTHY
PI3HUINIO TPUPOCTY 3HOCOCTIMKOCTI 3pa3KiB IUX CTajeil BIAHOCHO OOpOOJIeHUX 3a
CTaHJapTHOIO TexHosoriero Ha 19,0 Ta 5,7% BiamOBIIHO.

[lomanpiie migBUIIeHHS TemmepaTypu TapTyBanHa a0 1160 °C 3menmnye
CTIKICTh 10 3HouryBaHHA crtaned 40X Tta 40XHM mnopiBHSHO 31 3pa3kamu,
3araproBanumu Bij 1050 °C, Ha 3% ta Ha 15% BiANOBIAHO, 110 TAKOX BU3HAYAETHCS
ocoOymmBicTIO MOpdoorii kapoiaHoi a3u. ['apTyBaHHS Bl HAMBUIIOI TEMIEpaTypH
YKPYITHIOE CYOCTPYKTYpY 000X ctasnieil. Ha rpaHuIsgx BeIMKIX KOMIPOK BUIUISIOTHCS
KapOiJId BEJIMKOIO PO3MIpy, a iXHS KUIBKICTh 3MEHIIYETHCS 3a PaXyHOK MPOLECY
koaryssiii. Ciin 3a3Ha4uTH, 1o a7 ctam 40X 1eit nporec BiI0yBa€eThCsl B MEHIITH
crerieHi, Hix st ctam 40XHM (puc. 3.44).

B crani 40XHM po3mip 30H KapOIAHUX CKyMUeHb Mailke He 3MIHIOEThCS, Ta
3’SBIIIOTHCS 30HM, BUTHHI Bif KapOimiB. lle BimoOpaxkaeThcsi Ha CKpeurpaMmax
3MEHILIEHHSIM 3arajJibHOr0 PIBHS MIKPOTBEPAOCTI Ta MOSIBOIO 00’€MIB MaTepiany 3
MiKkpoTBepaicTio, MeHmow 3a 3,0 -10° H/mm? (puc. 3.28), sxa OGamspka 10
MaKCUMAaJIbHUX 3HAY€Hb MIKPOTBEPJOCTI (PEPUTY MPU TOMY CaMOMY HaBaHTaKEHHI
Ha iHAeHTOop (puc. 3.21, 6). HacmigkoM 11bOT0 € 3HMKEHHS 3HOCOCTINKOCTI HaBITh 11O

BIJTHOIIICHHIO 710 3pa3KiB, 3araproBanux Bia 860 °C [568].
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Ha Bingminy Bix ctam 40XHM, B cram 40X npu rapryBanHi Big 1160 °C
pPO3IOJII BYTJIEIIO cTae Ie Oiabin HeomHopigHuM (puc. 3.4, B). lle cnpusie
MOJIaJIBIIIOMY 3POCTAHHIO PO3MIPIB TOTYACTUX KPHUCTANIB Ta 00’€MiB MaTepiany 3
NIJBUIIEHUMHA MEXaHIYHUMHU XapakTtepuctukamu. I[lpu 1mpomy Maibke BIBIUl
30UTBIITY€ETHCS BiZICTAaHh MDK JaHUMHU JUISTHKAMH, IO BIAMOBITHO 3MEHIIYE iX
KUIbKICTh (Ta0:1. 3.3, 3HaueHHs T2) Ta Biagalise OAepyKaHUM TUIT CTPYKTYPH MTOBEPXHI
TEPTS Bl ONTUMAJIBHOI CXEMH KOHTaKTHOI B3aemMo/1ii [568]. BinbHuxX Big KapOiiB 30H
3HaYHO MeHIe, HiK y crami 40XHM, ane iX HasBHICTh 3MEHIIYE MIIHICTb
MIKpOoO’eMiB MaTepiaiy, siki 3a npunuunom [llapmi-bouBapa B gaHOMY BHUTAIKY
BUKOHYIOTb POJIb «M’SIKOi OCHOBHW». Y TBOPEHHS TaKO1 MIKPOCTPYKTYpPH 3MEHIIYE 1i
3HOCOCTIHKICTb, IO CITIBIAAAE 3 TBEPKEHHAM panb [594 — 596]. Ciix 3a3HaunTH,
0 32 pPaxyHOK TE€TePOTeHHOCTI C(POPMOBAHOI MIKPOCTPYKTYpH BOHA BCE OJIHO
3AJIMIIAETHCS OUIBII CTIMKOIO JO 3HOLIYBAHHSA, HIXK MICHS CTaHAAPTHOI TEPMIYHOI
00poOkw (Tabi. 3.4).

Mlogo 3MiHM KOE(IIIEHTY TEPTS MNpPU 3MiHI TEMIIEpaTypud TapTyBaHHS
HEOOX1JTHO 3a3HAYUTH, 1110 y 3araJiIbHOMYy BUMAJKY KOE(ILIEHT TEPTS 3aJEKUTh BiJ
BEIIUKOI KITBKOCTI (haKkTOpiB (HAMpyKeHO-Ae(hOPMOBAHOTO CTaHy (PHUKIIIITHOTO
KOHTAKTy, MEXaHIYHUX 1 (PI3UKO-XIMIYHUX BJIACTUBOCTEM IMOBEPXHEBOrO IIapy
KOHTaKTYIOUHUX TUI, HAaBKOJHWITHHOTO CEPEIOBUINA, B TOMY YHCII MAaCTHIHLHOTO
MaTtepiany, KOHCTPYKTUBHHUX OCOOJMBOCTEH CIHPSIKEHHS, PEKUMY POOOTH By3Ja
TEPTs TOUIO0) 1 BA3HAYAETHCS B OCHOBHOMY B3a€MO/IIEI0 TOBEPXHEBUX I11APIB TBEPAUX
T1J1, SIK1 3/115TH1 B TPUOOJIOTTYHOMY KOHTAKTI.

B3aemonist TBepAMX TIJ B MPOILIECI TEPTS PO3BUBAETHCS B MIKPOOO’ €Max, 1110
YTBOPIOIOTBCS B 30HI JOTHKY IuX Tia. Bignosimuo mo [3] B MicHsSX IOTHKY
BUHUKAIOTh (PPUKITIIHI 3B’ SI3KH, 110 YTBOPIOIOTH JICSIKE «TPETE TLIO», SIKE BKIIOYAE B
cebe 3MiHeHU MaTepiand 000X KOHTAaKTYHUHUX T, 110 HAJUIEHUH CBOIM XIMIYHUM
CKJIQJIOM, HAIIPYKEHUM CTAaHOM 1 CTPYKTYpOIO, a CHIIy TePTS MOKHA PO3TIISAATH K
CyMy aaresiitHoi Ta nedopmariiiinoi ckiranoBux. BpaxoByroun Om3bKi 32 3HAYCHHS

MEXaHIYHI XapaKTepUCTUKH JOCHDKYBAaHMX CTajell MICis pi3HUX PEKUMIB
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TepMiuHOI OOpOOKM 3MiHa Mopdosorii kapOiaHoi (a3u, OYEBHAHO, 3MIHIOE
MOP(}OJIOTII0 «TPETHOTO Tida», M0 B CBOIO YEPry 3 MiJABUIICHHAM TeMIIEpaTypu
raptyBaHHs 10 1050 °C 3meHIrye aaresiiiHy ckiaioBy Koe(imieHTy TepTsi.

Takum uymHOM, MOpdoJIoTis PO3MOALTY, MiICIle BUJUICHHS, KUIbKICTh Ta
MEXaHIuHl BJIAcCTUBOCTI KapOigHOi (a3 € OJHUMH 3 OCHOBHHX (DaKTOpiB, fKI
BIUIMBAIOTh HA MIIHICTh 1 OIIp CIUIABIB JO PYHHYBaHHS MpU 3HOIIYBaHHI, IO
HiATBEPUKYETHCS poOOTaMu OaraThbox aBTOpiB, 30kpema [141, 195, 597 — 605], a

TaKOX Ha TPUOOJIOTI4HI XapaKTEPUCTUKU MApH TEPTS B LIIIOMY.

BucHoBKM

1. Meron ckiepomeTpii depe3 OCOOIMBOCTI HAKOMUYEHHS Ta perakcarlii
nedeKkTiB B €IEeMEHTaX CTPYKTYPH, a TaKOXX 3aBISKH PO3IMOALTY BYTJEIIO, II0
BUSIBJSIETHCSL Y BUIJISII IUKIIYHOTO XapakTepy 3MIHU MIKPOTBEPIOCTi, 3AaTHHM
BUSIBJSITH PO3MIPH IMX EJIEMEHTIB 32 YMOB IIEBHOTO HABAHTAKCHHS Ta KPOKY
BuMiptoBaHHsa. KpiM Toro, meit Meron Moke OyTH 3aCTOCOBAaHUM JJis OIIHKH
BEJIMYMHH, 3HAKY Ta PO3MIPIB MOJIB 3aJUIIKOBUX HAIpPY>KEHb, sIKI (JOPMYIOTHCS B
CTPYKTypax 3arapTOBaHUX CTaJCi.

2. OpHuM 3 BU3HAYAIBHUX (DAKTOPIB B PO3MOLT Ta BEJIMYMHI TapTYBAIbLHUX
HaIpy>KeHb, 1[0 BHHUKAIOTh B TIOKPAIIYBAaHUX CTAJSIX, € BYTJIEIh. PicT TemmepaTypu
ayCTEeHITU3Allll CIIpUs€ YTBOPEHHIO 00acTel 3 HOTo MiJBUIIEHOK KOHIIEHTPALII€IO,
10 TPU3BOJUTH JI0 3POCTAHHS BHYTPIIIHIX HAIMpPY>KEHb 1] 4ac MapTEHCUTHOTO
MIEPETBOPEHHS Ta € MPUYUHAMH TPIIITUHOYTBOPEHb.

3. Po3mipu enemMeHTIB CTPYKTYpH, TaKUX SIK ayCTEHITHI 3epHa, MApTEHCUTHI
MaKeTH Ta OKpeMi HOro KpHUCTajld HE MalOTh BHUPIMIAIBLHOTO BIUIMBY Ha PO3MOJILI
BYIJICLIO TIpU 3MiHI TeMIeparypu TapTyBaHHA, a TaKOX 3HOCOCTIUKICTh
CEpEIHbOBYTIICIIEBUX HU3bKOJIETOBAHUX CTAJICH.

4. OpgHuM 3 e(EeKTUBHMX METOJIB MIABULIEHHS OIMOpPY 3HOIIYBAaHHS
KOHCTPYKIIIWHUX CTaJIE € CTBOPEHHS HEOTHOPIIHOI 3a OYJOBOIO Ta MEXaHIYHUMU

XapaKTEPUCTHKAMU TTOBEPXHI TEPTsI, KA MOBUHHA BI/MOBIIaTA ONTUMAJIbHIN CXeMi
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KOHTAKTHOI B3a€MOJIi 3a JaHUX YMOB €KCIUTyaTalli pyxoMoro chpsbkeHHs. [lpu
[IbOMY JIOKQJIbHI JUITHKH MIKPOCTPYKTYPH 3 IJABUIIEHOI MIITHICTIO MalOTh OyTH
CTIMKUMU JI0 TUIACTUYHOT Aedopmalili mpu KOHTAKTHOMY PyWHYBaHHI.

5. IlipBumenHs temmepatypu raptyBanHs a0 1050 °C mpusBoauTh 10
301IbIIEHHSI HEPIBHOMIPHOCTI po3nouty Byriemto B cramix 40X ta 40XHM, mo
CYNPOBO/IKYETHCSI TOSIBOIO  BEJIMKMX KPUCTANIB TOJIYACTOrO MAapTEHCHUTY 3
MIKpOJIBINHUKAaMU BcepearHi. B pes3ynbTaTi BiAMycKy BiOYBa€eThCs BUIIJICHHS Ha
MIKPOJBIMHUKOBUX MEXaX KpYINHUX KapOiAiB 3 YTBOPEHHSM MIKpOOO €MIB 3
I1JIBUIIICHOIO MIITHICTIO Ta CTIMKICTIO 10 PO3BUTKY ITPOIIECIB IJIACTUYHOI Aedopmartii
IIPU TEPTI.

6. HaOmmkeHHs po3MipiB Ta PO3MOALTY TaKMX MIKPOOO’€MIB 32 TTOBEPXHEIO
KOHTAKTHOI B3a€MO/IIi J0 BUMOT ONTHUMAaIbHOT CXeMH B3a€MO/Iii 3MEHIITY€ KOe(]IIlieHT
TEPTA Ta MIJBUILYE 3HOCOCTIMKICTh HE JIUIIE OKPEMOro €JIEeMEHTa mapu TepTs, a U
CIPSDKEHOTO 3 HUM, 10 3HUKY€E IHTEHCUBHICThH 3HOIIIYBAHHIO By3J1a TEPTA B IIJIOMY.
[le cBimuUMTH TMPO HASBHICTH CYTTEBOTO  «IOTEHINATY» MIKPOCTPYKTYPHU
CepeIHBOBYTIICIIEBUX HU3bKOJETOBAHUX CTaJCH AJIs MOKPAIICHHS eKCIUTyaTalliiiHuX
XapaKTEPUCTHK PYXOMHUX CIIPSIKEHb.

7. JleryBanusa ctram 40XHM Hikenem 1 MoiOJIeHOM rajabMye YTBOPEHHS Ta
YKPYITHEHHSI 00JIacTeil 3 MiJBUILECHOI KOHIICHTPAIIEI0 BYTJEHIO 13 3POCTaHHSIM
TEeMIIepaTypy ayCTEHITH3AIlll, 10 BU3HAYAE 3HAYHO MEHIIUN MOPIBHAHO 31 CTAILIIO
40X npupict 3H0cocTiiikocTi ctam 40XHM 3 pocToM TemnepaTypu rapTyBaHHS.

8. Tlomampmie 3pocTanHs TemmepaTypu TrapryBaHHsS 10 1160 °C xoua i
dbopMye HEOTHOPITHY 332 MEXAaHIYHUMH XaPAKTEPUCTUKAMH MIKPOCTPYKTYpY, aje
BiJiasie TUN OyJOBH MOBEPXHI TEPTS BiJ BUMOT, SKI BUCYBAIOThCS JIO OpraHizarlii
3HOCOCTIMKUX CTPYKTYp, 3a3HaueHux B 1. 3.1.2, 110 3HUXKYE OIMip 3HOUTYBAHHIO

JOCITIKYBaHUX CTaJICH.
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PO34IN 4. BMJIUB XAPAKTEPY CTPYKTYPOYTBOPEHHSA HA
3HOCOCTIUKICTb CTANEN B NIUTOMY CTAHI

JIuBapue BuUpoOHUNTBO B XXI CTOMITTI MPOJOBKYE 3AIMIIATHCS OCHOBHOIO
3aroTiBeNbHOI  0a3010  Traimy3edl  BaXKOTO Ta  CEpPEeaHBOTO  MAIIMHO- 1
BepcTaroOyayBaHHA. JIUTTSAM BHUTOTOBIISAIOTH BUPOOM CKIIAIHOI KOHpIryparii Bif
JIEKITbKOX TpaMiB /10 COTEHb TOH, Kl BaXKKO a00 HEMOXXJIMBO OTPUMATH 1HIIUMHU
BugamMu 00poOku. [Ipu 11boMy BapTicTh JIUTOT eTali B OUIBIIOCTI BUMAAKIB HIDKYE
BapTOCT1 aHAJIOTIYHOI JI€Tali, BUTOTOBJIEHOI IHIMUMU TEXHOJOTTYHUMH IPOIIECaMU
[606].

HoBiTHI TeXHOJIOTii JUTTS MalOTh 3HAYHY MepeBary MOPIBHSIHO 3 1HIIMMHU
METOJIJaMU OTPUMAHHS €JEMEHTIB KOHCTPYKIINA 3aBISKH MOKIMBOCTI PEryiIrOBaTH
BJIACTUBOCTI METAITy Ta MPOLIEC KpUCTaNi3allii 3 METOr (POPMYBaHHS K y BHYTPIIIHIX
o0’eMax, Tak 1 B MOBEPXHEBUX IIapax MEBHOI MIKPOCTPYKTYpPHU Ui IiJIBUILCHHS
MEXaHIYHUX, TEXHOJIOTIYHUX Ta CIIY’KOOBHX XapaKTEPUCTUK CIUIABIB Y BWJIMBKAX
[606]. Ha maHuii 9ac OCBOEHO TEXHOJOTIUHI MPOIECH BHCOKOSKICHOTO Ta
BHUCOKOTOYHOTI'O JIMTTS BIAMOBIAAIBHUX JI€TAJIeH, [0 IPALIOI0Th, 30KpEMa, B yMOBax
KOHTaKTHOI B3aemo/li. L{e O10ku 1 royioBKM OJOKIB HUIIHAPIB, MOPILIHI 1 MOPIIHEB]
KUIBIISI, JIOMAaTi ra30BUX TypOiH, poOodl Kojeca 1 HampapisAioyl HACOCIB, BAJIKU
MPOKAaTHUX CTaHIB, KOPITYCHI JE€Talll METaNOPI3aIbHUX BEPCTaTiB, KOJIHYACTI BaJIH,
MaTOYMHU KOJIIC TPAHCIOPTHUX 3acO0IB TOIIO, SKI B 0OaraTh0X BHUIAJKaX
BUKOPHUCTOBYIOTbCSI B JINTOMY CTaHI Ta HE€ MPOXOJATh J0JAaTKOBOI TEPMIUHOI
00poOku. Tomy 3 pocToM MOTpeO y JIUBAPHUX KOHCTPYKLIMHUX MaTepianax, OKpim
BUCOKHX (DI3MKO-MEXaHIYHUX Ta TEXHOJOTIYHUX XapaKTEPUCTHK, IO ITUX CILUIABIB
Ipea’ ABJISIOTHCS OCOOTMBI BUMOTH IO/I0 €KCIUTyaTaIlliHAX BIACTUBOCTEH, 30KpeMa
3HOCOCTIHKOCTI.

Sk Bxke Oyno 3a3Hau€HO, MPUYMHOIO BUXOAY 3 JIaAy OUIBIIOCTI MAallMH Ta
MEXaHi3MiB € 3HOIIYBaHHS MOBEPXOHb JETallell PyXOMHX CHpsiKeHb. [[oHOBIEHHS

iXHBOT TpaNe3aTHOCTI MOJSATAaE, MEPEBAKHO, Y PEMOHTI 3HOIICHUX EJIEMEHTIB
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KOHCTPYKIIA a0 MIIIXOM TMOBHOI 3aMiHH, a00 TPOBENEHHS KOMILIEKCY
BIIHOBIIOBAIbHUX poOIT. OaHUM 3 HaWOUIbIl €(PEeKTUBHUX, CEKOHOMIYHUX Ta
PO3MOBCIO/IKEHUX METO/IB BIJHOBJICHHS 3HOIICHUX J€Tajedl MiJl HOMIHAJIbHUMN
po3mip, 3a0e3meueHHs iX I[UTICHOCTI Ta MPOTHIII 3HOCY POOOYUX TMOBEPXOHBH €
HAIUIaBJICHHS, NPU SKOMY Ha poOOYMX MOBEPXHAX (POPMYETHCS JIUTA CTPYKTYpa
[607].

B cBiTOBIMf mpakTUilli HAKOMHYEHO 3HAYHUN JOCBIA 3 BHUKOPUCTAHHS
3aJ1130BYTJICIICBHX CILIABIB B JIMTOMY CTaHI sIK 3HOCOCTIHKUX MaTepianis [608 — 610].
AJte, HE3BaXKalOUM Ha YUCJIEHHI JOCIIPKEHHS B IIbOMY Hamnpsmi, 0arato npoosiem 3
BUOOpY, OTpPUMaHHS Ta MPAKTUYHOTO BUKOPUCTAHHS KOHCTPYKIINHHUX JIMBapHUX
CIUIABIB 3aJIMIIAIOTECS HeBupimeHumu [611 — 615]. B miteparypi 3ycTpivaroThes
po0OOTH, B SIKMX BIA3HAYEHO POJb MIKPOCTPYKTYpU Y (POpPMYBaHHI 3HOCOCTIMKHX
CTaHIB JIMTHX MatepiaiiB, 30kpeMa [258 —262, 537, 538, 541]. Haxanp, mnwuie
HE3HAYHa YaCTHHA aBTOPIB aHAJI3YE 3aJI€KHICTh OMOPY 3HOLIYBAHHIO BIJl PO3MIPHHUX
napaMeTpiB MIKPOCTPYKTYpH, IO BKa3y€ Ha aKTyallbHICTh IPOBEACHHS JOCTIIKEHb

y TaHOMY Hampsimi.

4.1. BigHOBMEHHA KONICHUX nap 3ani3HWYHUX BaroHiB MeToaoM

HanmaBJieHHA.

HamnaBnenHss — ue HalOUIbII NPOCTHHM, OOCTYNMHHUWA 1 JI€MIEBUN CIOCIO
BIIHOBJICHHSI JIETaJICH 1 BY3JIIB, SIKE TMOJISITA€ B HAHECEHHI Ha JEeTallb 3a JIOMIOMOIOI0
3BapIOBaHHS IUIABJICHHSIM HEOOXIJHOI KUIBKOCTI Marepiamxy, M0 Mae TOTpiOHI
BJIACTHBOCTI Ta XapakTepHCTHUKH. Moro 3acTocyBaHHs 3a0e3edye eKOHOMIIO MeTaa,
MOKpally€e TMOKa3HUKU poOOTH OOJagHAHHS Ta MAIIWH, CKOPOYyE iX PEMOHTHI
MPOCTO1, O3BOJISE 3HU3UTH MOTPeOy B 3allaCHUX YACTHHAX, & TAKOXX 3MCHIIUTHU
co0OiBapTicTh peMOHTY [616].

OpHoIO 3 HAWOLIBII METAJOMICTKOIO Tally3310 OUIBIIOCTI PO3BUHYTHX KpaiH

CBITY € 3aJI3HMYHUNA TPAaHCHOPT. AHAJI3 Cy4aCHOTO CTaHy Ta TEHJEHIIISl PO3BUTKY
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BKa3ye Ha Te, 10 HE3BAXKAIOYH Ha MOT0 cTabiibHy poOOTY, ICHYE HU3KA CEPHO3HUX
npo0yieM, TIOB’sS3aHHMX, 30KpPEMa, 3 BHCOKHM CTYIEHEM 3HOIIYBaHHS OCHOBHHX
3aco06iB. X BupillleHHs TIPU MPOrHO30BAHOMY 3POCTAHHI MONUTY HA HEPEBE3CHHS Ta
BUMOT 10 O€3MeKHU eKCILTyaTallii moTpedye BETUKUX BUTPAT HA MMOTOYHE YTPUMAHHS
Ta peMoHT [617, 618].

3a ocTaHHI JIBa JECATHIIITTSA YMOBH €KCILTyaTallii pyXoMOTro CKJIaay 3ali3HHII
cTaqu OLIbII KOPCTKUMH, aje HaWOUIbII TONIKOMKYBAaHHUM BY3JIOM BaroHiB
BUSBUIMCH KoyicHi mapu [619]. Ix pemonT B GimbmiocTi BHNAAKIB HOJATae y
BiTHOBJICHHI Tpodimo moBepxHi kouyeHHs [620, 621]. Ha manuii wac mmpoko
PO3MOBCIOIKYETHCA €(hEKTHUBHA TEXHOJIOTIS IOHOBJIEHHS T€OMETPUYHUX MTapaMETPiB
3HOIIICHUX TOBEPXOHb HAIUJIABJIICHHSIM 3 HACTYMHOI MEXaHI4YHOK 0O0poOKolo, 110
3HUKYE Yy 3,5 pa3u TeMIl 00TOuyBaHHSI 000/11B BATOHHUX KOJIIC Ta 32 PaXyHOK I[bOTO
Ha 50 — 60% 1moI0BKy€e TEPMiH eKCIUTyaTallil KoJaicHux map [622].

YMOBH MPOBEACHHS I[HOTO TEXHOJOTIYHOTO MPOLIECY CYTTEBO BIUIMBAIOTH Ha
CTPYKTYpYy HaruiaBjeHoro mapy [623, 624], 3okpema Ha (HOpMyBaHHS TMEPBUHHHUX
KPHUCTANITIB, 1X IUCIEPCHICTh, HIUIBHICTH Ta Mopdoorito [625]. Ile, oueBuaHO,
MO3HAYAETHCS HA EKCIUTyaTal[iiHUX BIACTHUBOCTAX JETalel MIicis MPOBEICHHS

PEMOHTHO-BIIHOBIIFOBAJIbHUX POOIT Ta BUMAarae OiIbII ACTaTbHOTO BUBUCHHS.

4.1.1. MocaixxeHHs] MiKPOCTPYKTYPH Ta MIiKpPOTBepAOCTi MeTOA0M
APSANAHHSA  BaroHHOro  KoJjeca WiCJdd  aBTOMATHYHOIO

HaIUIABJIEHHS i ¢uirocom.

3 METOI BCTAaHOBJIEHHS 3B’SI3KYy MDK CTPYKTYpOIO Ta MEXaHIYHUMU
XapaKTepUCTHUKAaMU BAaroHHOTO KoOJieca, BIJHOBJIEHOTO METOJIOM HAaIUIaBJICHHS,
JOCITIJKEHHST TIPOBOJMIIM Ha 3pa3Kax, BUPI3aHUX 13 CYIUIBHOKATAHOTO KoJieca
BAaHTKHOTO BaroHy (puc. 4.1) micis eleKTpoayroBOTr0 HAIUIABICHHS i (IFOCOM.

XiMIYHMM CKJIaJl BATOHHOTO KOJieca HaBeCHO B TabI. 2.3, a eeKTpoy — B Ta0. 2.4.



230

Puc. 4.1. Ilepepi3 o0oaa CyliIbHOKaTaHOTO BArOHHOTO KOJIeca.

1 — Mmicie Bupi3y 3pa3kiB I IPOBEACHHS JOCITIKCHb

[lepepi3 rpeOHs miCis HATUTABJICHHS CXEeMaTUIHO TIPECTaBICHO Ha puC. 4.2, B
SAKOMY MO’KHA BUJIUIMTU IT’ATh 30H: 1 — HaIjIaBiIeHU# map; 2 — CIUIABJICHHS JBOX
HaIJIaBJICHUX 1IapiB; 3 — CIUIABJIIEHHS OCHOBHOT'O Ta HAILJIABJIEHOTO MeTaiy; 4 — 30Ha
TEPMIYHOTO BIUIMBY; 5 — OCHOBHUM MeTal.

Busnauennsi tBepmocti 3a metojoM bpiHemns mokazano (tabmn. 4.3), mio
TBEP/IICTh OCHOBHOTO MeTaly ckiaaae 2610 MIIa ta Buiiie TBep10CTI HAILJIABJICHOTO,
0 OOyMOBJICHO MEHIIIMM BMICTOM BYTJICIIO B €JNEKTPOl, KM HaIJIaBJISEThCS.
TBepAiCTh 30H HaIJIABJICHOTO IIApy Ta CIUIABJIEHHS JABOX HAIUIABJICHHMX IIapiB
BIJIPI3HSIETHCS HE CYTTEBO Ta A0piBHIOE 2440 1 2360 MIla BignoBigHo. MakcumanbHy
TBepaicTh 2910 MIla mae 30Ha criylaBIeHHS OCHOBHOTO Ta HAIUIABJIICHOTO METAIy, a
TBEPICTh 30HU TEPMIUYHOTO CIUIMBY ckiagae 2710 MIla, mo 6Ju3bK0 cepeHbOro

3HAYEHHS MK 30HOIO CIIJIABJICHHS T4 OCHOBHUM METAJIOM.
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Puc. 4.2. [lepepi3 rpeOHs CyLITFHOKATAHOTO BArOHHOTO KOJIeCa MICIIs HAIUTaBIICHHS.
1 — HamaBnieHui map, 2 — 30Ha CIUIABJIEHHS JABOX HaIUIaBJICHHUX LIAPiB,
3 — 30Ha CIUIABJIEHHS! OCHOBHOT'O Ta HAIUIaBJIEHOTO METaly,

4 — 30Ha TEPMIYHOIO BIUIUBY, 5 — OCHOBHHI METaJl.

Tabmuis 4.3.
BumiproBanHs TBep0CTI 32 MeTO10M bpiHess
30H rpeOHsI BArOHHOIO KoJieca MICisl HaIlJIaBJICHHS
Howmep 30nu (puc. 4.2)
1 2 3 4 5

TBepaicts, MlIla 2440 2360 2910 2710 2610

OckiTbKM HaWOUIBIIMKA 1HTEpEC MPEACTaBisIa CTPYKTypa HaILUIABJICHOTO
MeTaly, TO CKJICPOMETPHYHI JOCII/PKEHHS MPOBOAWIM Ha 30Hax 1 1 2 [626].
Otpumani ckpeurpamMu NMpu HaBaHTaxeHHI Ha iHAeHTOp 100 T 3 KpokoM 1 MKM
nokazaiau (puc. 4.3), o cepenHi 3HAYCHHS MIKPOTBEPIOCTI 3a3HAYEHUX 30H, fAK 1
TBEPJIOCTI, BIAPIZHAIOTHCS HECYTTEBO Ta ckimanarTs 19235 ta 1853,6 Mlla
BIIMOBIAHO. BoiHOYAaC MakCcUMalibHI Ta MiHIMaJIbHI 3HaY€HHSI MIKPOTBEPIOCTI 30HU

1 pi3HATBHCS Maiike BABIYl Ta cki1anarTh 1440 Ta 2780 MIla BinmosigHo (puc. 4.3, a).
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Puc. 4.3. 3mina mikpotBepaocTi (Hoio) mpH CKICPOMETPUYHHX JTOCIIHKEHHSIX TIPH
HaBaHTaxkeHH1 100 r B3noBx noapsnunu (L), cipsiMoBaHOT neprieHIUKYISIPHO 10

ocel kpucTaiiTiB 308U 1 (a) Ta 30Hu 2 (0).
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Puc. 4.4. MikpoCTpyKTypH HaIUIaBJICHOTO MIapy (a — B) Ta 30HU CIUIABJICHHS JBOX
mapis (T): a — 00J1aCTh BY3bKUX CTOBIMYACTUX KPUCTATITIB OJM3bKO OCHOBHOTO
MeTaiy, 6 — 00JacTh po3ray’KEHUX KpPUCTAITIB, B — IPUIIOBEPXHEBA 001aCTh

OpPIEHTOBAHUX CTOBITYACTUX KPUCTAIITIB.
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Puc. 4.5. MikpocTpyKTypa OCHOBHOT'O M€Tajly BATOHHOT'O KOJieca Micis
HaIJIaBJICHHS: @ — 30HA CIUIABJIEHHS OCHOBHOT'O Ta HAILJIABJIEHOTO METaIy,

0 — 30Ha TepMi‘—IHOl"O BIIJIMBY, B — OCHOBHHUM MeTall.
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[Ipu mpoMy, SK 1 11 TMOKpAITyBaHWUX CTajel, 3arapTOBAaHUX BiJi BUCOKHX
TeMIIepaTyp, Ha CKpeurpami 4iTKO BUSBIISE€THCS MIEBHA MEPIOIUYHICTD 3 TIepiogoM To
(puc. 4.3, a). Ha BigMiHy BiJl IIbOI'O MIKPOTBEPAICTh 30HU 2 3MIHIOETHCSA B MEXKax
1540...2150 MIla, makcumalbHi Ta MiHIMaJIbHI1 11 3HAYEHHS BiJIPI3HAIOTHCS JIHUILE Ha
30%, a nepion T BusiBUTH Baxkko (puc. 4.3, 6).

JlocmipkeHHsT MIKPOCTPYKTYPH HAIUIaBICHUX IIapiB BUSBWIM, IO BOHA
3aJIeKUTh Bim yMoB Kpuctamsamii (3oma 1, puc. 4.4). 3okpema, OJHM3BKO [0
OCHOBHOT'O METaNTy C(POPMYBAJIUCH YITKO CIIPSIMOBAHI BYy3bKi CTOBITYACTI KPUCTAIITH
(puc. 4.4, a), MmO 3yMOBJIEHO pI3KUM TIPATIEHTOM TEMIIEpAaTyp B 30HI IXHBOIO
yTBOpeHHs. B 1eHTpi HamjnaBieHuWX MmiapiB, ToOTO B 00JacTi 3 MEHIIUM
TEMIIepaTypPHUM I'PaAIEHTOM, YTBOPHIIMCH pO3rainykeH1 Kpuctaiitu (puc. 4.4, 0), nis
AKUX XapaKTepHA MOsiBa BIATay>KEHb, OPIEHTOBAHUX B HANPSMKY B1IOOpY TeIa.
brmu3bko TOBEpXHI 3HOBY CHOCTEPITAlOTHCA YITKO OpIEHTOBAHI CTOBIYACTI
kpuctamtu (puc. 4.4, B), picT SKUX BIAOYBCS y HAOpsIMKy, MPOTHIIEKHOMY [0
MaKCUMaJIbHOTO TEIUIOBIBOLY. B 00macTi crutaBieHHs ABOX IapiB (30Ha 2, puc. 4.2)
JEHAPUTHA CTPYKTYypa He crioctepiraeThes (puc. 4.4, 1).

B cTpykTypi OCHOBHOT'O METaly YiTKO BUSIBJISIETHCS 30HA TEPMIYHOTO BILIUBY
(30oHa 4, puc. 4.2), aie BoHa HE € OJHOPIAHOI. B 30HI CIUTaBIeHHS OCHOBHOI'O Ta
HarutaBiieHoro Metany mupunoro 200,0...250,0 mxm (3oHa 3, puc. 4.2), sdka €
YAaCTUHOIO 30HM TEPMIYHOIO  BIUIUBY, CGHOPMYBAJIKUCH 3€pHA  PO3MIpPOM
50,0...60,0 mxMm (puc. 4.5, a, mokazaHo cTpuikoro). Jlam Braumb crmocrepiraerbes
ob6nacte mupuHoto 2,5...3,0 MM 3 cepemnim miamerpom 3epHa 10,0...15,0 Mxm
(puc. 4.5, a, 0). 3epHa MeTay 1M03a 30HOI0 TEPMIYHOTO BIUIMBY 3MIHIOIOTHCS B MEKaAX
12,0...40,0 mxm™ 3 cepennim giamerpom 21,0 mxm (puc. 4.5, B).

CrniBcTaBieHHS JOCTIIKEHb MIKPOTBEPIOCTI Ta MIKPOCTPYKTYPH MOKA3ye, 110
Ha CKpeurpamMi 30HW HaruiaBjeHoro mapy (puc. 4.3, a) BiACTaHb MK MiHIMyMamu
CHIBIAJA€ 3 IEHTPAMU OCEH MEPBUHHUX KPUCTANITIB CTPYKTYpH (CBITJII AUISIHKU Ha
puc. 4.4 a—B), a M>K MaKCUMyMaMH — 3 IIEHTPaMU MDKOCHUX AUTSTHOK. BogHouac

HEBEJIMKHUI POo30ir 3HAUYE€Hb MIKPOTBEPIOCTI 30HH CILJIABJICHHS JBOX HATUIABJICHHUX



236

mrapiB (puc. 4.3, 6) miATBEPAXKY€EThCS TOMOTEHHICTIO ii cTpykTypH (puc. 4.3, 1).

4.1.2. 3B’930K 3HOCOCTINKOCTi 3 MiKPOCTPYKTYPOIO JIMTOI CTAJII.

BunpoOyBaHHsi Ha 3HOIIYBaHHS NPOBOAWIM 32 YMOB, AHAJOTIYHUX JO
BunipoOyBanus ctanmi 40X (muB. m. 3.2.5), ane, BpaxoByIOUYH MEHINY KOHTAKTHY
IJIOINNY 3pa3KiB, HaBaHTaXeHHs Ha HUx ckiagano P =200 H, BiamoBigHO muTOME
HaBaHTaXKeHHA Gp = 4 MIIa. 3HOCOCTIMKICTh KOXHOI 30HM BHU3HAYaJIU OKPEMO.
BunpoOyBanHs 3pa3kiB npoBojuiau npotsarom 10 roguH. PazoM 3 1HTEHCHBHICTIO
3HONIYBaHHS 3a JOTIOMOTOI0 PEHTIeHIBCHKOro Kommaparopa M3A-2 BumiproBaiu

3MIHY pO3MIpIB 3pa3ka MEPIEeHIUKYISIPHO 1O TMOBEPXHI TEPTs, IO JO3BOJUIIO

BU3HAYUTU 3HOCOCTIUKICTH 30H 3a TTMOMHOIO.

161 1260 A 4.0
14- 63 77)-1B [ 359
124 21 -3,0

. 10_- 2,44 7 , -_2’5 E

= ] % 20 o

- 15 2
4‘_ - ‘g \ __1’0
: VAN

JlocnikyBaHa 30Ha

Puc. 4.6. Cepents MmacoBa iHTEeHCUBHICTH 3HOITyBaHHs (1) Ta TBepaicTs (HB)
3pa3KiB, BUPI3aHUX 13 PI3HUX 30H BAarOHHOI'O KoOJieca MICysl HaIlJIaBJICHHS:
1 — HannaBneHui map, 2 — 30Ha CIUIaBJICHHS JABOX IIapiB, 3 — 30HA CIIABJICHHS
OCHOBHOT'O Ta HAaIJIAaBJICHOTO METAIB, 4 — 30Ha TEPMIYHOTO BILIUBY,

5 — OCHOBHUH MeTAaIl.



237

BunpoOyBaHHsT Ha 3HOLIYBaHHS TOKa3ajdH, II0 3HOCOCTIAKICTh 30HU
CIUIaBJICHHS OCHOBHOT'O Ta HAIUIABJICHOTO METaliB 1 30HH TEPMIUYHOTO BILIUBY
(puc. 4.6, 3oHa 3 Ta 4 BIAMNOBITHO) CYTTEBO HE BIJIPI3HAETHCS BIJl 3HOCOCTIMKOCTI
OCHOBHOTO MeTany (puc. 4.6, 30Ha 5) 1 3HAXOAUTHCS B MEXKaX MOXUOKH MPOBEIACHOTO
CKCIIEPUMEHTY. 3HOINYBaHHS HAIUIABIIEHOTO METAlly € 3HAYHO BWIIUM, HIK Y
OCHOBHOTO, 1110 TTOB’S3aHO 3 MEHIIIOI0 HOTO TBEPICTIO Ta OUIBIIOI0 3a0pyAHEHICTIO
HEMETAJIEBUMU BKJIIOYeHHAMU. CepeqHsi 3HOCOCTIMKICTh 3pa3KiB HaILIaBJICHOTO
mapy (puc. 4.6, 30Ha 1) € BuIIa, HiXK 3pa3KiB, 110 OyJIM OTPUMAaHI 13 30HU CIUJIABJICHHS

nBoX mrapiB (puc. 4.6, 30Ha 2).

14
—o—Im—ZO
—e—D 18
13- 116
O'OS 114 'é
_E -_12 )
12- 110
18
16

0 1 2 3 4 5 6
Bincrans Bijg moBepXHi, MKM

Puc. 4.7. 3mina macoBoi iIHTEHCUBHOCTI 3HoIyBaHHs (Im) Ta qucnepcHocTi
nepBUHHUX KpucTamTiB (D) 3a rmuOMHOI0 HATUIABJICHUX IIAPIB 3 OPIEHTOBAHUMH

KpHUCTaJIITaMH, CHPIMOBAHUMHU MEPIICHIUKYIISIPHO 10 TIOBEPXHI TEPTH.

JlocmipkeHHsT 3HOCOCTIMKOCTI  HAIUIABJIIGHUX MIApiB 3 OpPIEHTOBAaHUMU
KpUCTaJIITaMH, CIPSIMOBAaHUMH MEPIEHANKYIISIPHO JI0 MOBEPXHI TEPTS MMOKA3aJI0, 110
iX MacoBa iHTEHCHMBHICTb 3HOIIYBaHHsS 3MIHIOEThCS 3a rambuHoro (puc. 4.7). Ii

MiHIMAJIbHE 3HAYEHHS CIIOCTEPIraeThCs Ha MMOBEPXHI 3pa3KiB Ta B MICIIl CTUIABJICHHS
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3 OCHOBHHMM METajJiOM, a MaKCUMajJbHe — Ha Biggam 2,5...3,5 MM BiJI MOBEpxHI,
3aJIMIIAI0YUCh MEHIIIE BiJl BTpaT MacH B AUISHKAaX CIUIABJICHHS 30HU JBOX IIAPiB.

AHaJl3 IUCIIEPCHOCTI NMEPBUHHUX KPUCTAITIB (puc. 4.7), po3paxoBaHOi 3a
METOAMKOI0 [522], ToKa3aB, MO MaKCUMajbHE i 3HAYEHHS Ma€ MPHUIIOBEPXHEBA
ctpyktypa (puc. 4.4, B) 3 CcepemHIM IEPIOAOM MDK  MaKCHMyMaMH
T, =200,0...220,0 Mmxm (puc. 4.3). 3 BiLJaJIeHHAM BiJ TOBEPXHI BOHA CsTrae
MIHIMyMYy B IIEHTpi HAIUIaBJIIEHOTO INapy B OO0JACTI PO3Taly’KEHUX KPHUCTATITIB
(puc. 4.4, 6) BoaHouac i3 30umbIIeHHSM mepioay T, mo 500,0...550,0 mxm. IIpu
HAOJIMKEHH] 10 30HU CIUIABJICHHS 3 OCHOBHUM METAJIOM AUCIEPCHICTH Ta nepio T»
JIOCATAIOTh 3HAYCHb, OJM3bKUX JI0 PIBHS MPHUIIOBEPXHEBUX 00’ eMiB (puc. 4.4, a).

Ax BuaHo 3 puc. 4.7, CTIMKICTh 10 3HONIIYBaHHS 30HU 3 OPIEHTOBAHOIO
CTPYKTYpPOIO 3HAXOJUThCA B MPAMIN 3aJ€KHOCTI BiJi JUCIEPCHOCTI MEPBUHHUX
KpHCTamiTiB. Ii 36inbmenns y 2,5 pasu nokpaniye Ha 15,9% 3HococTilkicTh auTOi
IeHApUTHOI CTpykTypu Ta Ha 27,0% mopiBHAHO 3 ToMOreHHoro. Kpim Toro,
HEMaJIOBA)XHUM (PaKTOPOM 3aJIMIIAETHCS BIJCTAaHb MK 00’€MamMu CTPYKTYpH 3
M1BUIIEHUMU MEXaHIYHUMH XapaKTEPUCTUKAMHU, sIKa OUCYeThes Tiepiogom To. [Ipu
IbOMY XOY€TbCS BIA3HAYUTH, [0 MAKCUMAJIbHUA MPUPICT 3HOCOCTIMKOCTI
nokpaieHoi ctam 40X, sk i crani 081'2C y nmuroMy cTaHi, Ma€e CTPYKTypa 3 IepioIoM
T, =200,0...250,0 mkm  (Tabm.  3.3). 30iAbIICHHS IBOTO  TEPIOAYy  JIO
500,0...600,0 MM ToTipIIly€e 3HOCOCTIUKICTh 000X CTaJICH.

OTxe MOBEpXHS TEPTs, MEPIECHIUKYISIPHA O OCEH MEPBUHHUX KPUCTATITIB
HaIJIaBJIEHOTO METally, Ha BIAMIHY BIJl TIOBEPXHI 30HU CIUIABJICHHS JIBOX IIapiB, Ma€
HEOJHOPIAHY 32  MEXaHIYHMMH  XapaKTepUCTUKaMH  OyJO0BY,  PO3MIpHI
XapaKTEPUCTUKU SKOI BU3HAYAIOTHCS JUCIEPCHICTIO HAILIABICHOI CTPYKTYpPH, IO

BILJIMBAE HA TPUOOJIOTTYHI XapaKTEPUCTUKH JIUTOT CTPYKTYPH.

BucHoBKM

1. ®opmyBaHHs B HaIUIaBJICHOMY IIapl TeTeporeHHoi 3a OyAoBOIO Ta

MEXaHIYHUMH XapaKTEPUCTHKAMU OPIEHTOBAHOI CTPYKTYPH IPUBOIUTH JI0 CYTTEBOTO
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3MEHIIEHHS 11 3HOLTYBaHHS MOPIBHSIHO 13 TOMOT'€HHOIO.

2. 301IbIIECHHS JUCHEPCHOCTI CTPYKTYpU TNEPBUHHUX KPUCTANITIB MpH
30€epeKeHH1 iX OpleHTalll MEePIeHIUKYJISIPHO 0 MOBEPXHI KOHTAKTHOI B3aeMOJIl
HAOIKY€E CTPYKTYPY 10 BUMOT ONTUMAIBHOT CXeMH MEXaHIYHOI B3a€EMOJII1 ITPH TEPTI
Ta CIpUSiE MABUIICHHIO 3HOCOCTIKOCTI HAIUIABICHOTO METAIy.

3. BumznawanmpHy ponb y ¢dopmyBaHHI HEOOXIgHOI IS  TABUIICHHS
3HOCOCTIMKOCTI MeTaldy CTPYKTYpH BIIIrpaloTh yMOBH KpHCTami3amii, 1o
3a0€e3MeuyI0Th YepryBaHHs EPBUHHUX (DEPUTHUX KPUCTATITIB Ta MDKOCHUX JUISTHOK
3 MABUIIEHUM BMICTOM BYTJIEITIO.

4. bau3pki 3HauYeHHSA Tiepiony T, MDK MIKpooO’eMamMu 3 TiJIBHIICHUMU
MEXaHIYHUMH XapaKTePUCTUKAMHU SK JUISI JIATOT CTPYKTYPH, TaK 1 JJISI CTPYKTYPH
micasl TMOKpAalleHHS BKa3ye€ Ha ICHYBaHHA 3arajbHOr0 MNPUHIUINY (OpMYyBaHHS

3HOCOCTIWKHX CTaHIB KOHCTPYKIIMHUX CTaJeH.
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PO34IN 5. BMJIUB XAPAKTEPY CTPYKTYPOYTBOPEHHSA HA
3HOCOCTIUKICTb IHCTPYMEHTAINNbHUX CTANEU

CTiiKiCTh IHCTPYMEHTIB JJIs1 OOpOOKH METAJIIB Ta 1HIIKUX MaTepialliB BETUKOIO
MIpOIO 3yMOBJIIOE MPOAYKTUBHICTD MIAMPUEMCTB B IIIJIOMY, OCKIJIBKU y COO1BapTOCTI
BUITYCKY IPOAYKIIIT BUTPATH HA IHCTPYMEHTAJIbHE 3a0€3MEUEHHSI € TOCUTh 3HAYHUMU.
ToMy BUKOpUCTaHHS 1HCTPYMEHTAJIBHUX CTaJel, sIKi 3a0€3MeuyI0Th MaKCHMAJIbHO
MOJKJIMBY JTOBIOBIYHICTh IHCTPYMEHTA Ta MPaBWIbHUN BUOIp CTalell 3 ypaxyBaHHIM
BUy 00poOKH Ta 00pOOIIIOBAaHOIO MaTepialy € BaXKJIMBUM 3aB/JIAHHSM.

[HTEHCUBHUI PO3BUTOK METANyprii Ta MallMHOOYAyBaHHS, 1HTEHCH(IKALisg
MIPOIIECIB pi3aHHS Ta OOPOOKH THUCKOM, BHKOPHUCTAHHS BCE B OUIBIIUX OOCSATax
BAXKKOOOPOOJIFOBAHUX KOHCTPYKIIIHHUX MarepiaiiB 13 crieliaIbHUMU
BJIACTUBOCTSIMU, HEOOXIAHICTh EKOHOMHO1 BUTpATH JIETYIOUUX MaTepiajiB €
OCHOBHUMHU TE€PEAYMOBAMHU IS MOJIAJIBIIOT0 BIOCKOHAJIEHHS XIMIYHOTO CKJIaay Ta
TEXHOJIOTi! 00OpOOKH ITHCTPYMEHTAILHUX CTaJIeH 1 cruiaBiB [627 — 630].

OpHMMM 3 OCHOBHMX BHMOT, SIKI CTaBJIATBCA /IO IHCTPYMEHTY, € BHCOKa
TBEPIICTh, 3HOCOCTIHKICTh, yJapHa B’A3KICTh 1 MIIHICTh TPH  XOPOIIN
TerutocTinkocTi [631 — 633]. 3 HUX Ha mepIIoMy MicIli 3aBXKIU CTABJISIThCS TBEPICTh
Ta 3HOCOCTIHKICTh [627].

HeoOxinHa TBepaicTh Oynb-aKOi cTadl MoKe OyTHM TOYHO JOCSTHyTa 3a
JIOTIOMOTOI0  TE€PMOOOPOOKH, TPAaBUIBHOTO BHOOpPY TeMIIEpaTypu Ta TPUBAJIOCTI
BiAMycKy. Ha BimMiHy BiJ TBEpAOCTI 3HOCOCTIMKICTH IHCTPYMEHTY € HACIIIKOM
CYKYITHUX TPOIECIB Ta OYy»€ CKJIaJHOK BJIACTUBICTIO, SKa B 3HAYHIN CTemeHi
3aJIeKUTh BIJ 30BHINIHIX YWHHUKIB, 30KpeMa SKOCTI 0OpoOIIOBaHOTO Marepiaiy,
Koe(dirieHTa TepTs, BETUYNHN KOHTAKTHUX HAMNpPYXEHb, OCOOTUBOCTEN TEXHOJIOT11
BUPOOHHUIITBA Ta YMOB eKCIUTyaTarii [627].

B mitepartypi 3ycTpidaroThCsi poOOTH, B IKUX HaBEACHI JIIHIHHI 3aJIEKHOCTI MIXK
3HOCOCTIHMKICTIO Ta BMiCTOM KapOifiB B iHCTpyMEHTaJIbHUX cTajsix [127, 627]. Ane,

KpIM KUTBKOCTI, Ha OTip 3HOIIYBAHHIO CYTTEBUM BIUTMB MAIOTh TAKOXK TUI Ta XIMIUHUHN
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ckiman cgopmoBaHOi KapOimHOT a3u, MmO BH3HAYAIOTH pPIBEHBb ii MIITHICHUX
BiaactuBoctedi [141, 634]. B cBowo uepry crpykrypa Ta Mopdosoris kapOimiB
JICTOBAaHUX IHCTPYMEHTAJIBHUX CTalled Oarato B 4YOMY 3alieXkaTh BiJ CIOCOOY
TEpMOOPOOKH, IKUM BOHU Oynu orpumani [141, 512], mio € 3HaunMuM (pakTopoM JIst
TMOIIIYKY IIJISX1B MOKPAIIEHHS JOBrOBIYHOCTI THCTPYMEHTY 3a JIOTIOMOT'O0 ONITHUMI3allii

PEXHUMIB TEPMIYHOT OOPOOKH.

5.1.1. CxiyiepoMeTpuYHI 10CTiTKeHHS 3pa3KiB cTajgi X6BD.

OgHuM 3 MEpPCHEeKTHBHUX MUISXIB CTBOPEHHS OUIBII  JOCKOHAIUX
KOHCTPYKIIMHUX MaTepilamiB Ha 0a3l BKE€ ICHYIOUMX CTajeil 1 CIUIaBiB 3ajli3a
BBAXKAETHCS 3aCTOCYBaHHS 1HTEHCHUBHUX METOJIB TEPMIYHOIO OOpOOJIEHHS 3
BUKOPUCTAaHHSAM IIBUIKICHUX HarpiBaHb, K1 Ha/alOTh MOXJIMBICTh OTPUMYBATH B
YMOBax IIBUIKICHOT ayCTeHiTH3allil, TAK 3BaHi, HeroMoreHHi cranu [488 — 485]. Ixue
dbopMyBaHHS 3yMOBIJIEHE OCOOJIUBOCTSIMU OBEAIHKY Y BIATIOBIAHUX TEMIIEPATYPHUX
1HTEpBaax p13HUX KapOidiB, K1 B IETOBAHUX CTAISAX MOXKYTh BIAPI3HATUCH YMOBAMH
YTBOPEHHSI, KPUCTATIYHUMH TIpaTKamMu, MOP(QOJIOTI€I0, BMICTOM JIETYBaJbHUX
eJIEMEHTIB Ta aucnepcHicTio [491 — 492].

Tomy mociiPKeHHs] TPOBOIMIIA HAa THCTpyMEHTaJbHIN cTani X6B®, ximiuyHui
CKJIaJl SKOi HaBeAeHO B Tabn. 2.2, micias CTaHZapTHOI TepMidHOI 0O0poOKHu
(rapryBanns Big 1000 °C B onmBy, Biamyck npu 200 °C [484]) Ta mBHAKICHOTO

eJeKTpoTepMigyHOTO 00pobsienHs Bixg 760, 820, 950, 1060, 1100 ta 1200 °C 3

HacTynHUM BiamyckoM npu 200 °C 3 HarpiBaHHAM y Tedi.

CkepoMeTpuyHi JOCTIIKEHHST TPOBOAWIM TIpu HaBaHTaxkeHHl P =20r 3
KpokoM BuMiptoBaHHs 1,8...2,8 Mxwm. [ToBeninka MikpoTBepocTi ctan X6dDB micis
CTaHIAPTHOTO PEKUMY TEpMiuyHOi 0OpoOKM mokazye (puc. 5.1), mo i1 cepenne
sgaueHHs cknagae 9,8 - 108 H/mMM2, a cepelHBOKBAIpaTUYHE BiAXMIECHHS —
npuOiIM3HO T'ATy HWoro dactuHy [635]. CrpykTypa 3a  MeXaHIYHUM
XapaKTEPUCTHKAMU ONM3bKa N0 OJHOPITHOI, a OKpeMi TOOJMHOKI CIUIECKH

mikporseppocti mo 25,0 - 10° H/mm? (A, puc. 5.1) mnop’s3anHi 3 NEepPETHHOM
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HOJPSTIMHOIO OKPEMHUX BEITMKUX TYTOILIaBKUX KapOimiB (puc. 5.9).

451
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35-
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Puc. 5.1. 3mina mikporBepaocTi (Hozo) npu cKIepoOMETPUYHUX TOCTIIKEHHAX 3
HaBanTaxxeHHsM 20 1 B3oBx noapsnuau (L) Ha mumidax cram X6B® micns

raptyBanHs Big 1000 °C 3 HarpiBaHHsAM y niedi Ta Bianycky npu 200 °C.

[Ipu mBUAKICHINA €IeKTPOTEpMiUHIN 0OpOOIll 3 MIABUIIEHHSM TEeMIIEpaTypu
raptyBanHs 3 760 g0 950 °C 30inbIIeHHST CEPEIHBOTO 3HAYEHHS MIKPOTBEPAOCTI 3
3,6 10 6,9-10°H/Mm? (puc. 5.2, a, puc. 5.3, a) BigOyBaeTbcs 3a JiHIMHOIO
3aj1exkHICTIO (puc. 5.5), a cepeTHLOKBAIPATUYHE BIAXUIICHHS, SIK 1 TICJIS CTaHIAPTHOI
TEPMIUHOI 00pOOKH, CKIIa/1a€ OJIM3bKO I’ ATOI YACTUHU BiJl CEPEAHBOTO 3HAUYCHHS, 1110
BKa3ye Ha OJHOPIIHICTb CTPYKTYP.

3 mOJaNbIIUM 3pPOCTAHHSM TEMIIEpaTypyd HarpiBaHHS IMiJl TapTyBaHHS 10
1060 °C cepemHe 3HAYEHHS MIKPOTBEPJOCTI TaKOX 3pPOCTA€ JIHIMHO 10
8,5 - 10° H/mm? (puc. 5.5). Ane pa3oM 3 TMM 30iIbLIYETHECS HEPIBHOMIPHICTE B il
pO3MOAUII Ta CepeAHHOKBAIPATHYHE BIIXHWIICHHS, SIKe Juine y 2,6 pa3u MEHIIe 3a
cepenHe 3HaueHHs. Ha ckpedrpami 3’sIBJISIEThCS SBHO BUpa)K€HaA IMEPIOTUYHICTH 3

nepiogom T, = 150,0...190,0 MxMm.
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Puc. 5.2. 3mina mikpotBepaocTi (Hozo) mpu ckiiepoMeTpUIHUX TOCTIKEHHSIX 3
HaBaHTaKeHHSM 20 T B310BX noapsmnuan (L) Ha mimidax cram X6BD micns
rapryBanHs Big 760 (a) i 820 °C (6), Vi, = 2 - 10% K/c Ta Bigmycky mpu 200 °C 3

HarpiBaHHSM Y Ieyi.



244

| H , cep=6921,48 H/mm’ Hanpsmoxk
40 1 o=1194,71 Hmm' JpSTIaHHs

0 200 400 600 800 1000

L, Mkm
a
45 B 3
| H_cp=8541,08 H/mm Hanpsvox.
40 1 o©=323562 Hmv’ ApATaHHsA

0 - I2(I)0I | I4(I)OI | I6(I)OI | I8(I)0I | ldOO
L, Mmxm
0
Puc. 5.3. 3mina mikpotBepaocTi (Hozo) mpu ckiiepoMeTpUIHUX TOCTIKEHHSIX 3
HaBaHTaxkeHHAM 20 r B310Bk noapsanunau (L) Ha nuridax cram X6BD micns
rapryBanHs Big 950 (a) i 1060 °C (6), V, = 2 - 10° K/c Ta Bignycky mpu 200 °C 3

HarpiBaHHsM Y Teyl.
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Puc. 5.4. 3mina mikpotBepaocTi (Hozo) mpu ckiiepoMeTpUIHUX TOCTIIKEHHSX 3
HaBaHTaxkeHHAM 20 r B310Bxk noapsanunau (L) Ha nuridax cram X6Bd micns
raprysanHs Big 1100 (a) i 1200 °C (6), V. = 2 - 10° K/c Ta Bignycky npu 200 °C 3

HarpiBaHHsM Yy Ieyl.
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[Ipy 1bOMYy BCIO 3aNIeKHICTH MOXHA YSBUTH y BUTJISAAI ABOX MAUISHOK 13

cepeIHIMM 3HAUEHHAMH Ha KOxkHil 6,5 Ta 12,5 - 10° H/mm? (puc. 5.3, 6).
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Puc. 5.5. 3anexHiCTh cepeIHbOr0 3HaYEHHSI Ta CEPETHbOKBAPATUIHOTO
BIIXWJICHHS MiKpoTBepIOCTI (Ho20 cep) mpu cKIIepOMETPUYHUX TOCTIIKEHHSIX 3
HaBaHTaxeHHsM 20 T Bi TeMnepatypu rapTyBaHHS (trapr) cTami X6B® mpu

IIBMAKOCTI HarpiBanHs V, = 2 - 10° K/c.

[Ticnsa rapryBanss Bix 1100 °C BinOyBaeThCcsl pi3Ke 3pOCTaHHS CEPEAHBOTO
3HaueHHs MikpoTBepmocTi mo 22,6 - 10° H/MM?, a npu mopmaibImomy ITiIBHINEHHI
temnepatypu g0 1200 °C — Ttake came piske 3MeHmeHHs g0 8,5 - 10° H/mm?
(puc. 5.5).  Crpykrypa 3araproBanux Big 1100°C 3a  MexaHIYHUMH
XapaKTEPUCTUKAMU € HEOJHOPIIHOIO, MPO IO CBIAYUTH KOJIMBAHHS MIKPOTBEPOCTI
Bix 10,0 mo 45,0 - 103 H/MMm?, ane neBHuWi nepion ii 3MiHM BUSABHTH BaKKO
(puc. 5.4,a). TIlicnms OuLIBII  BUCOKOI TeMIepaTypu TapTyBaHHS 3HAYCHHS
MIKPOTBEPAOCTI 3MiHIOEThCS B  Mexkax 2,5...12,5-10°H/mM? 3  mepiogom
T,=100,0...150,0 mxm (puc. 5.4, 0), sIKUil HE TaK YiTKO BU3HAYAETHCS, SK IICIS

raptyBanns Big 1060 °C (puc. 5.3, 0)
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OTtxe, sk 1 B nokpamenux crainsx 40X ta 40XHM, npu 3miHi TemnepaTypu
rapTyBaHHs B CTPYKTypi ctayi X6B® BinOyBarOThCA MPOIIECH, SIKI MPU3BOIATH J10
MOCUJICHHS  HEPIBHOMIPHOCTI  PO3MOALTY  BEJIWYMHHU  MIKPOTBEPAOCTI  IpPHU

CKJIEPOMETPUYHUX BUIPOOYBAHHSX.

5.1.2. locaixxenHsi 3HOcoCTiiKOCTi 3pa3kiB craai X6B®.

Busnauenns tBepaocti 3a MmetoioM Poksena crani X6B®d noka3zano, 1o micius
cTaHaapTHOI TepMiuHOi 00poOku BoHa ckitagae 58 HRC. [1pu BUKoprcTaHHI BEIMKHAX
IIBUKOCTEN HArpiBaHHS 3 MIABULIEHHSAM TeMiepatypu raptyBadss 3 760 no 1100 °C
TBEPJICTh 3pa3KiB 30UIbIIyeThcsl Maibke miHiHO 3 45 g0 58 HRC. Ilomanbiie
nigBuineHHs temneparypu a0 1200 °C npuszBoauth 10 ii 3HMKeHHS a0 55 HRC.
XapakTtep 3aJIeKHOCTI TBEPJIOCTI BiJl TEMIEpATypu TapTyBaHHs (puc. 5.6) momaiOHui
JI0 3aJIe)KHOCTI 3MIHM MIKPOTBEPAOCTI (pHUC. 5.5), ane CTPUOKOMOMIOHUX 3MIH il

3HaueHb npu raptyBanHi Bij 1100 °C He crocTepiraeTbes.
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Puc. 5.6. 3anexnicts 3Hauenns tBepaocti (HRC) Bix remnepatypu rapryBaHHs

(trapr) cTasi X6B® npu msuakocti Harpisanns Vy, = 2 - 10° K/c.

BigHocHO HM3BKI 3HAYEHHS TBEPJOCTI JUIsl TeMIiepaTyp rapryBanus 760, 820
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ta 950 °C cBiguaTh, OYEBUJIHO, IIPO HE3ABEPIICHICTh MPOIECIB ayCTEHITHU3AIlll 3a
TaKUX TEMIIepaTypHO-IIBUAKICHUX YMOB rapTyBaHHS.

3HococTIHKICTh cTasi X6B® Bu3Hauanu B pekuMi CyXOoro TepTsi KOB3aHHS MPH
HaBanTaxkeHHi P =150 H, BiamoBimHo mnuToMomMy HaBaHTaxkeHHI Gp =4 MIla 1
mBUJKOCTI KoB3aHHs 0,5 M/c. MaTepiagom KOHTpTUIa Oyjia cTanb 45 3 TBEPIICTIO
50...52 HRC. 3naueHHs MacoBOi I1HTCHCHBHOCTI 3HOIIYBaHHS OI[IHIOBAJIU
moroauad. [Ipu 11boMy BU3HAYQIM TOBITUHY 3HOIICHOTO IIapy.

Hnst nocmimxkens Oynu oOpani 3pasku ctaini X6B®d micas cranmapTHOI
TEpPMiUYHOT OOpPOOKH, a TAKOXK 3arapTOBaHi Micis MBUAKICHOTO HarpiBaHHs Bix 1060,

1100 ta 1200 °C, po3ku]l 3Ha4€Hb MIKPOTBEPIOCTI SIKUX Ta TBEPAICTh € HAWOIBIIII.
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Puc. 5.7. 3mina macoBoi iHTeHCUBHOCTI 3HOMTyBaHHA (Im) 3a rmmbunHOo0 3paskis (h)

ctan X6B® micnst crannapTHOi TepMiyHOi 00poOku (1), a Takok rapTyBaHHS MICHSA

mBHIKicHOro HarpiBanHs Bix 1060 (2), 1100 (3) Ta 1200 °C (4).

Amnai3 pe3ynbpTariB BUIIPoOyBaHb Ha 3HOCOCTIHKICTH Moka3aB [636], mo micis
rapTyBaHHS 3 HarpiBaHHSM y TI€4l CEpeIHE 3HAYCHHS MacOBOi 1HTEHCHUBHOCTI

sHomyBaHHs cTan X6B® cknagae 3,15-1078 (puc. 5.7, 3anexnicts 1). 3acTocyBaHHs
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NIJBUIIEHUX IIBUJIKOCTeW HarpiBaHHs A0 Temrepatypu 1100 °C  3HumKye
iHTeHCHBHICTH 3HOWIyBaHHA 10 1,44-10% (puc. 5.7, sanexwuicts 3), mo B 2,2 pasu
HIDKYEe, HDK TICIsS CTaHJApTHOI TEePMIYHOI OOpOOKHM, a mojajblie 301IbIICHHS
TemmnepaTypu raprysanss 10 1200 °C —migsumiye ii B 1,7 pasu g0 2,43-1078 (puc. 5.7,
3anexHicThb 4). [Ipu nboMy po301KHICTh 3HaUEHB He nepeBuiye 7...10%, mo Bkazye
Ha CTaOLIBHICTh XapaKTEPUCTUKHU 32 TIIMOMHOIO JIJIs 3a3HAYCHHUX PEKUMIB TEPMIUHOT
00pOOKH.

Ha oco6muBy yBary 3acimyroBye crainb X6B®, 3araproBana Bin 1060 °C 3a
YMOB MIBUAKICHUX HarpiBaHb. SIKk BUAHO (pucC. 5.7, 3aJIEKHICTh 2) CepeHsI MacoBa
iHTeHCUBHIiCTh 3HONIYBaHHS Binnosizae 1,96-108 Ii 3mauenns konmparoThes B
mupokomy aianaszoni Big 0,88 mo 3,41-1078, a po36ir nepesumrye 40%. IIpu npomy
MaKCHMaJIbHI 3Ha4YeHHsS OJM3bKlI JIO 3HAY€Hb 3HOCOCTIMKOCTI 3pa3KiB IiCIsA
CTaHJApTHOI TEPMIYHOI OOPOOKH, a MIHIMAJIbHI — IICJISl LIBUKICHOTO TapTyBaHHS Bij
1100 °C. BaxxnuBo BiJ3HAYHTH, 1[0 Maike TBOKpaTHA 3MiHA OMOPY 3HOIIYBaHHIO
B1I0YBa€ThCS IIUKIIIYHO 3a TJIMOMHOIO 3 Mepio oM noBTOproBaHOCTI 160...200 MM,
SIKUU CTBITAIA€ 3 MepioIoM T2, BUSBICHUM CKJICPOMETPUYHUMH JOCIIIPKCHHIMU JIJIs
IILOTO K PEKUMY TapTyBaHHs (puc. 5.3, 0).

BuB4eHHST MIKpOCTPYKTYpH TOBEPXOHBb TEpPTsS 3pa3KiB, 3arapTOBAHUX BiJl
1060 °C, i3 3MIHHUMH 3HAYCHHSMHU 3HOCOCTIMKOCTI Ha CTaAigX 3 MaKCHMAaJbHOIO Ta
MIHIMAJbHOI IHTEHCUBHICTIO 3HOIIYBAaHHS TOKa3aJd, IO TMPH MaKCUMaJbHOMY
3HOLIYBaHHI Ha MOBEPXHIX TEPTs cTalll X6B® cnoctepiratoTbcs 30HU CXOILTIOBAHHS
(puc. 5.8, a), sIK1 UepTYIOTHCS 3 00JIACTIMHU, [0 HOCATH 3aJTUIIIKU B1JT CJIiJT1B ITUKITYHOT
mwacT4HOi Aedopmarii (puc. 5.8, 6) [635].

Ha cTanii 3 MiHIMaJIbHUM 3HOLIYBaHHSAM (DOPMYETHCS MOBEPXHSI TEPTS, HA SKIM
30HM CXOIUTIOBaHHS Mai)ke€ HE CIIOCTEPIraloThCs, a PpO3MIpH Ta XapakTep

MOIIKO/IKEHb CBIIYaTh MPO 3HAYHO MEHIIY BEIWYMHY IUJIACTHUYHOI Aedopmarlii

(puc. 5.9).
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Puc. 5.8. [linsHku noBepxHi TepTs 3pa3kiB ctan X6B® micns rapTyBaHHS Bij
1060 °C 3 3acTocyBaHHSM MiIBUILIEHUX IIBUAKOCTEH HarpiBaHHs B MOMEHTHU

MaKCHMaJIbHOTO 3HOUTYBAaHHS BiMOBIAHO A0 PUC. 5.7, 3aJIEKHICTH 2.
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0

Puc. 5.9. [linsaxu moBepxHi TepTs 3pa3kiB ctam X6B® micis rapTyBaHHs Bij
1060 °C 3 3acTocyBaHHSM MiIBUILIEHUX [IBUAKOCTEH HarpiBaHHs B MOMEHTHU

MiHIMQJIBHOT'O 3HOIITYBAHHS BiJIMIOBITHO IO PHC. 5.7, 3aJICKHICTD 2.
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3HOIIyBaHHA B I[bOMY BHUIIQJKYy pEATI3yEThCA 3a MEXaHI3MOM TJIAIKOTO
BIJIIIAPOBYBAHHS 3 MIHIMAJIbBHUMHU CITiJJaMU IUIACTUYHOT AedopmMariii y BUTIISAII MEHII
rmuOoKkux, HDK Ha (puc. 5.8, 0), 3amanuH. 3pilka Ha TOBEpPXHI 3pa3ka
CIIOCTEPIratoThCs AUTTHKHY (pHC. 5.9, 0), sSKi CBIA9aTh PO MUKITIYHY AehopMarliio, sKa
HOCHUTh 3HAYHO CNalOIInii XapakTep HixK Ha (puc. 5.8, 0).

JIisi BUBYEHHS BHSIBICHOI 3MIHHM 3HOCOCTIMKOCTI 3aJIGKHO BiJ PEKHUMIB

TEPMIYHOI 0OPOOKH JOCIIIKYBAIH MIKPOCTPYKTYpY cTasii X6BD.

5.1.3. locaimkeHHs1 MIKPOCTPYKTYpH cTaji X6BD.

Hocnimkenuss ctani X6B® mpomucioBoi BHUIUIABKH Yy BiJNAJIEHOMY CTaHi
(puc. 5.10) mokazanu HasSBHICTP B MIKPOCTPYKTYpi KapOigiB JBOX THIIIB:
[IEMEHTUTHOTO Ta TYTOIUIaBKOTO KapOimy, sIKi CyTTE€BO BIAPI3HSAIOTHCA K 3a

KUTBKICTIO, TaK 1 32 PO3MipaMHu.

Puc. 5.10. MikpocTtpykTypa ctain X6B® y BianaseHoMy CTaHi.

CraTucTUuHUM aHal3 CTPYKTYpPU BKa3ye Ha Te, 1110 PO3KU/ AlaMeTpy KapOiaiB
[IEMEHTUTHOTO TUITy 3HaX0AuThcs B Mexax 0,14...2,40 MKkM 3 cepeHIM 3HAYCHHSIM
0,63 mxMm (puc. 5.11, a), a TyromiaBkux kapOigiB — B Mexax 2,15...11,73 MM npu

cepenHboMy 3HaueHH1 4,85 mxMm (puc. 5.11, 6).
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Puc. 5.11. Po3nonin aiametpy kap6iaiB (D) nemMeHTUTHOrO TUITY (a) Ta

TyroriaBkux kapOifiB (6) 3a po3mipamu B ctani X6B® y BiamaieHoMy cTaHi.
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[Ipu ubomy cepenHs BICTaHb MIXK TYTOIJIAaBKUMU KapOiTHUMU BKITFOUEHHSIMU
ctaHoBUTh 106,0 MKM, a po3moaul mo 00’eMy Takux KapOiAiB 3 po3Mmipamu, IO
0JIM3bK1 00 MEPEBUIIYIOTh CEPE/IHE 3HAUCHHS, € HEPIBHOMIPHHM.

[Ticns cranmapTHOT TepMidHOT 00pOOKH CcTpyKTypa ctani X6B®d sBise coboro
MapTEeHCHUT BIAMYCKY 3 BKPAIUICHHSAMHU TPaHYaCTUX TYTOIJIaBKUX KapOigiB 3 HITKO
BUPOXKEHUMHU MeXamMHu po3aury (puc. 5.12,a BKkazaHO CTPUIKOIO), PO3MIpH Ta
po3moin 3a 00’€MOM SKMX 1IEHTUYHMNA 10 BUXiIHOTO cTaHy (puc. 5.12,6): npu
cepelHbOMY 3HaueHHI 4,64 MKM cepeliHs BIJICTaHb MK TYTOTUIABKUMHU KapO1THUMHU
BKJIIOUEHHSIMU cTaHOBUTH 108,0 MKM, a po3noAii o 00’eMy 4acTOYOK 3 PO3MipaMu
6513bpK0 200 moHaa 4,0 MKM € HEpIBHOMIPHUM.

[Ticnst MBHUIAKICHOI — €JIEKTPOTEPMIYHOI  OOpOOKM TIpu  TemmepaTypax
raptyBanHs 760, 820, 950 ta 1060 °C B crani X6B® Takox croctepiraloTbCst KpymHi
KapOiau rpaH4acToi (POPMU 3 HiTKO BUPAKEHUMH Mexamu po3airy (puc. 5.13, 5.14).
Xapaktep iXHBOTO PO3MOJAULY SK 3a PO3MIpOM, Tak 1 MO 00’eMy MOPIBHAHO 13
CTaHJApTHOIO TEpMIYHOIO O0O0poOKo He 3MiHIoeThes. CepenHit  giameTp
TYTOIIABKUX KapOiJHUX BKIIFOYEHb 3HAXOAUTHCS B Mexax 4,4...4,7 mxm (puc. 5.16),
a cepenns Bijctanb Mk HUMH — 107,0...109,0 MxM. Po3mosin mo 06’emy kap6inais,
pPO3MIp SIKUX OJIN3bKUNA a00 MEPEBUILYE CEPEHE 3HAUEHHS, € HEPIBHOMIPHHUM.

[Ticns rapryBanus Big 1100 °C nHa nwmdax cram X6B® rpanuactux
TYTOIUIaBKUX KapOiiB He croctepiraetbest (puc. 5.15, a). Ha ixapomy wmicii
MPUCYTHI 3a0KpYyTJIeHI OUTl BKJIIOYEHHSI 0€3 YITKMX MEX pOo3Ally, sKi 3a (OpPMOIO
HarajayoTh KpynHy KapOiaHy a3y, BUSBICHY NPU HIKUYKUX TEMIIEpATypax TEPMIYHOI
o0poOKH, Ta 3a po3MipaMH HECYTTEBO mepeBullyroTh 1i. [lomanmpmmii pict
temneparypu raptyBaHHs 10 1200 °C npus3BoauTh [0 30UIBIICHHS PO3MIPiB
3a3HAYCHUX OUIMX BKJIIOYEHB, B CEPEIUHI SIKUX CIIOCTEPIraloOThCsl CYOCTPYKTYpHI

Mexi, a popMa HabIMKAETHCS 10 OKPYTIIOoi (puc. 5.15, 0).
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Puc. 5.12. MikpocTpykTypa (a) Ta po3noais AlaMeTpy TyromiaBkux kap6iais (D) 3a
po3mipamu (6) B ctani X6B® micnsa raprysanss Big 1000 °C B onuBy Ta BIIIYCKY

npu 200 °C 3 miYHUM HarpiBaHHSAM.
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Puc. 5.13. MikpoctpykTypa crani X6B® nicns micas rapryBaHHs Bij 760 (a),
820 (6) 3 mBuaKicTIo HarpiBanus V,, = 2 - 10° K/c

ta Bianycky npu 200 °C 3 HarpiBaHHSM Yy Meui.
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Puc. 5.14. MikpoctpykTypa craiai X6B® micas micns raprysanss Big 950 (B) Ta
1060 °C (r) 3 mBuakicTio HarpiBanHs Vy = 2 - 103 K/c

ta Bianycky npu 200 °C 3 HarpiBaHHSM Yy Meui.
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Puc. 5.15. Mikpoctpykrypa ctam X6B® micns rapryBanns Big 1100 (a) ra 1200 °C
(6) 3 mBuakicTio HarpiBanusa Vy = 2 - 10° K/c ta Biamycky npu 200 °C

3 HarpiBaHHSM Y Teyi.
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Puc. 5.16. Po3nonin giametpy TyroriaBkux kap6iais (D) 3a po3mipamu B cTai
X6B® micns raprysanns Bia 820 (a), 950 (6) Ta 1060 °C (B)

3 IBHMJKICTIO HarpiBaHHs V, = 2 - 103 K/c.
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Puc. 5.16. IIponosxeHHs.
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Puc. 5.17. 3anexHicts 3MiHM MiKpoTBepaocTi (Hy) «MaTpuili» Ta TyromiaBKux
kap611iB B ctani X6B® Bix TemnepaTypu rapTyBaHHS (trapr) 3 IIBUIKICTIO

Harpisanns V, = 2 - 10° K/c.

PesynbraT BUMIpIOBaHb MIKPOTBEPJOCTI MPU HABAHTAXKEHHI HA 1HJIEHTOP

100r oxpemMo «Marpuill» Ta TYrOIUIaBKMX KapOiliB CBia4aTh, II0 3MiHA
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MIKpOTBEpAOCTI cTaymi X6B® 3amexHO BiJl TeMmIepaTypu TapTyBaHHS, 3amipsHa
PI3HUMHU METOJIaMH — IHJCHTYBaHHS Ta APSTIAHHS — CYyTTEBO PI3HUTHCS.

Ha BigMiHy Bia CKJIEPOMETPHYHHX JOOCHiIKeHb (puc. 5.2 — 5.4) mnpu
HiABUIICHHI TeMiiepatypu rapryBanHs Big 750 qo 820 ta 950 °C cepenne 3HaueHHS
MIKPOTBEPAOCTI «MaTPHII» 3pPOCTAE MPAKTUYHO JIHIHHO Maibke BTpudl 3 2,3 110
6,1 - 10° H/MM?, focsararoun CBOro MakCMMaJIbHOIo 3HadueHHs (puc. 5.17).

Pict Temmeparypu raptyBanHs 10 1060 °C He3HayHO 3HMXKYE CEpeIHE
3HAYEHHs MIKpOTBEPAOCTI «MaTpuii» 10 5,8 - 10 H/Mm?, a mogansie 36i0b1IeHHS
Temnepatypu g0 1100 ta 1200 °C — 6imem pisko mo 5,3 ta 3,8 - 10° H/mm?
BimoBiaHO [636].

MiKpoTBEepAICT, KpPYHMHUX KapOiJiB XapaKTepU3YEThCS MaKCUMAJIbHUM
snauennsam 11,5 - 102 H/mm? npu raprysansi Big 750, 820 ta 950 °C. I'apTyBaHH Bij
1060 ta 1100 3aMKYy€E MiKPOTBEPAICTH 4aCTOUOK 110 9,4 Ta 6,5+ 10% H/MM? BignosinHo,
a mnpu temneparypi 1200 °C BoHa 3MEHIIYETHhCS Mai’ke BTPHUYl BIIHOCHO
MaKCHMAJILHOTO 3HaYeHHs, ckaanatoun 4,3- 10° H/Mm? ta BipuTyn HaGIMKaeThes 10
MIKPOTBEPAOCTI «MATPHIL» 3a IUX CAMHUX YMOB rapTyBaHHS.

PeHTreHocnekTpasbHUM aHaII30M BCTAHOBJICHO, IO JI0 CKJIaay KPYIHHUX
TYrOIJIaBKUX KapOidiB BXOASATH XPOM, BaHaii Ta Boib(ppam (puc. 5.18, 5.19) [636].
AHani3 OTpUMaHUX BiJ HUX €JIEKTPOHOrpaM BKa3ye Ha Te, IO OULIbIIICTh KapOiliB
mae ['TIK rpatky, sika BiamoBijae 3a AaHUMHU [637] TUIBKKA JBOM THIIAM YaCTOYOK
Me23Cs i MesC, y Toli uac sik Buaiaenus tumy Me;Cs = (Cr,Fe);Cs, siki BUSBISIOTHCS
B aHAJIOTIYHUX cTamsx [638], XapakTepusyrThCs IMCEBIOTEKCArOHAIBHOIO

KPHUCTaTIuHOO IpaTkoro [637].
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Puc. 5.18. MikpocTpykTypa noBepxHi ctaii X6B® micns raprysanns Bix 950 °C 3
IIBMAKICTIO HarpiBanHg V, = 2 - 10% K/c (a) ta iioro 300paxenns (6, B, T)

B CIIEKTPax PEHTTEHIBChKUX BUTIpoMiHioBaHb Cr, V Ta W BIIIIOBIIHO.
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Puc. 5.18. IlpogosxenHs.
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Puc. 5.19. MikpoctpykTypa nmoBepxHi craimi X6B® micins raprysanns Big 1060 °C 3
IBMKICTIO HarpiBanHsg V, = 2 - 10° K/c (a) Ta ioro 306paxenns (6, B, T)

B CIIEKTPax PEHTTEeHIBCbKUX BUMpoMiHioBaHb Cr, V Ta W BiAMOBIIHO.
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Puc. 5.19. [IponoBxxeHHS.
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B T

Puc. 5.20. MikpoctpykTrypa 3araproanoi Big 1060 (a), 1100 (8) ta 1200°C (r)
ctai X6B®. TemHonoabHe 300pakeHHs (0) B pediiekcax ayCTeHITY 3 JUISHKH,
HaBesieHol Ha (a). CyIiIbHUMU JIiHIAMH Ha (T) MO3Ha4YeHi 00JIaCTi TUCTIEPCHOTO

MapTEHCUTY.
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BuBuennst ¢azoBoro ckmamy micis rapTyBaHHsa ctaini X6B® 3a gomomororo
CJIEKTPOHHOT MIKPOCKOIIII IOKa3ajgo, IO 3aJie)KHO BiJ IIBHAKOCTI HarpiBaHHS 1
TeMrepaTypyd aycTeHITH3allli BiH MOXXE 3MIHIOBAaTHCS BiJI MIKPOCTPYKTYpH
(xapOiay + MAapTEHCUT «MATPUII») MIPHU CTaHAAPTHIN TepMIdHiil 00poo1Ii 10:

— KapOiau + 000JIOHKH ayCTEHITy + MapTeHCUT «MAaTpHUIl» Ta 3aJIUIIKUA
KapOiJliB + TUCIIEPCHUM MapTEHCUT + MapTCHCUT «MaTPHUIll» TPH IIBUIKICHUN
ayCTeHiTh3allii 1 rapTyBaHHi Bix Temreparypu 1060 °C (puc. 5.20, a);

— BQJIMILIKY KapOlaiB + TUCIIEPCHUN MAapTEHCUT + MAPTEHCUT «MATPULI) TIPH
HIBUJIKICHIN eNleKTpoTepMivHii 00po6iii Big 1100 °C (puc. 5.20, B);

— JUCIEPCHUM MapTEHCHT + MapTCHCUT «MaTPHIl» TpPH TeMIepaTypi
rapTyBaHHd TMpyd I[IBHUJKICHOMY HarpiBaHHi mija aycrteHituzarmito 1200 °C
(puc. 5.20, r).

3aznaunmo, 1o npu rapryBaHHl Bifg 1060 °C nunstHku aycteHiTy abo ix
(dbparMeHTH YTBOPIOIOTHCS, MEPEBAXKHO, HABKOJIO KPYMHUX KapOiTHMX YACTUHOK 3
pPO3MIpOM, SIKUW OJIM3BKHI 200 TIEPEBUIIY€E CEPEIHI 3HAUSHHS, IO MIATBEPIKYETHCS
pe3ynbTaTaMu TEMHOIIOBHUX AOCTiHKeHb (puc. 5.20, 6). BomHowac B iHITUX MicCIsIX
ayCTEHIT BIACYTHIiH, a OUIbII APiOHI HEAOPOZUMHEH] 3IMIIKHU KapO1/1iB 3HAXOAAThCS
B OTOUYEHHI JUCTIEPCHUX MAPTEHCUTHUX KPUCTAIIIB.

Pi3HOMaHITHICTh ()a30BOrO CKJIay J00pe Y3rOIKYEThCS 3 AaKTHBHICTIO
Jucorrianii kapOiaiB y ToMy YHCIi i B aycTeHiTi. Lleit mporiec 3a1exuTs Bij po3MipiB
KapOimiB Ta iXHpOro ckimamy [639—642], a Takox TeMIepaTypHO-4aCOBOIO
iHTepBaity nporecy [643]. Lle, cBoero yeproro, Moxke OyTH MPUYMHOK BUHUKHCHHSI
KOHIICHTPAI[IHHUX HEOJHOPITHOCTEH B ayCTEHITI MPH BUKOPUCTAHHI IIBHUIKICHUX
METO/IIB HarpiBaHHS 1]l rapTyBaHHS.

OckiJ1bKY 301MbILIEHHS MIBUAKOCTI HArpiBaHHA 3CyBa€ IHTEPBAJ ayCTEHITU3AIIl]
(Aci1— Acs) B HanpsIMKY O1JTBIII BUCOKHUX TEMIIEpATyp Ta 3BYxkye Horo [488, 491, 643,
644], oueBuano, mo temmneparypa 1060 °C 3a naHMX yMOB HarpiBaHHS JUis CTall

X6B® € mixkkputnyHoto, a 1100 °C Ta BuIie — BUIOO 32 Acs.
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OTxe pi3HOMAHITTS MPHUCYTHIX B cTaidi X6B® kapbiniB mpu MIBUIKICHOMY
HarpiBaHHl CYTT€BO BIUIMBA€ HE TUIbKHM Ha OCOOJMBOCTI 3apOJKEHHS ayCTEHITY B
iHTepBasii Aci — Acs, alle ¥ Ha HACTylIHE YTBOPEHHS B MICISIX JWCOIIAIil
MIKpOOO’€MIB  JIETOBAHMX TYTOIUIAaBKHX KapOidiB, CTPYKTypa SKHX MOXKe
3MIHIOBAaTUCh BIiJI KapOiJHO-ayCTEHITHOI A0 KapOiJHO-MapTEHCUTHOI CyMimn 3
IUITHKaMW ~ JHCIIEPCHOTO JieroBaHOro MapreHcuty [492]. TapryBaHHsS Bin
TEMIIepaTyp, IO TEPEeBHUINYIOTh AcC3, 3a YMOB 30€pEKCHHS KOHIICHTPAIlIMHUX
HEOJHOPIAHOCTEH B ayCTEHITI, siKi (popMyroThes Oist KapOiaHOi (a3u Ta MICTATH
XpoM, BaHaii 1 Bosib)paM, CIIpUsie YTBOPEHHIO HABKOJIO HEl JUCIEPCHOIO 1 OLIbIIT
TBEP/JOr0 MAapTEHCUTY MOPIBHAHO 3 BEJIMKUMH 32 pO3MipamMHM Ta MEHII TBEPIAUMHU
fioro (hoopMyBaHHSIMU B «MaTpuIli» [636].

YacTtkoBa a00 MOBHA UCOLIaIlisl TYTOIJIABKUX YACTOYOK MOSICHIOE 3MEHIIICHHSI
iXHBOI MIKpPOTBEPJIOCTI 13 3pOCTAHHIM TeMIepatypu raptyBanus Buiie 950 °C (puc.
5.17). Ilpu raprysansi Big 1200 °C 61u3bKi 3HAYEHHS MiKPOTBEPAOCTI «MATPHIII» Ta
JUISHOK pO3TallyBaHHS TYTOIUIABKMX KapOIlaiB TMOB’S3aHO 3 IXHIM MOBHUM
PO3UMHEHHSM Ta MOSBOIO 001acTel AUCIIEPCHOIO MAPTEHCUTY, JIETOBAHOTO XPOMOM,
BaHaJieM 1 Bodb(pamom (puc. 5.20, B), 1m0 MeTanmorpadiyHO BUSBIISIETHCS Y BUTIISII
OLMX OKpyrHX TIsM (puc. 5.15, 0).

TakuM YMHOM, MPUYUHOIO LUKIIYHOTO XapakTepy 3HOIIyBaHHs ctail X6B®d
micnst rapryBanHg Bijg 1060 °C € HasBHICTD y CTPYKTYpi KapOiiB IIMPOKOTO
1HTEpBaIy pO3MIpPiB Ta HEOJHOPIIHICTh IXHBOTO po3noaiTy. Lle BrinBae Ha a3oBuii
CKJIaJ] TTICJIsl TEPMIYHOT 0OpOOKH, CIIpHUsi€ yTBOPEHHIO HEOTHOPIIHOCTI CTPYKTYPH 3a
rTMOMHOI0 Ta B 30HI KOHTaKTHOi B3aemoii. IlepeBakaHHS Ha MOBEpPXHI TEPT
JTUISTHOK 3aJIMIIKOBOIO ayCTEHITY, SIKUH OTOYy€ TYromiaBkKi KapOigu, HEraTMBHO
BIUTMBA€E Ha 3HOCOCTIHKICTh [645, 646], cipusic BUHUKHEHHIO HAa MOBEPXHI TEPTS
NPOIIECiB MIACTUYHOT Aedopmaliii, cxommoBanHs (puc. 5.8) ta pyiiHyBaHHs. 3MiHa
¢$a3oBoOro Ckjiagy B 30HI KOHTAKTY, /i€ OUIBIIICTh TYTOIUIABKUX KapOiJiB abo iX
3QJIMIIKIB OTOYEHA AUCHEPCHUM MApPTEHCUTOM, CYTTEBO 3MIHIOE SIK MEXaHI3M

3HOIIIYBaHHS, TaK 1 CTIMKICTh IO 3HOLITYBAaHHS JTOCIIHKYBaHOT cTaji (puc. 5.9).
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[TopiBHIOIOYHM TEOPETHYHO Ta €KCIIEPUMEHTAIFHO OTPUMAaH1 MapamMeTpH IJIsM
KOHTAaKTy, HaBeeHi B 1. 3.1.1, 3 po3MipaMu Ta po3MOLIOM IO 00’ €My TYTOILIaBKO1
KkapOiaHoi dasu (puc. 5.12, 5.16) MokHA MPUITYCTUTH, IO IPU KOHTAKTHIH B3a€MOII1
3a3HaueH1 KapOiu MOXKyTh (hopMyBaTu GaKTUYHY TUIOILY KOHTAKTY. [Ipu TepMiuHiit
o0poOlli 3a CTaHIAPTHUM PEKUMOM OTPHMaHA CTPYKTypa Ma€ HEKOT€PEHTHI SIBHO
BUPAXKEHI MEXI MapTEHCHT-TYTOIUIaBKHi KapOin (puc. 5.12, a), mo npu3BOIUTH JI0
BUKpUINYBaHHA KapOimHoi ¢dazm mpu tepti [112, 647, 648]. lle 3menmrye dac
ICHYBaHHsSI [JUISHOK KOHTakTHOI B3aemojli. Ilpu 1mpoMy ynamMKu TyrorsiaBKHUX
KapO1J1B MOXXYTh BHKOHYBATH POJib a0pa3WBHUX YACTHHOK, IO 1HTEHCU(IKYIOTh
npoiiec 3HoIyBaHHs [649].

[TixBuILIEHHS 3HOCOCTIMKOCTI cTani X6B® Oiy1blI HixK YB141 TICHsS rapTYBaHHS
Bin 1100 °C BigOyBaeThcsi B pe3yibTaTi 3aMiHA MOTEHIINHUX IUISIM KOHTAKTy y
BUIJISIAI TYTOTUIABKUX JIETOBAHMX KapOIiJiB MICIs CTaHAAPTHOI 0OpOOKH Ha OMOpPHI
MIKPOIUISTHKY 31 CTPYKTYPOIO TUCIIEPCHOTO MAPTEHCUTY 13 3AJIMIITKAMHU ITUX KapOiiB.
Baxn1Boro nepeBaroro CTpyKTYpHOIO CTaHy CTali, 10 (OpMYy€eThCs 3a JAHUX YMOB,
€ BHUKHEHHS MIK(a3HUX MEX «KapOiI-MaTpuls», BIAMOBIIHO 3MEHIICHHS
WMOBIPHOCTI BUKPUIITYBaHHS KPYIHUX KapOiJiB MpW KOHTAKTHINA B3aemomii Ta
30UTBLIEHHS! CTIMKOCTI O pyHHYBaHHSA HpPH TEPTI MIKPOOO’ €MIB 3 MiABUIICHUMHU
MEXaHIYHUMU XapaKTEePUCTUKAMH.

[lomanpmie 3poctanHs TemmepaTypu TrapTyBanHa A0 1200 °C  3HmKYye
3HOCOCTINKICTh cTaimi X6B®, oueBHMIHO, Yepe3 MOBHY AMCOLIAII0 TYTOTUIABKUX
KapO11B, 3SMEHIICHHS TBEPAOCTI MOTEHUINHUX TJISIM KOHTAKTY Ta 11 HAOJIMKEHHS J10
TBEPJOCTI «MATPHULII», [0 3MEHIIIYE T€TEPOT€HHICTh CTPYKTYPH Ta 3HUKYE MEXaHIYHI
XapaKTePUCTHUKHU.

OtpumaHni pe3ynbTatu 100pe y3roKyroThes 3 mpargsimu [149, 168, 186], ne
BKa3aHO, 1110 OUTBII TBEPIUH Ta MIITHUN MapTEHCUT MPU KOHTAKTHIN B3a€MOIT Kpalie
yTpUMYye€ B c001 KapO1aH1 BKIIOUSHHS, HI)XK ayCTEHIT, @ 3SMEHIIIEHHS KUIBKOCTI KapOiiB
B MapTEHCUTHO-KapOiIHIA CTPYKTYpl MOTipinye ii TpUOOIOTIUHI BIIACTUBOCTI Yepe3

30UIBIICHHS B1JICTaH1 M1 KapOiIHUM 4aCTOUYKaMHU.
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AHasoriyHu# edeKT MOKpAIIeHHS 3HOCOCTIMKOCTI IHCTPYMEHTAIBHUX CTajlel
MOKHa OJIep)KaTH W MiCIsl 3aCTOCYBAaHHS JIa3epHOTO TapTyBaHHS 3 TOJAIBIION0
KPi00OpOOKOI0, sIKa CHPHSIE€ 3MEHIIECHHIO KIIBKOCTI 3aJHIIKOBOro aycreHity [650].
AJle OJTHUM 3 HEJIOJIKIB IIbOTO METOy € OOMeKeHa IIMONHA 3MIIIHEHOTO IIapy, sKa

3aJIeXKHO BiJ BUAY J1azepHOro onpomineHHs, csrae Big 200...250 mo 600...800 mxMm.

5.1.4. Nocaimxenusi MikpocTpykrypu crajei 9X® i 7XHMDb.

3 METOI0 BHUABIICHHS 3arajbHOi 3aKOHOMIPHOCTI BIUIMBY TEMIIEPATypHO-
HIBUIKICHUX YMOB rapTyBaHHs Ha (hopmyBaHHS (Pa30BOTO CKIIATy IHCTPYMEHTAIbHUX
CTaJIe, IO TPAMIOIOTh TPU HEBUCOKUX IMBUIKOCTAX pi3aHHSA, BUBYAIH
MIKPOCTPYKTYpYy ctasied Mapok 9X® 1 7XHMO®b, xiMiyHUI CKIaj SKUX MICIs
HIBUJIKICHOI €JIEKTPOTEPMIYHOI 00poOKH 3 mBHAKICTIO HarpiBanHs Vy = 10 K/c no
temriepatyp 750, 800, 850 ta 970 °C mpu momanbIioMy OXOJIOKEHHI TOBITPSIHO-
BOJISTHOIO CYMIIIIIITIO HABEACHO B Ta0m. 2.2.

Bigmosigao mo [651, 652] crpykrypa AoCHiIKyBaHHX CTajeid B CTaHi
MocTayaHHs, Ha BiAMiHY BiJ ctaimi X6B®, mictuts numie kapoigu MesC, Me;Cs,
Me23Cs. IleBHa X yacTHHA, SIK IPABUIIO IPEACTABIICHA JIETOBAHUM LIEMEHTUTOM THUITY
MesC 3 mmactuHyacToro, a nausi kapOimiB tumy Me;Cs, MexsCs — mepeBakHO
ri00yspHOI0 Mopdoitorieto 0ymosu [492].

EnexTpoHHO-MIKPOCKOMIIYHI JOCTIIKEHHSI 3araptoBaHux ctajgeil 9Xd 1
TXHM®®b nokaszanu, 1110 3aJI€KHO BiJI IIBUAKOCTI Ta TEMIIEpATypH HarpiBaHHs B HUX,
gk 1 B ctam X6B®, MoxHa oTpuMyBaTH pi3Huid (pa3zoBuil ckiam:

— KapOiau + MapTeHCUT «MaTpuili» (puc. 5.22, a);

— KapOiau + JUISTHKA ~ayCTEeHITY + MApTEHCUT «MaTPHIl» Ta 3aJIUIIKHA

KapOiaiB + TUCIIEPCHUN MApPTEHCUT + MapTEHCUT «MaTpuil» (puc. 5.21, a, 5.22, 0);
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Puc. 5.21. MikpoctpykTypa 3araproBanoi craii 9X® (a, B) miciis HarpiBaHHS 31
mBuakictio 10 K/c mo remneparyp 800 (a) ra 970 °C (6). TemHomnonsHe
300pakeHHs (0) B pediickcax ayCTeHITY 3 AUISHKH, HaBeaeHol Ha (a). CyIiIbHUMHU

JiHISIMU Ha (B) MTO3HA4Y€H1 00J1aCT1 IUCTIEPCHOTO MAPTEHCHUTY.
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Puc. 5.22. Mikpoctpykrypu crani 7XHM®Db micis HarpiBaHHS 31 IIBUIKICTIO
10 K/c no Temmeparyp 750 (a), 800 (6), 850 (8) Ta 970 °C (r). CyuiabHUMH JTiHIIMA

Ha (T) mo3Ha4YeHa 00J1acTh TUCIIEPCHOTO MAPTEHCUTY
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— 3aJUIIKK  KapOiJiB + AUCHEPCHUN MapTEHCUT + MApTEHCUT «MaTPUIID»
(puc. 5.22, B);

— JIUCTIEPCHUN MapTEHCUT + MapTEHCUT «MaTpull» (puc. 5.21, B, 5.22, r).

OTxe 0THOTHUITHA TTOBE/IIHKA KapO1/1iB y BiIMOBIAHUX 1HTEpBaIax MIBUIKOCTEH
1 TeMrmeparyp HarpiBaHHS BKa3ye€ Ha 3arajbHl 3aKOHOMIPHOCTI YTBOPEHHS
MIKpOCTPYKTYpH y cTalisix X6BD, 9XD 1 7XHM®B, mo 3amexuTh Bia KUIBKOCTI
BUJIB Ta PO3KUAY TiCTOrpaMu pO3MOAUTy KapOimiB 3a po3mipamu. Pi3HOMaHITTS
OTpUMaHMX (a3 CYTTEBO BIUIMBAE HA MEXaHIUYHI XapaKTEPUCTUKH BHUBUEHUX
MatepiaiiB, 30KpeMa BIJINOBIIA€ 3a (OPMYBaHHS YMOB KOHTAKTHOI B3a€MOJIi Ta

BU3HAYAE TXHIO 3HOCOCTIHKICTb.

BucHoBKM

1. VMoBipHa KinbKicTh (a3, ix MOphoIOTiuHi 03HAKM OyHOBH Ta XapakTep
posnoauty B ctaimsix X6B®, 9X® 1 7XHM®b npu mBUIKICHUX TepMOOOpoOKax
3YMOBJICH1 KUIBKICTIO, PO3MIPOM, PI3HOBUIOM Ta OCOOJHMBOCTSMH JHCOLAIli
kapOigHOoi (asu B aycTeHITi. BuUKOpuCTaHHS MIBUAKICHUX HarpiBaHb TIpH
ayCTEHITH3aIlli HaJa€ MOXKJIUBICTh OJCP)KyBaTH HETOMOTE€HHI CTaHU B MICIIX
po3TanryBaHHs KapOiiB, /1€ MCs rapTyBaHHS HaBKOJIO a00 3aMICTh HUX (PIKCYEThCS
YM 3aJIMIIKOBUI ayCTEHIT, YU OUIBII AUCTICPCHUMN 1 MIITHUM MapTEHCHT.

2. TapryBaHHS 3 MiABUIIIEHUMH IIBUIKOCTSIMHU HArpiBaHHS 3 MIKKPUTHYHOTO
IHTEpBaTy TEMIIEpATyp BIUIMBAE HA PI3HOMAHITHICTb OTPUMAHOTO MICIs TEPMIYHOI
0o0poOku (ha3zoBOro ckiaay Ta TPU3BOAUTH 10 (OpMyBaHHS HABKOJO KPYMHHUX
KapOIJHUX  BKJIIOYEHb JUISHOK  ayCTEHITY, 1[0 30UIbLIye  3HOUIYBaHHS
IHCTPYMEHTAJILHUX JICTOBAHUX CTaJICH.

3. [ukmiunuii xapakTep 3HOITyBaHHS cTajali X6B® micns rapTyBaHHS 3
iHTEepBaTy Aci — Ac3 MOB’SI3aHUI 3 HEPIBHOMIPHUM PO3MOIIIOM MO 00’ €My KPYITHUX
KapOiiB, 10 CHpUSE YTBOPEHHIO HEOTHOPITHOCTI (Ha30BOr0 CKIAAy CTPYKTYpH 3a
MIMOMHOIO Ta MMOYEPTrOBOMY MPEBATIOBAHHIO B 30H1 KOHTAKTHOI B3a€MO/I11 00’ €MIB U

3 3aJIMIIIKOBHUM aYCTeHiTOM, 494 3 JUCIICPCHUM MAapPTCHCUTOM.
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4. IBuakicHa enekTporepMiuHa oOpoOka ctami X6B®d Big Temmneparyp, 1o
HE3HAYHO IEPEBUINYIOTh AC3, JIO3BOJISIE 30€pErTH TETCPOTCHHICTh CTPYKTYPH Y
BUTJISAI  «3QJIMIIKA  KapOiJiB — TUCIIEPCHUA MapTCHCUT — MApTEHCUT», sKa 3a
PO3MIpHUMU MMapaMeTpaMu OJM3bKa IO ONTHUMAIBHOI MOJACIIBPHOI MEXaHIYHOI CXEMHU
KOHTaKTHOI B3aemoJii. I{e cnipusie 3HUKHEHHI0 MDK(Pa3HUX MEX «KapO1I-MaTpULIs»,
IO CYTTEBO MOKpAIye TPUOOIOTTUHI XapaKTEePUCTHKU MaTepiaiy.

5. Ilomampmie 30UTBIIEHHS TEMIEpPaTypu TapTyBaHHS MPHU3BOIUTH IO
naucortiamii kap6iaHoi (a3 Ta yTBOPEHHIO Ha il MICIIl JHUCIIEPCHOTO JIETOBAaHOTO
MapTEHCHUTY, SKHH 3a TBEPJICTIO HE3HAYHO TIEPEBHUIINYE TBEPAICTH OCHOBHOTO
MapTEHCUTY, IO 3MEHIIYE TEeTEPOTeHHICTh CTPYKTYpPH, 3HUXKYE MEXaHIYH1

XapaKTEPUCTHUKH Ta OIip 3HOUTYBaHHIO cTaii X6BO.
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PO30IN 6. LUTYYHI HENPOHHI MEPEXI, K IHCTPYMEHT Ons
BUPIWLEHHA NPUKITAOHUX 3AOAY

J1J1s1 61TBITT TOYHOTO IIJIECTIPSIMOBAHOTO PETYIIOBAHHS CTPYKTYPH Ta (ha30BOTO
CKJIaJy TTOBEPXHEBHX IIAPIB JOCHTIKYBAaHUX MAaTEpiajiB 3 METOIO MOKPAIIEHHS 1XHIX
TPUOOJIOTTYHUX BJIACTUBOCTEH OyJ10 BUKOPUCTAHO IMITY4YH1 HelipoHH1 Mepexi (LLIHM)
SIK IHCTPYMEHT JJIs1 BUPIIICHHS JaHOI MPUKIaIHOT 3aa4l.

B mparx [653, 654] nokazano, 1o HeHpoHHI Mepeki mo0yI0BaHi y MPoCTopi
3 YHUCJIEHHUX KOMIIOHEHT 1 BEJIMKOi KUIBKOCTI 3’€IHaHb MK HUMU. [Ipu cTBOpeHH1
[ITHM HaragayroTh 010JIOT14HI CUCTEMH, ajie ICHYIOTh ME€BHI OOMEKEHHS B IXHbOMY
BUKOpHUCTaHHI [655, 656]. Sk Bike 3raayBagock B po3iii | MPUHIIUIIOBA CXeMa TaKUX

IHM mae Burisin (puc. 6.1.)

Bxin ™ N Buxin

[Mpomixuuit

Puc. 6.1. [IpunnumnoBa cxema mrydHoi HEHPOHHOT Mepexi [654].

Mepexi ckI1agaroThes 13 NpOIIapKiB HEMPOHIB Ta 3’ €IHAHB, K1 HECYTh (QYHKIIIT
CyMyBaHHs Ta iepenadi indopmariii. [[puxoBaHi mpomapku OTPUMYIOTh CUTHAJIH BiJ]
MONEepPeHLOTO MPOIIAPKy HEHPOHIB Ta 00poOJsatoTh iX. ToMy MOXKHA 11l Ba TUIU
3B’3Ky MK HEHpOHAMH PO3INIAIATH SK MEXaHi3M CyMyBaHHS Ta TepelaBaHHS
MEXaHI3MIB BiJHIMaHHsA. B Mepexi iCHye TakKoX I1HIIMM THI 3B’SI3KYy, IO

XapaKTepHu3y€e 3BOPOTHIN 3B’A30K Mik HeilpoHamMu. CydacHi MakeTH MPOrPaMHOTO
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3a0e3MeYeHHs JI03BOJISIIOTh IUIECTIPSIMOBAHO KEPYBATH OIMHUCAHOIO apXiTEKTYpOIO
[ITHM.

Jlns  ¢GyHKIIIOHYBaHHA MeEpeXi HEOoOX1JHO BHOpaTH peadbHy KIUIbKICTI
HEWPOHIB Ta BCTAHOBHUTH 3B’ 13KM Mixk HUMH [654]. Ockinbku 3a apxiTekTypoto [IIHM
MOJKHa 3BECTH JIO JIBOX THIIiB, TAKHX SIK MEPEXi MPSIMOTO TOIIMPEHHS Ta MEpPexki
3BOPOTHOTO MOIIUPEHHS 3 PEKYPEHTHUMH 3B’SI3KaMU, TO IX MOXKHA CXEMaTHYHO

IPEJICTAaBUTH HACTYITHUM 9uHOM (puc. 6.2) [657].

LLITy4YHi HeMAPOHHI mepexi

MepuentpoHun

Mepexa

Xondinga

Mepexa
pagianbHux
6a3oBux
byHKLN

Mepexi
npAamoro
NOLMNPEHHA

CamoopraHizosaHa
KapTa KoxoHeHa

PeKypeHTHi
mepexi

Mepesxi
apanTUBHOI
pe3oHaHCHOI
Teopii

JlBockepoBaHa
aciuiaTmBHa
nam'atb

3ycTpiyHoro
NOLWMPEHHA

Puc. 6.2. Tunu apXiTeKTypH MTYYHUX HEHPOHHUX Mepex [657].

6.1. MopaenioBaHHA TPUOOMNOriYHUX BNacTUBOCTEN AOCHIAXKEeHUX

nap TepTs

JIist BUpINIGHHS 3adad PI3HOTO PIBHSA CKJIATHOCTI 3 PI3HOK KUIBKICTIO
CKCIICPUMCHTAJILHUX PE3yNbTaTIB, IO TIOKJIAACHI 3a OCHOBY JUIS CTBOPCHHS
HaBYaJbHUX MHOXHH, MOJCIIOBAHHS 3IMCHIOBAJIOCH ITOCHIIOBHO. BpaxoByroun
OCOOJIMBOCTI JIOCHIKEHUX YMOB TEPTS NPOBOJIWIN KOPETYBaHHS apXITEKTYypH

HEeWpOHHOT Mepexi. [IporHo3yroun TpruOOJIOTiYHI BIACTUBOCTI MOBEPXHI HAMOUIbII
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ONTUMAJIBHAM MUISIXOM €KCTPanoJIAlii €KCIEePUMEHTAIBHUX PE3yJbTATIB MM Yac
poboTH HeWpoMepeki 3aCTOCOBAHO MOjIeNb (DYHKIIOHATY MHOXXUHHM TaOIMIHUX
byukiii (GMTO). Tomy Ha icHyrOU1 HaBYaIBHIN BUOIPIII OJIEPIKAHUX CTPYKTYPHO-
TEOMETPUYHUX TIMapaMeTpiB TOBEPXHI 3a JOMOMOTOI MOJICTIOBAHHS BIAIOCH
CIIPOTHO3yBaTH 3MIiHM HHMX mapaMmerpiB. Lle, cBo€ro yeproro, 1aso MOXKIUBICTb
nepeadaunTi AMHAMIKY Jerpajaiii BracTuBocTel Marepiany. Ciia 3a3Ha4MTH, IO
BOXKJIMBICTb TAaKOTO Tiepen0adeHHs HEOI[IHEHHA, OCKUIBKH PO3IMIHUPIOIOTHCS
MO>KJIMBOCTI 3aCTOCYBaHHS KOMIT FOTEPHOTO MOJICNIOBAHHS JIJIi BCTAHOBJICHHS
JIOBFOBIYHOCTI JOCIIJIP)KYBaHUX MaTepiaiiB 3a peajbHUX YMOB IXHBOI €KCILTyaTallii.
Tomy noka3zano, mo came [ITHM moskHa BUKOPUCTOBYBATH J1JI BUPIIICHHS pEAIbHUX

3a/1a4 TPUOOJIOTIYHOTO MaTeplaiO3HABCTRA.

6.1.1. MoaeaoBaHHs 3MiHU TPUOOJIOTiYHUX BJIACTUBOCTEH MOBEPXOHb

nap Teprs.

OTtxe, sk OyJIO TTOKa3aHO, BUPIMIEHHSI KOHKPETHUX Mareplajlo3HaBYMX 3aJad
IPYHTYETHCSI HA BUBYCHHI 3MiHU (DA30BOTO CKJIAAy, MIKPOCTPYKTYPH Ta KOMILJIEKCY
MEXaHIYHUX BJIACTHUBOCTEH 3aJIe’KHO BiJl YMOB €KCIUTyartarlii aeranei mammuH. Tomy
KpIM BHYTPILIHIX YUHHUKIB (MIKPOCTPYKTYpH, ()a30BOro CKIagy Ta KOMIUIEKCY
BJIACTMBOCTEH) 3aBXKJIM HEOOX1JTHO BPaxOBYBAaTH TEMIIEpaTypy, THCK, IPUCYTHICTh
a00 BIJICYTHICTh MAaCTWJIBHUX MaTepiaiiB Toio. L1 ¢pakropu B mponeci ekcrryaraiii
BUKJIMKAIOTh TPAaHCPOpPMALII0 MIKPOCTPYKTYpU Ta HANPYXKEHOTO CTaHy IMOBEPXHI
KOHTaKTYIOUHUX M1 yac TepTs MaTepiaiiB. [Ipu 11b0My Ha KOHTAKTYIOUHX TTOBEPXHAX
MOPYIIYEThCSA TEPMOAMHAMIUHA piBHOBara. CiiiJl 3a3HAYUTH, 110 Y TPUOOJOTTUHUX
napax TepTs MOXYTh TaKOX YTBOPIOBATHUCS BTOPUHHI CTPYKTYpH, BiIOyBaTHCS
CCJICKTUBHE PO3UYMHEHHS JIETYBAJIbHUX €JIEMEHTIB, IIOBEpXHEBA Cerperaiis,
aacopOrist abo ngecopOrisi, peakiiiina audysis Tomo. Ile Takoxk OesmnepedHo
BIJTUBATUME HA MPUPOJY Ta MEXaHI13MHU TPUOOJIOTTUHHX SIBHIII.

B nonepennix rinaBax Oyso nmokaszaHo, 1o nepedir OomucaHux MpoIieciB MOXKHA

pEryIOBaTH PI3HUMH mUissxamu. [lepmmii 13 mUISXiB MiABUINEHHS 3HOCOCTIMKOCTI
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MMOBEPXHEBUX IIAPIB — 11€ BU3HAYEHHS TUITIB Ta MopdoJorii ¢a3, sAKi JOmIBHO 0YJI10
0 OTpUMYBATH Ha PEAIbHUX KOHTAKTHUX MOBEPXHSX, K1 COPUSITUMYTb IT1JIBUILIEHHIO
TPHOOJIOTTYHUX BJIACTUBOCTEH pyXoMmMux chpsbkeHb [568, 571, 626]. Inmmii — 1e
raJibMyBaHHSI HeOaXaHUX SIBUII, SKi BiAOYBAIOThCA MiJ yac TepTsS Ha MiK(a3HHX
IPAHUIIX IOALIY MIKPOCTPYKTYp Kommo3uTHoro tumy [635, 636]. Ille omaum
IIUITXOM TTOKPAIIeHHs TPHOOJIOTIYHUX BJIACTUBOCTEH € POPMYBaHHS B TTIOBEPXHEBHUX
mrapax map TepTs 3HOCOCTIMKHX IMOKPHUTTIB 13 CTPYKTypaMu, IO BiANOBITAIOTH
BJIACTUBOCTSIM KOMIIO3UTHOTO Martepiany. [Ipukiamu CTBOpPEHHS TakuX MOKPUTTIB
HaBezeHl y npansx [352, 353, 354, 393].

BrnactuBocTi  OmMcaHUX TOBEPXHEBUX IIApIB  MOKHA KOHTPOJIOBATH
3HAQYCHHSMHU TEMIIEPATypyd TapTyBaHHS (tupr) MIKPOTBEPIOCTI KOHTAKTYIOUHMX
noBepxoHb Tepts (H,), mo BH3HAYEHi 3a JOMOMOTOI0 METOJIB CKJIEPOMETii,
BIJICTAHHIO MDK MakcumMyMamu ii 3HaueHb (T2), cepelHBOIO TPOTHKHICTIO IUX
MakcuMyMiB (Lcep), cepemHim miamerpom KapOimiB (DKcep) Ta MIIHICTIO 3B’SI3KY
kapOiqHuX BKItoueHb 3 Mmarpuiieto (K). B tabn. 6.1 — 6.4 HaBegeHo mapameTpu
MOBEPXOHb JIOCHIDKYBAaHUX CTajed, skl Oynu BHUKOPHUCTaHI JUIsl CTBOPCHHS
HaBYaJIbHUX MHOUH.

[Tporec mpoBeIeHHS eKCIIEPUMEHTAIBHUX JOCIIKEHb B OLTBIIOCTI BUIIAJIKIB
noTpedye BHUNPOOYBAHHS BEJIMKOI KUIBKOCTI 3pa3KiB, BUKOPHUCTAHHS JOPOTOro
EKCTIIEPUMEHTAILHOTO 00IaHAaHHS, a TAKOXK 1HTEpHIpETaIlii pe3yabTaTiB, sIKa 4acTo €
CKkiIagHoro. Bce 1e Bkazye Ha JOUUIBHICTh 3aCTOCYBAHHS KOMIT IOTEPHOTO
MojetoBaHHsA. ToMmy sl TMPOTHO3YBaHHSI Mpane3gaTHOCTI  JTOCIIIKYBaHUX
MaTepiaiiB 3a yMOB TEPTS Ta KEPYBaHHs CTPYKTYPHO-(a30BUM CTAHOM KOHTaKTHHX
MOBEPXOHb, SAKUW Ou 3abe3neuyBaB HEOOXIAHUI pPiBEHb (HI3UKO-MEXaHIYHUX
BJIACTMBOCTEH, OYJIO 3ampONOHOBAHO TOE€THATH PE3YyJIbTaTH EKCIEPUMEHTIB 3

BIIITOBITHUM MOJEJIFOBAHHSIM.
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Taomung 6.1.

JIiH1iHI XapaKTepUCTUKU MIKpOOO’€MiB MIKpOCTPYKTypH cTaii 40X micist rapTyBaHHS Ta BUCOKOTO BIIIMYCKY 3

1JIBUIIICHO MIKPOTBEPICTIO MTPH HaBaHTaKeHHI Ha 1HTAeHTOp 20 T

CepenHe 3HaUYE€HHS PO3PaXyHKOBOTO IMapaMeTpa Hp, H/mm? Macoga
JloBKHHA, MKM Bigcranp mix Hiametp ) IHTEHCHUBHICTh
o Bin MaKc. 110 KapGigip | O° 0K3 3HOIIYBaHH,
trapT., C 0 . 3araJILHa, . MaTpHUICIO 8
Cepennst [Cymapna (XL) moBxun, % JIOBXKHHI MakKc. cep. MiH. Dxcep, K Im-10
MlIla (K)
(Lcep) Ha | MM >L/L-100 HOAPSIIUHA MKM ‘
TZ, MEM 3pa3okK KOHTPTUIO
860 9,95 81,55 8,16 122,0 2636 2800,0 | 2311,2 | 2000,0 | 0,049 minamit | 3,719 1,604
1050 25,39 105,79 10,58 240,0 2499 4000,0 | 2906,2 | 2000,0 | 0,056 minamit | 3,012 1,139
1160 4421 94,46 9,45 489,2 2457 5500,0 | 3912,7 | 2500,0 | 0,061 minanit | 3,125 1,138
Tabmuis 6.2.

JIiH1IiHI XapaKTEPUCTUKU MIKp0o0O’eMiB MiKpocTpykTypu ctaii 40XHM micnst rapTyBaHHS Ta BUCOKOTO BIAIYCKY 3

M1JBUILEHOI0 MIKPOTBEPAICTIO MTPU HABaHTaXEHH1 Ha 1HTAEHTOp 20 T

CepeiHe 3HaYEHHS PO3PaxyHKOBOTO Mapamerpa Hyu, H/vm? Macosa
JloBxuHa, MKM Biacranb mMik Hiametp ’ IHTEHCUBHICTh
R Bin MaKc. 1o KapGimi | 3P 130K 3 3HOIIYBaHHS,
trapr., °C o . 3arayibHa, ) MaTpPHIEHO 5
Cepennst (Cymapna (EL) n0OBXuHH, %o | TOBXKHHI MII Maxc. cep. MiH. | Dkcep, (K) Im-10
a
(Leep) Ha | MM >L/L-100 MOIPSTTUHU MKM ,
TZ, MEM 3pa3oK KOHTPTUIO
860 11,23 57,89 5,79 194,0 3799 7500 | 5415,9 | 4000 | 0,019 minauii | 2,599 -
1050 13,81 62,77 6,28 220,0 3749 7900 | 5484,0 | 4000 | 0,042 minamii | 2,451 -
1160 15,63 62,52 6,25 250,0 3681 6800 | 4760,0 | 3200 | 0,057 minanit | 2,821 -
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Taomung 6.3.

JIiH1#H1 XapaKTepUCTUKU MIKpo0oO’eMiB MiKpocTpyKTypu cTaini 0812C micist rapTyBaHHs Ta BUCOKOTO BIITYCKY 3

1JIBUIIICHO MIKPOTBEPICTIO MTPH HaBaHTaKeHHI Ha 1HTAEHTOp 20 T

Cepenne 3HaYeHHS PO3PaXyHKOBOIO IMapaMerpa Hyu, H/vm? Macosa
JnmuHa, MKkM Bincranp mix Hiametp ) IHTEHCHBHICTh
30Ha Bin MakKc. 1o 3 KapOiiB S:TH;?;;; 3HOIIYBaHHS,
(puc. 4.2) | Cepennsi |Cymapna (EL) AoBxunu, % JIOBXKUHI AIPH, ke, cep. MiH. | DKcep, pK Im-108
MlIla (K)
(Leep) Ha 1 MM >L/L-100 HOAPSITUHA MKM _
Tz, MEM 3pa3okK KOHTPTUIO
1 42,5 194,33 19,43 218,7 2440 2500 | 1923,5 | 1450 - MilHU 11,5 -
2 17,8 358,15 35,82 49,7 2360 2050 | 1856,6 | 1600 - MiLHU 14,60 -
Tabmuis 6.4.

Po3MipHI XapakTepUCTUKU TYyrOIUIaBKUX KapOigiB MIKPOCTPYKTYpH cTani X6B® micist rapTyBaHHS Ta HU3bKOTO BIAMYCKY

CepenHe 3HaYEHHS PO3PAXYHKOBOIO ITapaMeTpa Hp, H/mm? Macosa
ITnoma, MKM 3B’SI30K 3 1IHTEHCHUBHICTH
trapr., °C C q . Bincranp mik | Dieep, | 3ar, | o || MaTpHlco 3HOLIYBaHHS,
?gej:[;{ 7 acTka Bt o kapOimamu, mkm | MM | HRC poui pul (K) Im-108
cep 3araJibHOL o, vo 3pa3ok KOHTPTiJIO
(Ciggg ) 19,20 2.2 75,0 4,85 58 | 11485 584 crnabKmit 3,15 -
1060 19,20 2.2 75.0 4,85 | &g 940 584 ‘*;f;fl‘y’l’;" 1,96 ;
1100 19,20 2.2 75,0 4,85 58 654 534 MiTrHHi 1,44 -
1200 24,20 2.8 75,0 4,85 55 431 376 MiTTHUi 2,43 -
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SIK BIJOMO, BHKOPUCTAHHS pPErpeciiHuUX MOJENeH € OJHUM 3 MOKJIMBHUX
Croco0iB MojieNIOBaHHsA. BupileHHs MOCTaBlIeHUX B poOOTI 3ajlady BUMArae
BpaxyBaHHsl 0ararbox BJIACTMBOCTEH MarTepialliB, ajlé XapaKTep MPOBEACHOIO
EKCIICPUMEHTY Ta OJIepKaHa BIIHOCHO HEBEIWKAa BHUOIPKA EKCTIEPHUMEHTATBHHX
JTAHUX BKa3yIOTh, III0 MOHA Oy0 O BUKOPUCTATH JIIHIMHUN nojiiHOM. [Ipu npomy
TOYHICTh MOJICTIOBaHHS Oye HU3bKOIO.

ToMy sk anpTEpHATUBHUN MIAXIJ B JAHOMY BHUMAJAKY 3allpOIIOHOBAHO
MOJIEJIOBAaHHS 3 BUKOPUCTAHHSAM 1HTENEKTyalbHUX cucTeM Ha ocHOBI IIIHM. Bonnu
XapaKTEPHU3YIOThCS THYUKICTIO, a 1X ()YHKLIOHYBaHHS BKIIFOUA€ EMITIPUYH1 HABUYKH,
0 TPYHTYIOTbCS Ha nependadeHHi. Buxonsum 3 mnepeBar IIIHM nepen
TpaJAULIITHUMU OOYUCIEHHSIMH, ICHYIOYl Ha CBOTOJHI MEpPEKI HABYAIOTHCSA Ta
MOKYTh POOUTH MOMUJIKK. Taka HEWPOHHA Mepeka HAaBYA€THCS 3a IPEICTAaBICHUMU
BX1JIHUMHU Ta BUX1THUMU JAHUMH, SIKI HA3UBAIOTHCSI HABUAJIBHOIO MHOXKHUHOIO0. Ci1izt
3a3HAQYUTH, MO0 JUIS KOXKHOI BXIJHOI MHOXXKHHHM HEOOXIJHO MaTH II€BHI
eKCIepUMEHTalbHI AaHi. [Ipu AOCATHEHHI CTBOPEHOIO MEPEKEI0 NEBHOTO PIBHS
e(eKTUBHOCTI Ta Oa)kaHOi CTAaTUCTHYHOI TOYHOCTI, TMpOIeC HaBYAHHS
3aBEPIIYETHCS.

B nanoMy Bumajgky HaBYaHHS MPOBOJAMUJIOCH HAa OCHOBI MEpEXi MPSIMOTrO
MOIIUPEHHS, 10 BOJOIE (PYHKIIIEIO BIATBOPEHHS BX1IHHUX MMapaMEeTPiB y BUXIJHI 3
BUKOPUCTAaHHAM HeiTepamiitHux miaxoxaiB. Lle mamo MOXIIMBICTH CTBOPUTH OLIBILI
e(peKTUBHY MapaJurMy HaBYaHHS, Ky MOXHa BUKOPUCTOBYBATH Yy IPUKIATHOMY
Matepiasio3HaBCTBl. [Ipu 1bOMYy 3a/isTHO HOBUM METOJ MOJCITIOBAHHS, SKUN
noOyZ0BaHO HA CHCTEMI aHAJOTId MiX MPOCTOPOBUM IMPEACTABICHHSIM 00’ €KTa
JOCTIPKEHb Ta MOJIEJUII0 MEpeXi, AK (YHKI[IOHATy Ha MHOXHHI TaOIMYHUX
¢dynkiii (DMT) [658].

Bona 3a0e3neuye MiHIMaJIbHI BUTPAaTH 4acy, BHCOKY TOYHICTh HaBYaHHS,
MO>KJIMBICTh €KCTPAIOJISILT Ha MaJIUX HaBUajdbHUX BUOIpKax. [Ipu TakoMmy minxoni
1oJlaya CUTHAIY 3 BXOy Ha BUX1J] OOUHCIIOETHCS K 3BaKEHA CyMa CUTHaIIB. Tomy

CUTHaJI Ha BUXO/I1 1-TOTO HEHPOHHOTO €JIeMEHTa BU3HAYAETHCS Yepe3 CUTHAIN HOTo
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BXOI[iB 3a CI)OpMy.HOIOZ
= . i ] 6-
x.=F. X X Wj 1) (6.1)

1€ X...Xn — BUXIJHI CUTHAJIM HEHPOHIB;

X...Xn+nx — BXIJIHI CUTHAJIU,

W — Barosi koe(irieHTH CHHONITUYHUX 3B’ SI3KIB;
F — nepenatna gyHkiis.

Y crBOpeHHI Mepexi IiJi Yac MOJCIIOBAHHS TIEBHOMY OO €KTy Yy
BIIMOBIAHICTh CTAaBWJIOCH TINMEPTUIO, MO PO3MISLAANOCH SIK T€OMETPUYHE MiCle
TOYOK y mpoctopi. IIpn mpomMy oaHa 3 KOOpAMHAT BIAIOBIJAja KOXHIM O3HAII
0o0’ekTa MozentoBaHHs. HacTynmHUM eTarnoM MpOBOJUIN JEKOMIIO3UIII0 00’ €KTa
JOCJIII)KEHHS IIPY BCTAHOBJICHH1 CUCTEMHU aHAJIOT1 MK €JIEMEHTAMU JEKOMITO3UITIi
rineptiia Ta aprymeHTHUME (yHKiissMu Mozen [ITHM. Ile o3navae, mo mpoiec
HaBYAHHS 31MCHIOBAJIM MPU JEKOMIMO3UIIIL TnepTiia 00’ €KTa AOCTIIKEHHS, SKAN
BIJINOBIJIaB QJITOPUTMY MOJICTIOBAHHS 3a TIEBHUMH €JEMEHTAaMH HaBYaJIbHOI
BUOIPKHU CTBOPEHOT KOMIIO3HIII].

3a ocHoBy npu BukopuctanHi IIHHM noknazeHa rimnoresa, sika BCTAHOBIIIOE
3B’SI30K MIK TOBHHUMH Ta YacCTKOBUMHU KOe(DiIlieHTaMH BEKTOPIB HABYAIBHOI
MHOXHUHHU. LI 3aKOHOMIpHICTH BIATBOPIOETHCS 3 TIEBHOKO TOYHICTIO, KOJIU
BIITBOPEHHSI BCIX MOKJIMBUX €JIEMEHTIB MaTpulll peami3auiid 3ade3nevyerbes
HaOopoMm moBHUX KoedimientiB [658]. Ha puc. 6.3 HaBeCHO MPHHIMIIOBY CXEMY
apXiTeKTypy CKOHCTPYHOBaHOI MEPEXKi.

CdhopmoBaHa HeHpoHHA Mepeka s mojaemoBanHs B (I — 1)-it Ta B I-Tiit
TOYINl TOJPSTIUHU 3AIMCHIOE TIepenOadeHHs TPhOX MapamMeTpiB (MIKpOTBEPAOCTI,
BIICTAaHI MDK MAaKCUMQJIbHUMHU ii 3HAYEHHSMH, MPOTSHKHOCTI MOJAPSANUHU 3
MaKCUMaJIbHUMH 3HAUYCHHSIMH MiKpOTBepAOCTi) B (i + 1)-# Touri moapsanuau. BikHo

porpamMyBaHHs JaHOI MepexXi HaBelleHO Ha puc. 6.4. [Ipuknanu daitnis, CTBOpEHUX
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3a eKCIIEpUMEHTAJIbHUMHU T[apaMeTpaMu TOBEpXHI, HaBeIEHI B JOAAaTKy A

(tabn. A01- AQ9).

i ] 2
- N

m | |_

- x o c [=9

| — =i = - «© 5] = )
= L1 =31 = ~N IS O 1S 51
=4 A = 2= 2| 2=
o= T anfl fenlll Banll fa)

Puc. 6.3. IlpunimmoBa cxema apXiTeKTypy MTYyYHOT HEHPOHHOI Mepexi,
noOy0BaHOT Ha MOJieNl (PYHKIIIOHATY HA MHOKHHI TaOJUIHUX (PYHKITIH:
Hypi — cepenHe 3HaYSHHS MIKPOTBEPAOCTI I-TOT0 EKCTPEMYMY 3 MaKCUMAJIbHUM
ii 3HaueHHM; Lj — IPOTSXKHICTH I-TOTO EKCTPEMYMY 3 MAaKCUMATbHUM
3HAYEHHSM MiKpOTBepAocTi; Ty — BijicTanb Mixk I-M Ta (I — 1)-M excTpemymamu 3
MaKCUMaJbHUM 3HAYEHHSIM MIKpOTBEepAOCTi; Hlmax — MakcuManbHe 3HaYeHHS
MikpoTBepaocTi; Hlee, — cepenine 3HaueHHs MIKpoTBepaOCTl; Hlmin — MiHIMaJIbHE

3Ha4YEHHs MIKpOTBepAOCTL; Dkcop — cepenHiii niametp kap6iais; K — xapakrep

3B’513Ky KapOiiB 3 0TOUYIOUO0 MaTpuieto [659].

3 METOI0 TEeCTyBaHHS CHCTEMHM 3aCTOCOBYBAJIM [IBa BaplaHTU poOOTH
HEHPOHHMX MepexX. 3 HaBYaIbHOI BUOIPKH, KA cKiaaanacs 3 14-Tu BekTopiB, Oyio
BUIydeHo 1-uif, 4-uit ta 12-uii Bekropu. OctanHi OyiaM BUKOPUCTAHI JIMILIE JIJIs

KOHTPOJII0. TakKuM YMHOM, JTaHUHM BapiaHT MOKE 3A1MCHIOBATH MO/ICTIOBAHHSI JIUIIIC



284

IHTEpIONSAIMHUX ToYoK. Ha puc. 6.5. HaBemeHO pe3ynbTaTH MOJETIOBAHHS 3
CepeAHbO-KBAIPATUYHO TOXMOKOIO B TpUBEICHHI A0 mianazony 1,30% Ta

MakcuManbHOI0 1,55%.

Naural Net Emulator - metalyt
Pacin  Buvodaru  Jlonomors
S R < | | I B w L |

MNapamerpmn Mepeni:

NMBM!: |1 1 = | KF61 ]u.nnmm PN1: |a - [ NTPM: |1 1 -~ [
HMXM: |3 :I KF?7: |0-42000 PH2: [0 - HTPM1: Iw :[
HMSM: |5 “; I KPa: |2.00000

Sourse files fAdditional
Loarn_Xi  loarnx6.tet ADD: [1—3_'] NGV F—El
Learn Y : Terar 6. txt FR1 I'_;—_'i']

Use X1  usoxdint r——g
Uu-::: syt 1 =
Controls
L Kre: [13.7000

Leams enore:  (SUEDESS MAM1.43% | Uszages enore:  S0E 30% MAST bS5

Puc. 6.4. BikHo nporpaMmyBaHHS IITY4YHOI HEHPOHHOT Mepexi Ha 0a31 Mojeni

GbyHKII0HATY MHOKUHU TaOIMYHUX (PYHKITIH.

3600
] —&— ExcriepuMeHTATbHI J1aHi

3200 - —O— JlaH1 MoeTIOBaHHS

“s 2800+

= ]

an

n
2000 4
1600 -

1 234567 891011121314
Howmep BekTopy

Puc. 6.5. MonentoBaHHs IHTEPIOISAIIAHAX TOYOK TIPOIIECY.

e oaun BapianT TectyBanHs I[IIHM mnondraB HaBuyaHHI Ha MEPIIMX
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ONMHAIIATA ToukaxX. [Ipwm 1bOMy ocCTaHHI TpW OyJW BUKOPWUCTAHI JIHIIE IS
KOHTpouTO. Lle TUIoBe MOIefOBaHHS 13 3aCTOCYBAaHHSIM €KCTPAMOJIAIHHAX TOYOK
(12-01 — 14-01). B 11poMy BHMaaKy cepeaHbOKBAAPATHYHA TOXHOKA MOJCIIOBAHHS

3HaxouiIachk B Mexax 0,87...1,71% (puc. 6.6).

6000
5500
5000-
4500
4000-
35004
30001
25001
2000 +—

1 23456 7 8 910111213 14

Howmep Touku

—a— EkcnepuMeHTaNIbHI JaH1
—Oo— JlaH1 MOJETIOBAHHS

Hy, H/mm®

Puc. 6.6. MoientoBaHHS €KCTPAIOIAIIMHIX TOYOK ITPOIIECY.

Otxe  HeilponHi Mepexi OMTOD  3abe3neuyloTb  MOJACITIOBAHHS
IHTEPIIOJIAIIMHNX Ta EKCTPANOJIAMIHHUX TOYOK 3 BHCOKOK TOYHICTIO. Takum
YUHOM, MO>KHA TOBOPUTHU PO JOLIIBHICTh BUKOPUCTAHHS Ta KOPEKTHICTH BUOODPY
CUCTEMHU MOJICIIOBAHHS MPU BHUPIIICHHI 3aBJaHb MaTepiajo3HaBCTBA. 3MiHA
napameTpiB IMi4ac MOJETIOBaHHS 3aJICKHUTh Bl PEKUMY TEPTS Ta PO3TAIlyBaHHS
EKCIIEpUMEHTAIbHUX 3aJIeKHOCTEH Ha BiANoBiAHMX Tpadikax. Ile 3abesneuye
BHCOKY TOYHICTb MTPOLIECY MOJCITIOBAHHS.

Takum 4YWHOM, MOJEIIOBAaHHS 3 BHUKOPUCTAHHSIM HEHPOHHUX MEPEK
PO3IIMPIOE Jlana3oH 1HTepIpeTalii oJep)KaHUX EKCIepUMEHTAIbHUX naHux. e
71710 MOKJIMBICTh BUOpATH MiHIMAJIbHY KIJTBKICTh BUX1THUX MTapaMeTPiB, KOPEKTHO
NPOBECTH HABYAHHS CHCTEMHU Ta 3 JIOCTATHHO BHUCOKHUM PIBHEM TOYHOCTI

nepeadayuTH, sIKk OyJie pO3BUBATUCH MPOLIEC TEPTS HA KOHTAKTYIOUMX MOBEPXHSIX.
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MOHITOPUHT CTaHy TOBEpPXHI TEPTA JOCHIIKYBAaHUX MaTepiajliB J103BOJISIE

cTab1T1i3yBaTH CTPYKTYpPY, ha30BUi CKJIa] Ta MEXaHIYHI BJIACTUBOCTI ITOBEPXHI.

6.1.2. [IporHo3yBanHsi (PYHKUIOHAJIBHUX BJIACTHBOCTEH MOBEPXHI

MOJEJIOBAHHAM II CTPYKTYPHO-T€OMETPUYHHMX NapaMeTpiB.

OnTumizamiiHuii Miaxia 10 BUPIIMICHHS MPEICTaBICHOI 3a7adl Mae IeBHI
HEJOMIKK. 30KpeMa, BiJICYTHICTh CTaOUIBHOCTI CHUCTEMH HE TapaHTye€ TOYHOTO
po3B’s3anHs. OTke peanizaiis oO0paHOi apXITEKTypu HeHpoMmepexki moTpedye
CHPOIIECHHS MpoleAypd HaByaHHSI. ToMmy Led MIAXi JJ03BOJSE OAEPKYyBaTh
nepea0ayeHHs JUIIE JUIs IHTEPIOISAIHHUX TOYOK.

BpaxoBytoun 3a3HaueHe JUIS  OJEp)KAHHA KOPEKTHHUX  PE3yJbTaTiB
MOJICTIIOBaHHSI TapaMeTPiB KOHTAKTYIOUMX IOBEPXOHb OyJ0 3aCTOCOBAHO
Helipomepexxy OMTD 3 BrockoHaneHoro apxitektyporo. Taka HIHM
MPEACTABIAETbCS  (PYHKI[IOHAIOM  BiJ TAaOJUYHUX AapryMEHTHUX  (DyHKIIIH
HEHPOHHMX €JIEMEHTIB CUHAIICIB Ta HAJA€ MOKIIMBICTh Peali30BYBAaTH OJI€pHKaH1 Ii]T
yac HaB4aHHA anpokcumarii. Ilpu 1poMy npolec HaBuYaHHS SBIE€ COOOIO
HAOMDKEHHS TaOJNMYHUX 3HA4YeHb (YHKIII JBOX 3MIHHHX, SIKI CYMYIOTBCS 3
BEKTOPIB CIIOCTEPEKEHb MOAECIHOBAHOTO 00’ €KTa. AJITOPUTM HAOIMKEHHS MOYHA
ormucatu 6yoxom IITHM, 1o ckimagaeThesi 3 MOCTIOBHUX KPOKIB OPTOTOHAIBHHUX
nepeTBopeHb. O0’ekTH nepeAdauyeHHs MOKHA MPEACTABUTH y 0araTOBUMIPHOMY
MpoCTOpl peami3aiiii npu 3a0€3MeueHH] iXHbOI JAEKOMIIO3MIlI Ha €JIeMEHTHU
HaBYAJIbHOI BHOIPKH, IIO € CYTTEBOIO TEpPeBaroro Ipu (YHKIIOHYBAHHI MEPEK
OMT®. Ile 3a0e3nedyye TakMM MeEpekaM HaJIMHICTb, HEITEpaIliHICTh, a TAaKOXK
MPOCTOTY MPU HABYAHHI.

[Tepeniveni mepeBaru BiApi3HAIOTH Mepexxy OMTO Bin anpTepHATHBHUX
napaaurM iHmmx IHM npsimoro mommpenns. Lle xapakrepusyeThecsi 3JaTHICTIO
noOy10BaHOT MEpeKi MPU HABUAHHI Y ONTHUMAJIbHI TEPMIHU HAAIMHO BUPINIyBATH
MOCTaBJICH] 3a/1a4l, 10 TOSIBISIETHCS Y TOBTOPIOBAHOCTI PE3YNbTATIB Ta 31aTHOCTI Y

HABYaHHI K HA BEJIMKUX, TaK 1 HA MaJIUX BUOIpKaxX pe3yJbTaTiB eKCIEPUMEHTIB MpU
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3a0e3MeUYeHHI BHCOKOI TOYHOCTI Ha CTaaii BIATBOPEHHS BHECEHWX IaHUX Ta
MOXJIMBOCTI mepeadadeHds. I[lpum 1boMy icCHye MOXKIUBICTH  YHidikali
Hajaro/pKeHHs napamerpiB pobotu IIIHM, mo € yHiBepcanbpHICTIO 0OpaHOi
HelpoHHOT Mepexi [658, 660].

MoskHa CTBEpIKYyBaTH, 1110 MPOTHO3YBAHHS 3MIHM BJIACTUBOCTEH MOBEPXHI
TEPTS 3BOJIUTHCS JI0 MMPOTHO3YBAHHS €KCIIEPUMEHTAIBHUX TaHUX, K1 HAJIEKATh J10
obmacti ekctpamoismii. O3HaueHl BIACTUBOCTI 00OpaHOi Mepeki BIOCKOHAJICHO
BUKOPUCTaHHAM (QYHKIT akTuBamii HeHpoHiB [661]. s iHTepmossmii, mo
BCTAHOBJICHA Ha CTaJlli HABYAHHSI, BUKOPUCTAHO BX1H1 CUTHANU (PYHKIII aKTUBAITIi
[NETmin, NETmax]. Hactrynuuii Kpok — 1€ BU3HAY€HHS TPAaHUYHUX 3HAYEHD
(GyHKLIT akTUBaLli YIBHUMH JIIHISIMH, 1O 3’€IHYIOTh TPAaHUYHI TOYKU Ta NOYATOK
KoopauHat. Jlanuil miaxia OyJio BIATBOPEHO Y€pe3 MEPEkKY B HENIHIMHINA JUISTHII
IHTEPHOJIALIMHOCTI, sIKa € JHIHHOIO B 00J1ACT1 €KCTPAMOJISAILIHHOCTI. 3a J0IIOMOTOI0
TaKOTO MIAXOJY BAAJIOCS MAaKCHMAJIBHO Y3TOJMTH BJIACTUBOCTI BIJITBOPEHHS
EKCIIEPUMEHTAJIbHUX PE3YJIbTaTIB Ta BIACTUBOCTI HEMPOHHOI MEpexk1 I iXHBOTO
y3araibHeHHs. HeoOXimHO 3a3HayuTH, 10 1€ MOXKHAa peai3yBaTh TpU
MOJICJIFOBAaHHI B E€KCTPAIOJISILINHIA Ta IHTepHnoJsiiHIA obnactax. HactymHum
kpokoMm HanarokenHs [IIHM Oyna amanrariis apxiTekTypu Mepexi (puc. 6.7) Ta
OIITHUMI3Allld METOIUKH i1 HaBYaHHSL.

Jlnst naBuanus [ITHM Gyiio cTBopeHO Ta TpaHC(OPMOBAHO MHOKUHU 3HAYECHb
EKCIIEPUMEHTY CTPYKTYPHO-TEOMETPUYHHUX MMapaMeTpiB KOHTAKTHUX TOBEPXHI
nicas tepta. Ilicas 1boro mMpoBOAMIM HaBYAHHS HEWpPOHHOI Mepexi Ha 10
TPEHYBAJIBHUX Tapax, B pe3yibTaTi dYoro Oylo mnependadeHo ojepKaHHS
PE3YNBTATIB 3 JOCTATHHO HU3HKOIO MOXHOKOIO.

OTtpuMaHi JaHl MOJCIIOBAaHHS MOXXHa TIOSICHUTH BJAJIUM MiAOOpOM
napameTpiB CKJIAHOCTI MEpEXi Ta HIBEIIOBAHHSM BIUTMBY Ha MOJIEINb TOJaTKOBHX
IIyMiB, IO JOCSTAEThCA HE JUIsl BCIX BUIAJKIB MOJIENIOBaHHS. SIK BHAHO 3
iHTepdeiicy nporpamu 3actocoBanoi ITHM (puc. 6.8) Oyno BiaTBOpeHo rpadiune

MIPEICTABIICHHS PE3yJIbTATIB 1i HABYAHHS 1 (PYHKITIOHYBAaHHS IS BUPIIIICHHS 3a/1a4
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IPOTHO3YBaHHS BIACTHBOCTEH MOBEPXHI JOCIIHPKYBaHUX MaTepialiB.

Xi+1

r1r 1t 1

Xi Tai Taia—Ta  Hpeep

Puc. 6.7. AnanToBaHa apxiTeKTypa HEHPOHHOI Mepexi: X — mapamMeTp MOBEPXHi B
I-Ti¥t Touni noapsnuH; X+ 1 — MapaMeTp MOBEPXHi B i + 1 TOYII MOIPSITHUHMY,
Hpeep — cepentHe 3Hau€HHSI MIKPOTBEPAOCTI; T2 — BIICTaHb M)XK EKCTPEMYMaMU 3
MaKCHUMAaJIbHUMH 3HAYCHHIMHU MiKpOTBepaocTi [662].
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Puc. 6.8. Iatepdeiic mporpamu mry4uHoi HelipoHHOT Mepexi Tuiry ODMTO 3

pe3yibTaramMu nepeadoadeHHs.
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Otxe Oyio oOTpYyHTOBAHO AONUIBHICTh 3aCTOCYBaHHS Bukopuctanoi [ITHM
Ta MPOBEJACHO MOJICTIOBAHHS IHTEPHOJALIMHUX Ta EKCTPANOSALIMHUX TOYOK 3
BUCOKOIO TO4YHIcTIO pe3ynbtariB (0,87...1,55%). I[lpu 1mpomy XapakTtep 3MiHU
napaMeTpiB 3MOJEIbOBAHUX TOBEPXOHb TEPTA BUABWIMCA aAHAJIOTTYHUMHU [0
pe3ynbTaTiB  ekcrepuMeHTy. OCKUIBKM TpU  MOJIETIOBaHHI BHUKOPUCTOBYBAIH
MOPIBHAHO HEBEJIWKY BHOIPKY €KCIIEPUMEHTAIbHUX JaHUX, MPOTHO3YBaHHS
JTUHAMIKY 3MI1HU iXHIX BJIaCTUBOCTEH Oys10 O HEKOPEKTHUM. [[J1s1 yHUKHEHHS I[bOTO
HEAOMIKYy OyJ0 pO3LMIMUPEHO BXIAHY 0a3y JaHUX EKCIEPUMEHTY CTPYKTYpPHO-
TeOMETPUYHUMU TTapaMeTpaMH MOBEPXHi.

EnexTpoHHO-MIKPOCKOIIIYHI ~ JOCTI/PKEHHSI  MOBEPXHI  KOHTAKTy  JO
BUNIPOOYBAaHHS HA 3HOITYBaHHS Mokazaiu (puc. 6.9, a), mo BoHA HE 3aJICKUTH BiJl
YMOB TE€pMIYHOi OOpOOKHM Ta 1I€HTHYHA Il 000X JIOCHIKYBAaHUX TEMIIEpaTyp
rapryBaHHd. KoOHTakTHa B3aeMOis CHOpUSE€ YTBOPEHHIO HA TIOBEPXHI TepTS
BiMymeHux micig raptyBaHHs Binm 860 °C 3paszkiB crani 40X 30H JIOKaJIbHOT
IJIACTUYHOI AedopMaltii, 110 CIpSIMOBaHI B HAIIPSIMKY pyXy KOHTpTLIa (puc. 6.9, 0).
Ha Hiif ciocTepiratoThCsi NOAPSMIUHY, BIIKOJIHM, O3HAKM BHJIYIIYBaHHS KapOiAdiB,
iXHBOTO BIJIPUBY BiJ] MAaTPHIIl Ta SIMKU BiJl HUX, CIPSIMOBaH1 B HAMIPSIMKY KOB3aHHSI.
PyiiHyBaHHsT TOBEpXHI TepTs BIAOYBA€TbCS 3a MeEXaHI3MaMu  TJIAJKOrO
PO3IIAPOBYBAHHS 3 TJIACTUYHOIO JIeopMalli€ro Ta BiAKOTIOBaHHS.

[TinBuienns Temneparypu raptyBanas 10 1050 °C 3 BHUCOKUM BIAIYCKOM
3MIHIOE XapaKTep MOBEPXHI KOHTAKTHOI B3a€MOJii, SKa CTa€ HEOIHOPITHOIO
(puc. 6.9, B). Taka 3miHa, OYEBHAHO IIOB’s3aHA 3 OCOOJHMBOCTSIMH IIPOIICCIB
pyHHYBaHHS, 1110 BIIOYBAIOTHCS B OKPEMUX 11 AUISHKAX.

Ha Oinbmriii yacTrHI TUIONT KOHTAKTY CIIOCTEPIral0ThCs JTOKAIBHI ITISTHKH 3
po3MipaMu, W0 He 30iraloTbCsi 3 KOJAHUMH €JIEMEHTAMH MIKPOCTPYKTYpH,
pYWHYBaHHSI Ha SIKMX B1JI0YBa€ThCS IIISXOM TJIAJIKOTO PO3IIAPOBYBAHHS 3 O3HAKAMU
IacTUYHOI Aedopmartii (MoAPSIITUHA, BIIKOJIIOBAHHS, BiIPUB KapOiliB B1J MAaTPHII

Ta IXHE BUKPUIITYBAHHS).
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Puc. 6.9. IToBepxHs KOHTaKTY 3pa3kiB cTam 40X miciist rapTyBaHHS Bij
temriepatypu 860 (a, 6) 1 1050 °C (6) Ta Bigmycky mpu 600 °C:
a — micis LUTipyBaHHS 10 TPUOOJIOTTYHUX BUPOOYBaHb;

0, B — micis TpuOOJI0riuHUX BUIIPpOoOyBaHb [662].
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Ile cBimuuTh mpo Te, MO 3a (OpPMYBaHHS TAKUX UISHOK BiJIMOBiabHA
macTuyHa JedopMalriss TPUIOBEPXHEBHX IIApiB, sIKI HACHYEHI PIBHOMIPHO
PO3MOIIEHUMH KapOiJHUMU BKJIIOUCHHSIM PI3HMX po3MipiB. bimbmil kapOinu
BUKPUIIYIOTbCSA 3 TIOBEPXHI Ta B TMOJAAJBIIOMY MOXYTh CHPUYUHATH il
MIKpOpYHHYBaHHS. MeHIII — AUCOIIIOITh MpU IUIACTHYHIN nedopMariii B
OTOYYIOUYy MAaTpuillo. B maHomy BHUIAmKy CHUTyaIlis BIANOBIAAE OCOOIMBOCTIM
pyWHYBaHHS MOBEPXHI KOHTAKTY 3pa3kiB ctaii 40X micis rapryBanns Big 860 °C ta
BHCOKOTO BIJIITYCKY.

Ha iHmmx guisiHkax KOHTAKTHOI MOBEPXHi, CyMapHa IUIONIA SIKUX CKJIajJae
05m3bK0 15% Bij 3aranpHOI IO, pyHHYBaHHS TaK0XK Ma€ B’SI3KUI XapakTep. Aje
MIKPOCTPYKTYpa TaKUX IIISHOK YMHUTH 3HAYHO OUIBIIMIA OIIp PYWHYBAHHIO MPH
KOHTAKTHIM B3aeMOJI1i, 1110, OYEBUJHO, TMOB’SA3aHOI0 13 1HIIOK MOPQOJIOTiEI0
KapO1JiB, AKl B JAHOMY BHIAJKy MarOTh OUIbIIYy CKYNYEHICTh Ta po3Mipamu, a
TaKO0X MIITHIIIIE TPUMAIOTHCS B MATPHIII.

Hocnimxenuss MikpocTpyktypu crami 40X, HaBemeni y posaum 3.2.2,
MOKa3yl0Th, W10 HAWBIPOTIIHILIOW CTPYKTYpOlO, SKa 3/1aTHAa JO YTBOPEHHS
MIKPOUTSTHOK 3 MiABUIIIEHUM OMOPOM JI0 pyHHYBaHHS MPU KOHTAKTHIHN B3a€MOIIi, €
BEJIMKI TOJIYacTl KPUCTAIM MAapTEHCUTY 3 MIKPOABIMHUKAMU BCEPEAMHI, SKI MPH
BUCOKOMY BIAMYCKY (OpPMYIOTh OUIbIN CTaOUIBHY Ta CTIHKY A0 IJIACTUYHOL
nedopmariii  cucremy kapOiiB  BeNUMKHX po3mipiB. Bce 1e pasom i3
CKJIEPOMETPUYHUMU JOCIIJKEHHSIMH, HaBeAeHUMHU y po3aim 3.2.1, Bka3zye Ha
TeTePOTCHHICTh 332 MEXaHIYHUMHU XapPaKTEPUCTUKAMH KOHTAKTHOI MOBEPXHI CTai
40X micna rapryBanHs Big 1050 °C Ta BHCOKOTO BIANMYCKY, IO CIPUYUHIOE
3pOCTaHHS 11 3HOCOCTIMKOCTI.

3a J0MOMOTOI0 CTEPEOMETPUUHUX JOCTIKEHb MIKpOTONOrpadii MoBepXOHb
cram 40X, ki 3AIACHIOBAIM Ha KOMIT IOTEPU30BAHOMY CTEPEOMETPUIHOMY
npodinomerpi ¢pipmu Rank Taylor Hobson 3i ckanyrouoto romoBkoro Taliscan 3

KPOKOM KBaHTYBaHHS 1...2 MKM, OTpUMAaJIM SIKICHY Ta KUIbKICHY 1H(OpMaIiio mpo
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OyZ0BY MOBEpXHI.
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Puc. 6.10. IuckpeTHe acuMmeTpruHe 300pakeHHS MOBEpXHi 3pa3kiB crami 40X:
a — raptyBanss Big 860 °C 3 Biamyckom npu 600 °C micist nutidpyBaHHS;
0, B — raptyBanHs Big 860 °C ta 1050 °C BignosinHo 3 Biamyckom npu 600 °C

micJis TpUOOJIOTiYHUX BUTIPOOYBaHb [662].
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byno mpoBeneHo aHami3 3MIHM CTPYKTYPHO-TEOMETPUYHHX MapaMmeTpiB
MOBEPXHI, IO XapaKTEePHU3yIOTh ii IIOPCTKICTh, Ta OTPUMaHO TNpodiiorpamMu
nutihoBanoi moBepxHi (puc. 6.10, a) mocnmiakyBaHOi cTaji Mmicis rapTyBaHHS Bijl
860 °C 3 Biamyckom npu 600 °C, a TakoX BIANYIIEHUX IIC]I rapTyBaHHA Big 860
(puc. 6.10, 6) Ta 1050 °C (puc. 6.10, B) micas TpuOONOTIYHUX BUIPOOYBAHb.
OTtpumaHi pe3ynbTaTH BKa3yIOTh Ha T€, 1110 MOYaTKOBA MOPCTKICTh HE 3aJICKUTH B1JT
YMOB TEpMI4HOT 00pOOKH Ta HE BU3HAUA€ T€OMETPIIO IOBEPXHI B 30H1 KOHTAKTY, sIKa
dbopMmyeThes mig yac Tepts. Lle miarBepmkye pesynastaT po0oit [31, 53, 63], B axux
MOKa3aHo, IO MICJISI TPUIIPAIIOBAaHHS HE 3aJ€KHO BiJl OYATKOBOI IIOPCTKOCTI B
napax TepTs BCTAHOBIIIOETHCS OJTHAKOBA, PIBHOBaXKHA IMIOPCTKICTH (puc. 1.6), sika,
OUYEBHJIHO, 3AJICKUTh Bl MIKPOCTPYKTYpHU MaTepialiBb.

IIpu mnpoBeaeHHi aHamizy ceptudikoBaHux 3a HopMmamu ISO 13565
(GyHKLIOHATBHUX NapameTpiB moBepxHi (Sbi, Sci, Svi) Ta mapameTpiB ii HECy4ol
sgmatHOCcTi (Sry, Srp) [663, 664] mist momenroBanus Ta HaByanas IIITHM Oymo
CTBOPEHO MacHB JaHUX 1 poboui ¢aitnm (Tadn. A10-Al4, nomatok A). Ilepeniueni
napameTpH 4epe3 BiAMOBIIHI PO3paxyHKHU TpaHC(HOpMyBaiIK y TiOpHIHI TapaMeTPH,
10 JI03BOJISIIOTH OI[IHUTH TIONIAPOBY PO3TOPTKY IMOBEPXHI HA OCHOBI aHaji3y
CepEeIHbOKBAAPATUIHOT KPUBH3HU BepmuH (SSC) Ta CcepemHbOKBAAPATHUYHOTO
HaXWJy HepiBHOCTel moBepxHi (Sdq) (tadn. 6.5 — 6.7) [665]. Lle, B cBOIO uepry,
7710 MOYKJIMBICTh BU3HAYUTH (DYHKITIOHAJIbHI TTApaMeTPH MOBEPXHI 32 PO3MOIIIOM
BIIXUJICHb PO3MIPiB BIAJWH 1 BUCTYIIIB BiJl 03HAUYCHOT'O PIBHS CEPEIHBOI TUIOITUHI
3 MOOyI0OBOIO KpHWBOI, fKa BHU3HAuUae ii «Hecydy 3maTHicTe» (puc. 6.11 — 6.13,
tabs. 6.8 — 6.10).

Sx BuAHO 3 rpadikiB MiJBUILEHHS Temneparypu raptyBanHs ao 1050 °C
(puc. 6.13) crpusie 3HWKEHHIO IIOPCTKOCTI Ta 301IBIICHHIO HECY4Yoi MOBEPXHIi
BiNMymIeHNX 3paskiB ctam 40X mig dYac TepTs MOPIBHSHO 13 3pa3KaMu,
saraproBanumu Big 860 °C (puc. 6.12). Takox, O4YEeBHAHO, II€ € NPUIHUHOIO
3MeHIIeHHsT koedimienTy tepTs (tadna. 3.4, puc. 3.25), 1m0 MATBEPIKYETHCS
aBTOpaMu poOiT [666 — 668], B sikuxX moka3aHo, 1110 Ha BEIMYMHY KOe(illieHTa TepPTs

HaNWOUIBIINKA BIUIUB MAIOTh TApaMETPU MOPCTKOCTI MOBEPXOHb TEPTS .
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Taomui 6.5.

CrpyktypHO-TeoMeTpuuHi mapamerpu (ISO 4288) uumidoBanoi moBepxHi 3pa3ka

ctaini 40X micns rapryBanss Big 860 °C ta Binmycky mpu 600 °C.

AMIUTITYIHI TapamMeTpu

Sa 0,3697 um

Sq 0,47311 um

Sp 2,6779 pm

Sv 2,0705 pm

St 4,7484 um

Ssk —0,14415

Sku 3,7171

Sz 4,0711 pm

[TapameTpu miomi Ta 06’ eMy
STp 0,1 % (1 pm g HAWBUAIITAM TTIKOM)
SHTp 0,75658 um (20% — 80%)
Smmr 0,0020705 mm?3/mm?
Smvr 0,0026779 mm?3/mm?
CreniayibHI MapaMeTpu

SPc 0 pks/mm? (1 um ; 10 um)

Sds 1583,5 pks/mm?

Str 0,023256

Say 0,017221 mm

Std 1,5°

Sfd 2,463

['6puaHi mapameTpu

Sdq 0,048588 um/um

Ssc 0,007393 1/um

Sdr 0,11783 %

®yHKI10HANBHI napameTpH, 0,5 um

Sk 1,0319 um

Spk 0,3671 um

Svk 0,41572 um

Srq 9,2 %

Srp 90,9 %

OyHKIIOHAIBHI TApaMeTpu

Sbi 0,24301

Sci 1,4447

Svi 0,12567




295

Tabomuis 6.6.

CrpykrypHo-reomerpuuHi nmapamerpu (ISO 4288) nosepxHi 3pa3ka ctam 40X,

3araproBanoro Bia 860 °C ta BigmymieHoro mpu 600 °C, micas TpuOOIOTTYHUX

BUNPOOYBaHb
AMITTITYIHI TapaMeTpu

Sa 24,879 um

Sq 30,475 um

Sp 69,946 um

Sv 93,669 um

St 163,62 um

Ssk —0,43799

Sku 2,647

Sz 154,47 pm

[TapameTpu ot Ta 06’ emy
STp 0% (1 pum mig HaWBUITUM TIKOM)
SHTp 54,729 pum (20% — 80%)
Smmr 0,093669 mm?3/mm?
Smvr 0,069946 mm?3/mm?
CremnianbpHi mapaMeTpu

SPc 0,55556 pks/mm? (1 um ; 10 pm)

Sds 29,222 pks/mm?

Str 0,17898

Say 0,2636 mm

Std 63,5 °

Sfd

['6punni mapamerpu

Sdq 0,24774 pm/pm

Ssc 0,041156 1/um

Sdr 3,0112 %

dyHKII0HATBHI TapaMeTpH, 0,5 pm

Sk 47,647 pm

Spk 15,239 um

Svk 16,134 um

Sr 10,527 %

Sr, 88,337 %

OyHKIIOHATBHI TApaMeTpu

Shi 1,2017

Sci 1,353

Svi 0,1215




296

Tabomurs 6.7.

CrpykrypHo-TeoMeTpuuHni mapamerpu (ISO 4288) mosepxHi 3paska ctam 40X,

zaraproBaHoro Bix 1050 °C Ta Bianymenoi npu 600 °C, micist TprOOIOTiuHUX

BUNPOOYBaHb
AMITTITYIHI TapaMeTpu

Sa 7,1195 um

Sq 9,1392 um

Sp 16,647 pm

Sv 19,7 um

St 58,34 um

Ssk 0,91073

Sku 3,5548

Sz 48,159 pm

[TapameTpu ot Ta 06’ emy
STp 0% (1 pum mig HaWBUITUM TIKOM)
SHTp 14,141 um (20% — 80%)
Smmr 0,0197 mm?3/mm?
Smvr 0,036641 mm?3/mm?
CreuianpHi napamMeTpu

SPc 0,55556 pks/mm? (1 um ; 10 pm)

Sds 255,33 pks/mm?

Str 0,66797

Say 0,18805

Std 76,0 °

Sfd 2,0376

['iOpuani mapameTpu

Sdq 0,12739 pm/pm

Ssc 0,01879 1/um

Sdr 0,79474 %

dyHKII0HATBHI TapaMeTpH, 0,5 pm

Sk 19,283 um

Spk 14,634 um

Svk 4,3158 pm

Sr 16,729 %

Sr, 92,829 %

OyHKIIOHATBHI TApaMeTpu

Shi 0,5166

Sci 2,0287

Svi 0,0,68628




297

0 40 80 100 %
0
|
047484 |
0.94968 |
1.4245
18904 |
2.3742 \\ ]
2.849 i ]

3.3239

47484

3.7987
42736

um O

5

T
15 20 %

Puc. 6.11. AMmniTyiHu#i po3noain mpo@iaro MTOBEpXHI 3 HAKIAIEHUM

300pakeHHSIM HECy4y0i MOBEpxHI nutipoBaHOTO 3pa3ka ctam 40X micis

raptyBanHs Big 860 °C Tta Bigmycky mpu 600 °C.

Tabmuis 6.8.

[nentudikamiitna kapra npodiato moBepxHi nutioBanoro 3paska crai 40X micis

raptyBanss Big 860 °C Tta Bigmycky mpu 600 °C.

Bics X
JloBxuHa 2,2 mm
Po3mip 441 points
InTepBan S um
Bics Y
JloBxnHa 2,2 mm
Po3mip 441 points
InTepBan o um
Bics Z
JloB:xrHa 47484 um
Po3wmip 9999 digits
InTepBan 0,47489 nm
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0 20 40 50 80 100 %
0
e L
]
2723 \\ ! |
o \\ 1 l
65.446 ~—
81.808 =S
1 N
98 169 L N
11453 :

o ‘..‘\.
147.25 3 \
163.62 — ’

2 B 6 8 10 %

pm 0

Puc. 6.12. AMmuniTyqauit po3noii npoduTio MoBepXHi 3 HAKJIAJEHUM
300paK€HHSIM HeCy4oi MoBepXHi nutioBanoro 3pazka cram 40X, 3arapToBaHOro

Biz1 860 °C Ta BiamymieHnoro npu 600 °C, micias TpuOONOTTYHUX BUNIPOOYBaHb.

Tabmus 6.9.
Inentudikamiitna kapta npodiaro moBepxHi 3paska craii 40X, 3arapToBaHoOTO Bij

860 °C Ta Biamymenoro npu 600 °C, micist TpuOoIOTiuHUX BUIPOOYBAHb.

Bics X
JloBxxnHa 3 mm
Po3mip 601 points
InTepBan S um
Bics Y
JloBxuHa 3 mm
Po3wmip 601 points
InTepBan S um
Bics Z
JloBxurHa 163,62 um
Po3wmip 32002 digits
[aTepBan 0,0051126 um
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g
g

pm © 2

4

6 8 10 12 14 16 %

Puc. 6.13. AMmutityaauit po3mnoia mpodiaro MOBEPXHI 3 HAKIAACHIM

300pakeHHSIM Hecy4oi moBepxHi nutiopanoro 3paska craii 40X, 3arapToBaHOro

Bix 1050 °C Ta Bigmymenoro mpu 600 °C, micist TpROOIOTIYHUX BUIPOOYBaHb.

Ta6muis 6.10.

InenTudikamiitna kapra npodiuiro noBepxHi 3paszka craii 40X, 3arapToBaHOTO Bij

860 °C Ta Biamymenoro npu 600 °C, micist TpuOO0IOTiYHUX BUIPOOYBaHb.

Bics X
JloBxxuHa 3 mm
Po3mip 601 points
InTepBan S um
Bics Y
JloBxxknHa 3 mm
Po3mip 601 points
InTepBan o um
Bics Z
JoBxuHa 56,34 pm
Po3mip 24224 digits
InTepBan 2,3258 nm
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OTpumManuii pe3ynpTaT MIATBEP/HKYE BHUCHOBKU pOOIT OaratboX aBTOPIB,
30kpema [669, 670], B skux mMokazaHO, IO 3HMIKCHHS BHUCOTHUX IMapameTpiB
IIOPCTKOCTI, 301TBIIICHHS TOBKHHH OMMOPHUX KPUBUX TIOBEPXOHB TEPTSI, ONITUMIi3a-
I1is1 TUTOIII BEPIIHH 1 3aMaiuH AJs 3aJJaHIX YMOB TEPTS BKa3yIOTh Ha (JOPMYBaHHS B
aKTUBHOMY Iapi CTPYKTYyp, AKi 3a0e3meuyroTh MIABUIICHHS OINOpPY Marepiary
nporiecaM TpuOoaecTpykiii. ToOTo oTpumaHa Ticis rapTyBaHHS Bij MiABUIIEHUX
TeMrnepaTryp MikpocTpykrypa crai 40X crpuse GopMyBaHHIO OUIBII ONTHMAJIb-

HOTO penbedy KOHTAKTHOI MOBEPXHI HIXK MICIsI CTAaHAAPTHOI TEPMIYHOT 0OPOOKH.

—_
-

%) 100+
N=INS [ ]

E o m__ g

E\ /-(:\l -\

o & 301 u

= = —A—Sr,

< = = ”
= = —=—=Sr,

[>) <

s E 20-

oM A

<

gj = / \A\

c>)\ A\A\A A

T

0

800 900 1000 1100 1200
, °C
rapt
Puc. 6.14. MogaentoBanHs Ta MporHo3 (yHKIIIOHATEHUX MMapaMeTpiB HECYqOi

CIIPOMOXKHOCTI BUCTYIIB (Sr1) Ta BOaauH (Srp) MOBEpxH1 BiAMyIIeHOoi cTaii 40X

3aJICKHO BiJl TEMIIEPaTypH raptyBaHHs [662].

3a 10MOMOTro0 MPOBEAEHOT0 €KCIEPUMEHTY OYJI0 JOBEACHO CIIPOMOXKHICTh
HelipoHHoi Mepexi Tunmy OMTD 3 moaudikoBaHMMU (YHKIISIMH aKTHUBAIIil
HEHWPOHIB BUPINIYBATH 3 BUCOKOI TOYHICTIO €KCTPANOJIALIiHI 3a1a4l. Y JaHOMY
BUIAJIKY OyJIO TPOBEICHO KUJIbKICHE TPOTHO3YBaHHA (DYHKI[IOHATBHUX MapaMeTpiB
noBepxHi (Sci, Svi), MO BHU3HAYAIOTH OWHAMIKy Mporecy TepTsa. Kpim Toro,
ceprudikoBani mapamerpu (Sri, Srp), M0 XapakTepus3ylOTh (YHKLIIO HECydoi

CIIPOMOKHOCTI MOBEPXHi, OyJIM BUKOPUCTAH1 JUIsl IPOrHO3yBaHHS MOBEIIHKHU CTall
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40X mpu pi3HUX TEMIEpaTypHUX YMOBaxX TepMidHoi 00poOku (puc. 6.14).

KopekTHicTh IPOBEIEHOT0 MOJICIIOBAHHS MIATBEPIKYETHCS PO3PAXyHKAMHU
3MiHM mapametrpiB (Sri, Srp) mis mokpamieHoi cram 40X, 3arapToBaHOl Bij
temnepatryp 860, 900, 950, 1050, 1160 Ta 1200 °C Ta iXHBOIO KOPEIAIIED 3
pe3yiabpratamMu poooTH [586]. AHamizyoun JMHAMIKY 3MiHU X TApaMETPiB MOXKHA
3poOMTH BUCHOBOK, IO 13 MiJBUIICHHSIM TeMIiepaTypu rapryBanHs ao 950 °C
30UIBIIYETHCS IMIOPCTKICTh TOBEpXHI KOHTakTy. I'apryBanHs Bim 1050 °C
NPU3BOAUTH JO 3MEHIIEHHS NapaMeTpiB MIOPCTKOCTI, a TMOJANbIINI picT
temmnepatypu 10 1160 ta 1200 °C — 3H0OBY 70 iXHBOT0 301IbIIeHHS. OTIMCaH] 3MIHH
(yHKLIOHAJIBHUX MapaMeTpiB MIOPCTKOCTI MOBEPXHI Sr; Ta Sry KOPETIOHThH 3
pe3yabTaTaMu JAO0CHiHKeHb 3HOCOCTIMKOCTI cTam 40X, oTpuMaHi aBTOpamu mpaiii
[586].

OTxe TMOKa3aHO MOXIIMBICTh 3aCTOCYBaHHS  HEUPOHHOMEPEKEBOTO
MOJICJIIOBaHHSI HE TUIbKM AJi1 HAOMMKEHHS OaraTOBUMIPHUX 3aJIeXHOCTEH [0
pO3Mi3HAaBaHHS, a U JJIsl BUPIIIEHHS OLIbII CKIAAHUX 3aJa4 IPOrHO3yBaHHS MOCITI-

JIOBHOCTEH (PYHKITIOHAIBHUX BJIACTUBOCTEH MOBEPXHI KOHCTPYKIIIMHUX CTaICH.

6.2. lMporHosyBaHHA BNacTUBOCTEN AOCNigXYBaHUX cTanen 3a

AOMNMOMOror KOMH’I-OTepHOFO mMoaenmnioBaHHA.

KomrnekcHa  oriHka  TpUOOJIOTIYHHUX  BJIACTHUBOCTEH  CPOPMOBAHUX
MOBEPXHEBUX IIAPIB € HAJ3BUYAIHO BaXKJIMBOIO SIK MPU MPOEKTYBaHHI, TaK 1 MpU
eKcIuTyaTallii aeraneit mamuH. Lle morpeOye HasgsBHOCTI IkOMOra OUIBIIOT0 HA0OPY
napameTpiB, M0 XapaKTepU3ylTh CTaH TOBEPXHi. Y OUIBIIOCTI BHUIIAJKIB
OTPUMAaHHS PE3yJIbTATIB JOCHIJKEHb NOTPeOy€e MPOBEIEHH HEOOX1JHOI KIIBKOCTI
EKCIIEPUMEHTIB, M0 TOB’S3aHO 13 3HAYHUMHU YaCOBUMH 1 MaTepiaTbHUMHU
BuTparamu. KpiMm TOro, iCHy10Th BUIIaJIKU KOJIM HE MOKJIMBO OJIEpKaTH MOBHI JaH1
eKCIIEPUMEHTY, 110 CIPUYMHEHO MEBHUMU YMOBAaMHU MTPOBEICHHS BUMiPIOBAHb.

Jlst BUpilIeHHS Takoi MpoOJieMH BUKOPUCTOBYIOTHCS TMIJIXOJH, B OCHOBY
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SKUX TOKJIaJIeHI METOAM Ta 3aCO0U MaTeMAaTUYHOT CTATUCTUKH, a TAKOXK TUIAHYBaH-
Hs1 eKcriepuMeHTy [671]. Ase 1i MeToau € MaToe(eKTUBHUMU IS TAKUX CKIIATHHX
3aJ1a4, 1110 MOCTaBJIeH] B JaHiil poOOTi, 30KkpeMa Mpu 0OMEKEHUX BUOIPKax JTaHUX.
Po3B’s30k MOIOHMX 3aBAaHb MOXHa 3AIACHUTH 13 3aCTOCYBaHHSIM 3ac00iB
IITY4YHOT O iHTENeKTy, 30kpema LITHM 1 xoHTposepiB HeuiTKoi Joriku [672, 673].
BpaxoByroun 3a3HaueHe Oyl0 BHKOPHUCTAHO KOMIT IOTEPHUI KOMILIEKC
Expleo, sikuii gae 3MOTYy 3alIOBHUTH MPOITYCKH Pi3HOTO MOXOKEHHS, @ OCHOBOIO
METOJy OIlIHIOBaHHS BIACYTHIX eKCIEPUMEHTAJbHUX JaHUX CJIOyryBaja
HelporapagurMa TeOMETPUYHUX MePETBOPEHb. [lepeBaror mporo METOay mepen
IHIIIMMH € BUCOKA TOYHICTh HaBYAHHS Ta HEITEPATUBHICTH CUCTeMH. Bimomi maHi
€KCIIEPUMEHTIB BBOJATHCS B TA0JIULII 3 TPOITYCKAMH Yy BEKTOPHUX AaHuX. ist 3a1aui
3aIIOBHEHHS TPOMYCKIB y €KCIEPUMEHTAILHUX pe3yibTaTaX OyJ0 BHKOPHCTAHO
BapiaHT  HEUPOMOAIOHOT  CTPYKTYpH  TEOMETPUUYHHMX  IIEPETBOPEHbL B

aBTOACOLIIATUBHOMY pekumi (puc. 6.15).

N N N

X1 Xi Xm

X1 Xi Xm

Puc. 6.15. HeiiponosiOHa CTpyKTypa reOMETPpUYHHX MTEPETBOPEHbD:
X1, Xi, ....Xm — BEKTOp CTaHy; X j — HapaMeTp, KOMIIOHEHTa BEKTOPY;

Xn,i— N-U BEKTOp, i-Ta KOMIIOHeHTa; n=1,2,3, ...,n;1=1,2, ..., m.
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Jlis BUKOHAHHS 3afaHMX (YHKIIN mpoBoAsaTh HaBuaHHS [IIHM mnuisxom
NEePETBOPEHb TPEHYBAJIBHOI MaTpHIll X, ;, YaCTUHA CTPYKTYpH SIKOi IpHUBEACHA Y
Tabm. 6.11.

KoxeH psimok MaTpuIll BIAMOBIA€ peaisailii, IKiil y BIAMOBIIHICTb CTaBIATh
NEBHUM TINOTETUYHUH HOMEp n. Yci peamzamii HyMepywoTh Big 1 10 n.
BcranoBieHo, 110 Mpy HaBYaHHI CHCTEMHU MOXMOKA MPOTHO3YBaHHS CTAHOBUTHME
omu3bko 9 % mpu gomyctumiit moxudi 10 %. KoxxeH psmok maTpulll BiIIOBiIae
OJIHOMY 3 BXO[[IB a00 BHUXOJiB, a OyJb-fKHIl €JIeMEHT MAaTpuIll peaizalliit
IIPEJICTABIISIETBCS SIK O0YHCIICHE 3HaUCHHs QYHKIIH aBOX 3MiHHUX F(N, 1),

Tabmanig 6.11

YacTtrHa CTPYKTYpU TPEHYBAIBHOI MAaTPHULIL.

Bxin

Buxing

Xapakrepucrtuka |

Xapakrepucrtuka 2

Xapakrepucrtuka 3

Xapakrepucrtuka 4

Al Bl Cl Ml
A2 B2 C2 M2
A3 B3 C3 M3

Metoro HaBuaHHS € TpencTaBieHHs QyHKIii aBox 3MiHHUX F(N,1)
KoMmOiHariero GyHkIii oxuiel 3sminnoi f(n), ¢ (i), ski € HeBimomumu. Dyukii F(n,i)
MPEACTABIISAIOTh KIHIIEBOIO CYyMOIO JOOYTKIB (YHKIIA OJHIET 3MIHHOI 3a
QIrOpUTMOM, HaBeJeHUM Ha puc. 6.16. Ilicns 3amoBHEHHS BIACYTHIX Pe3yJbTaTiB
EKCIIEPUMEHTY, OJIEp’KaHl JaHl OOpOOJISIUCS KOHTPOJEPOM HEUITKOi JIOTIKH,
HaIMMCcaHuM Ha MOBI iporpamyBanHs C# Ha mnatdopmi Microsoft. NET 2.0, o 6ys
aJanTOBaHUM JJI1 TPOTHO3YBAHHS JWHAMIKKM 3MIHM MIKPOMEXaHIYHUX Ta
TpUOOJIOTIYHUX BJIACTUBOCTEl. B OCHOBY KOHTpoJiepa Oyj0 MOKIAIeHO HEUPOHY
MEpeXy reOMETPUYHHUX MEePEeTBOPEHB, a HOro (PyHKIIOHYBaHHS BIAPI3HAIOCH BiJl

poOOTH 3BUYAITHUX KOHTPOJIEPIB, OCKUIBKH JIJISl OMUCY CUCTEMH BUKOPHUCTOBYIOTHCS
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3HaHHS €KCHepTiB, a He audepeHuini piBHsSHHIL. Lle BIATBOpIOETHCS
JIHTBICTUYHUMU 3MIHHUMU, K1 OMUCYIOTHCS HEYITKUMU MHOXXHHAMU Ta MOXKYTh
OyTH pe3yJIbTaTOM MOHITOPUHTY JUHAMIKY 3MI1HHM €KCIUTyaTaI[iiHUX XapaKTePUCTHK

JeTajIed MaImInug.

3aBaHTaXKeHHA BXiAHUX AaHUX
RZ
Bubip fAaHMx gns npouecy 3anoBHEHHA
RZ
ABTOMATMYHE BUABMEHHA NPOMYCKiB
RZ
CructemaTm3alia TeCTOBUX NapameTpiB A8 OLiHKM TOYHOCTI 3aNOBHEHHSA NPONyCKiB
RZ

3anyck npoueaypu 3an0BHEHHA NPOMNYCKiB

RZ

OujiHKa AKOCTi 3aNOBHEHHSA 3 BUKOPUCTAHHAM NoKasHMKa MAPE - cepegHboto
abcontoTHo noxmbKkoto y BiacoTkaxta RMSD - KBagpaTom cepeiHbOKBaApPaTUYHOrO
BiAXMNEHHSA

\Z

AHYNIOBaHHA BBEAEHMX TECTOBUX AaHUX
diHiwHe reHepyBaHHA pobounx napameTpis

RZ

3HauyeHHs OTPUMaHUX NapameTpis ANa NoAanbloi 06pobKu

Puc. 6.16. Anroputm po3B’si3Ky OCTaBIEHOT 3a/1ayi.

JI71si IpOTHO3YBaHHS MIKPOMEXaHIYHUX BJIACTMBOCTEW MOBEPXHEBUX IIAPIB
K BXIJHI TapaMeTpu 3aJaBajid TEeMIEpaTypy TrapTyBaHHS, MIKPOTBEPICTh
MOBEPXHI, BUBHAUYEHY METOJOM CKJIEPOMETPIi, po3Mip KapOiaHOi (a3u, MILIHICTb ii
3B’SI3KY 3 MAaTPHUIICIO Ta 3HOCOCTIMKICTD.

[Ipn mporHo3yBaHHI EKCIIEPUMEHTAJbHI JlaHI KOMIIOHYBaiu y ¢opmari
Mawmpani. JIIHTBICTUYHI TpaBWja 3a7aBajd HEUITKO MHOXXHHOK («HU3BKHUI,
«CepemHiiy», «BUCOKUNY) 3 (ha3udikaIli€ero BCIiX BXiTHUX mapaMeTpiB Bix 0 1o 1 — Bif
MIHIMAJBHOTO JI0 MAaKCUMAJILHOIO 3HAYEHHS eKCITyaTallliHUX XapaKTePUCTHK.

Jlst o1iHIOBaHHA 3MiHU (YHKITIOHATBHUX BJIACTUBOCTEN OYJIO0 3aCTOCOBAHO
KOHTPOJIEP HEUITKOI JIOT1KH, 110 Y TOPIBHSAHHI 3 BIIOMUMHU METOJIaMU JAJI0 3MOTY

3MEHIIUTH MOXUOKY MPOrHo3yBaHHs y 1,5 pasu.
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6.3. TlporHo3yBaHHA TPMOONOriYHUX Ta MiKpoMeXaHiYHUX
BJIaCTMBOCTEN NOBEPXHEBUX LUAPiB MPOrpaMHUMM

3aco6amMM LWITYYHOrO iHTENeKTy.

[Ipu mpoBeAeHI eKCHEPUMEHTY PO3MIpH MOBEPXHEBHX IIApiB Ta OKPEMHX
€JIEMEHTIB HOT0 CTPYKTYPH HE JO3BOJISIOTH MTOBHOIO MIPOIO OTPHUMATH HEOOX1IHI
BUMipIOBaHHA. OCKUIbKH JJs JOCTOBIPHOI OIIIHKM CTIHKOCTI TOBEpPXHI JI0
3HOIIIYBaHHS HeoOXiTHa HasSIBHICTh sIKOMOTa O1UTBITIO1 KUTBKOCTI
eKCIEPUMEHTAIbHUX JaHUX OyJI0 MpOBENEHO iX BIATBOpeHHS. g mporo Oyiio
BUKOPHCTAHO MPOTPaMHHIA KOMITIIEKC EXPleo, 3a 1omoMororo sKoro 3armoBHIOBAIN
MPOMYCKH Yy BIJICYTHIX JaHUX BHUMIPIOBaHb MIKPOTBEPAOCTI, BIJCTAHHIO MiX
MaKCHUMyMaMmH i1 3HaueHb MoBepxHeBUX mapis ctami 40X.

[Iponenypa monsrasia y 3aBaHTOXCHHI ICHYIOUMX BXITHHX JaHUX
(puc. 6.17, a), micyst 4Oro AJI1 BUKOPUCTAHHS y MPOIEAYpPl 3all0BHEHHS BHOUpaIH
psaAaKu 3 BiACYyTHIMH Janumu (puc. 6.17, 6). 3a momomMoror mpOTrpamMHOTO
3a0€3MeYeHHSIM TPOIYCKU Y JaHWX BUSIBISUIMCS aBTOMATHYHO Ta MO3HAYAIUCS

YCPBOHHUM KOJIBOPOM.

Sapienware.Exple ]

Halp

a 0

Puc. 6.17. Bubip daitniB ajis 3aBaHTaXCHHS JaHKUX (a) Ta poOounx psakiB (0).

Ha mincraBi crtBopeHoi Tabiuii Oynu cdopmoBaHi BIAMOBIIHI TECTOBI
3HAYEHHS BIJITBOPEHUX JAHUX MIKPOTBEPAOCTI Ta BIJACTaHI MK MaKCUMyMaMmH ii
3HaueHsb (puc. 6.18, a). ns uporo 3a1McHIOBaIN BUOIp JBOX OCTAHHIX CTOBMIIB Y

BXIJIHMX JIaHUX Ta reHepyBanu 14 BHUIIaJKOBUX MPOIYCKIB yepe3 oOuaBa BHOpaHi
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CTOBMIII BiMmOBigHO (puc. 6.18, 6).

Sapienware.Expleo ‘

Idantity | i) cotemea o) Colurmné || Selecticn
54 0.0« Qanetmts tust
35 D91 Seset test
36 0,04 impute
7 u.‘;‘b 1.3 Gencrate Test Missingness
38 008
9 004 121 Number of peneraied gaps 142
€0 0.5 11

Lo Soem goos over selected columng

€1 o5l 312
€2 033 113 _Coccal oK
$3 0,33 1,14
o4 0,14 L1z
5 0y

4 0

€8 02

a 0

Puc. 6.18. I'eneparrisi TecToBUX MpOMycKiB (a) Ta ii mapamerpu (0).

KinpKicTh CTBOPEHMX TaKMM YHHOM TECTOBUX MPOITYCKIB CKJajia OJIM3BKO
14% Big 3arampHOi KiJIBKOCTI, IO BIAMOBIMA€ CIIBBITHOIICHHIO pPEATBHUX
MPOIYCKIB JI0 3arajbHOi KuIbKocTi BekTopiB. Ilicis mporo Oyno chopmoBaHO
BIIMOBIJHI TECTOBI 3HAYEHHS BIATBOPEHUX [JAHUX JJISI TPOBEICHHS OIIHKHU
MO>KJIMBOi TOYHOCTI 3alMIOBHEHHSI MpomyckiB. [Ipu 1isomy nporpamue 3a0e3nedeHHs
ABTOMATUYHO BHUJIISJIO KOBTHUM KOJIBOPOM 3T€HEPOBaHI BHITQJIKOBI TECTOBI
TIPOITYCKH.

Jlami mporpama 3ajairoBajia BCi CTOBIII JaHUX Ta 3ajlif0Baja MPOUEAYPY
3armoBHEHHS mpomyckiB (puc. 6.19, a). Bci iHmi 3Ha4YeHHA 3anMIIad
BCTAHOBJICHUMH 3a 3aMOBYYBAHHSAM IS ITapaMeTpHu3allii 3allOBHEHHS IPOITYCKiB
noJist. Taka METOJIMKa Ha3UBAETHCS «METO/I 1HIMiami3arnii (puc. 6.19, 6).

SkicTe 3amoOBHEHHS TMPOMYCKIB OyJO OI[IHEHO 3a TMPeACTaBIICHOIO
CTATUCTUKOIO 3 BUKOPHUCTAHHSIM TOKA3HHWKA CEPEIHBOI AOCOJIOTHOI MOXUOKH Y
Bizicotkax (MAPE) ta kBampara cepennbokBajgpatiuHoro BiaxwieHHs (RMSD).
[Ticnist 4oro mMpoBOAWIIM KIHIIEBE T€HEPYBAHHS BIJCYTHIX JaHUX MIKPOTBEPIOCTI Ta
BIICTaHI MDK MakKCUMyMaMHu 1 3Ha4eHb. 3a OTPUMAaHUMHU 3HAYCHHSIMH IS

noAaibIioi 00poOku Oyino cTBopeHo pobodi daiinu. [Tpu pomMy npumyckamm, 1o
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SIKICTh 3aIlIOBHCHHS BIJIOBIZA€E SIKOCTI 3alTOBHEHHS TECTOBUX JaHuX (puc. 6.20, a).

Sapienware.Expleo

File i = Help
| Toenbty ] Cotumnd ) Columné | Selaction
1 0,1 Generote test .. 2,57 1,28 e Impute missing data
Reset tast
5 + > 59 2
2 0,1 e 2,52 1.6 tnitial values
ERA v 2,55 126 () Center of the interval
4 0,14 1,12 246 1,21 “ L) Mean value
o Ml i 2% 125 () Euclidean K nearest neighbours 1013
6 0,17 0,77 241 1,15
Imputation parameters
7 018 0,72 2,26 1,24
3 019 0,72 2,38 112 || Perform initialization only
9 o1 o 23 114 ‘ Min change per iteration: '0,00000'%‘1
10 0,22 0.7 23 115 o
Max iterstions per component: l 10:%1{
11 0,23 0,65 227 1,16 -
12 0,28 0,65 2,23 L1 cancel || oKk |
13 0.26 0,68 18 1,23

a 0
Puc. 6.19. Ilponienypa 3amoBHEHHs IPOMYCKiB (@) Ta iHimam3ais ix

3anoBHEHHs (0).

e — -
Fis ” Mzaryg Veluss Help
| a8 . fumni W) Colemna o Coumng (V] Colmnd || Swlmchon Initislization method: |Mean value (initialisation] |
'15"" ey L1z 2,57 1,28
2 011 113 232 120 Mumber of iterations: |0 |
3 013 114 2,43 122
g s b iz Name  MAPE  RMSE
5 0aS o 2,43 1.2
s 017 o7t 2,41 118 Column3 | 0,089 0,25
7. 0,18 a73 238 113 Column4 0,04 0,06
8 0,13 072 2,35 112
0 021 o7t 2,25 1,18
i0 0,22 o7 22 1,1%
It 0,2 o4 2,25 1,19
£2 0,25 (2 223 121
13 0,26 058 2,19 1,23 [ Cancel H 0K
4 0,28 87 PR 1,43

a 0
Puc. 6.20. Iatepdetic oTpuMaHux pe3yNbTaTiB (a) Ta OIMIHIOBAHHS SIKOCT1

3aMIOBHEHHSI CEPEIHIM 3HaYeHHSIM CTOBMIIA (0).

3 METOI0 OLIHKHM MOPIBHSHHS OTPUMAHUX pE3yNbTaTiB OyJo 3A1iCHEHO
3alIOBHEHHS TECTOBUX IMPOMYCKIB JBOMAa METOJIaMH: IIiJICTAHOBIICHHSIM CEPEIHIX

3HA4YEHb CTOBMIII Ta MiJCTAHOBJIECHHSIM CEpPEIHbOrO 3HaueHHs 3 K HanOmmkumx
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CyciziB. 3amTOBHEHHS MPOITYCKIB 3a IIMMH METOJaMHM 31MCHIOBAJIN 32 3a3HAYCHOIO
BUIIIC TIOCTIOBHICTIO MpH BMHUKaHHI Tauka «Perform initialization only», mio
03Hayajo 3IMCHEHHS TUIBKM MOMEPEAHBOI 1HIIiami3alis anroputMmy. B pesynbrari
BUKOHAHHS Ili€l TIpolieypu OyJI0 3allOBHEHO MPOITYCKH CEPeIHIMU 3HAYCHHSIMU
BIIMOBIAHUX CTOBMIIB (puc. 6.20, 6).

AHanorivHo OyJ0 TIPOBEIEHO 3alOBHEHHS 3a JIONMOMOTOI0 METOMY
MiJCTAaHOBKKA cepeaHporo 3HadeHHs K HanOmmwkuux cycimiB. [Ipu mpomy Oyio
BPaXxOBaHO TIJIbKM BEKTOpU ©O€3 TMPOIMyCKiB Ta OyJO BCTAHOBIEHO, IO 31
30UTBIIEHHSIM KUIBKOCTI CYCiIB 3pOCTa€ SIKICTh 3allOBHEHHS MpomyckiB. ToOTo
ONTUMAJIbHOIO KUIBKICTIO CYCIJIIB € BCl peajizailii 1 3Ha4yeHHs JJis 3all0BHEHHS
nponycky. HeoOximHO 3a3HAa4MTH, 10 TaKe CIIIBBIJHOIIEHHS 3HAXOJUTHCS B
3aJIeKHOCTI Bl CTATHCTUYHOTO PO3IOAUTY 3HAYCHb BEKTOPIB peaizaitiii [674].

3 METOI0 MOPIBHAHHS 1 OLIHKH SIKOCTI 3aIlI0OBHEHHSI MIPOIYCKIB 32 JI0MTOMOT0I0
pI3HHX METOJIB NpoBeneHO 10 eKCIepUMEHTIB, B SKMX BHUIIQJKOBO I€HEpYBaJIU
TECTOBI MPOIYCKU 3 XapaKTEPUCTHUKAMU CIPaBXHIX MporyckiB. [loTiM BoHu Oynu
3aIIOBHEHI CEPE/IHIM 3HAYCHHSIM CTOBIIIA, CepeAHIM 3HaueHHAM K HalOmmKunx
cycimiB 1 Expleo. Pe3ynbraTtoM IIbOTO CTajao OJep>KaHHS YCEPEAHEHUX 3HAYEHBb
MOXMOOK 3allOBHEHHSI KOXKHOTO 13 CTOBMIIB 3 MPONYyCKaMH, IO HaBEJICHO Y
Tabm. 6.12.

Tabmums 6.12

[ToxnOku 3amIOBHEHHS MPOITYCKIB, OJIep>KaH] piI3HUMHU METO/IaMU MMPOTHO3YBaHHSI

MeTto 3aII0OBHEHHS MAPE | RMSE | MAPE | RMSE
®3) 3) (4) (4)
CepenHe 3HAYCHHS CTOBITIIS 0,08 0,20 0,03 0,05
Cepenne 3HaueHHs K HanOmmkanx 0,08 0,21 0,04 0,05
CycimiB
ITK Expleo 0,02 0,05 0,02 0,03

SAx BuaHo 3 Tabm. 6.12 (croBmeup 4) AKICTH BIATBOPEHHS JaHUX 3

BUKOPUCTAaHHSAM MPOrpaMHOro Komruiekcy Expleo cyTTeBo kpamia HiX y METO/IB
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3allOBHEHHS CEpPE/IHIM 3HaYCHHSIM CTOBII Ta cepeaHIM 3HaueHHIM K HalOmmKamx
cycigiB. Iloxubka MAPE mis HuX nepeBuIlye 3aJaHUN TOPIT TOYHOCTI
BumiptoBanHs 0,05. 3icTaBisioun pe3ysbTaTH 3allOBHEHHS 3 CEPEIHIM 3HAYCHHSIM
pe3ynbTaTiB  3aloBHEHHS KomIuiekcy Expleo Ha BHMAankoBO TeHEpOBaHUX
MPOIyCKaX IOMITHO, IO 3alMOBHEHHs OyJIOo 3A1MCHEHO 3 3aJaHOK TOYHICTIO
BUMIpIoBaHHSA. Lle roBOpUTH MPO KOPEKTHICTh BUKOPUCTAHHA 3a3HAYEHOTO METOY
JUTSL BUPIIICHHS 3a/1a4 1aHO1 pOOOTH.

Taxum unHOM, 32 JOMTOMOI0I0 aJalITOBAHOTO HEUPOMEPEKEBOIO KOHTpOJIEpa
HEYITKOI JIOT1KH 3/IIMICHEHO IPOTHO3YBAHHS MOBEAIHKH HA0OPY €KCIIEPUMEHTAIBHO
oJIep>KaHUX JIaHUX, SIK1 BU3HAYAIOTh TPUOOJIOT1YH1 XapaKTEPUCTUKHU JTOCH1KYBaHUX
craineii. Takum crmocoboM 10 TECTOBUX 3a7ad TEXHIYHOI'O OIMHUCY CTBOPEHOTO
nporpamioro mnpoaykty T — Controller User Manual Oynu BkitodeHi 3ajmadi 3
IPOrHOCTUYHOTO MOJICIIOBAaHHS.

B pe3ynbrari nOpoOrHO3yBaHHA MIKPOMEXAHIYHMX Ta TPHOOIOTTYHUX
BiactuBocTel ctani 40X 3a J0MOMOTOI0 a/1alITOBAHOTO KOHTPOJIEpA HEUITKOT JIOT1KU
BCTAHOBJICHO, IO HAWKpAIIll XapaKTEePUCTUKAMU Y TIPOIIEC] eKCIUTyaTaIlli MaTUMYTh
nokpartieHi 3pasku craii 40X, 3araprosani Bijg 1050 °C. I'apryBanus Bix 1160 °C
TaKOX Jla€ MMO3UTUBHI PE3YyJIbTaTH, aje JACIIO TipIli, HIXK Y ONepeIHbOMY BUIIAJIKY.
Haiiripu BiacTMBOCTI MpUTaMaHHI JOCHIKYBaHIM CTalll Miciisg rapTyBaHHS BiJ
950 °C Ta BHCOKOTO BiJIITyCKY.

Byno BcTaHOBIJIEHO, 1110 BUKOPUCTAHHS aJallTOBAHOTO KOHTPOJEpa HEUITKOI
Joriku porpamuoro npoaykry T — Controller User Manual 3menmye y 1,5 pasu
NOXHUOKY MPOTHO3YBAaHHS y MOPIBHAHHI 3 BIAOMUMH METOJIaMH Ta BJABIYl 3HIKYE

TPUBAJICTh EKCIIEPUMEHTY Ta MOB’s3aH1 ITUM BUTPATH .

BucHoBKM

1. BcranoieHo, mo Mopdoioris kapOiaHoi (a3u BIUIMBAE HA PIBHOBAXKHY
IIOPCTKICTh, CTPYKTYPHO-TEOMETPHYHI TapamMeTpu Ta HECydy CIPOMOXKHICTh

noBepxHi craii 40X, sika GopmMyeThes M1l Yac KOHTAKTHOI B3a€EMOJIT IPU TEPTI, 110
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M03HAYA€THCS Ha 11 TPHOOIOTIUHUX XapaKTEPUCTHKAX.

2. 3niiiCHEHO ajanTailito 00paHoi apXITeKTYpH IITYYHOI HEUPOHHOT Mepexi
— (byHKITIOHATTy MHOKMHH TaOJIMYHUX (PYHKITIH.

3. CnporHo3oBaHo 3MiHy (¢i3uko-mexaHiuHuxX BiactuBocteit (Hy, L, T2)
noBepxHi KoHTakTy ctaimi 40X Ta moOB’s3aHy 3 HEIO AWHAMIKy 3MIHH OIOpPY
3HOUITYBaHHIO B 3aJIEKHOCTI BiJl TEMIIEPATypH TrapTyBaHHSI.

4. 3a pe3ylbTaTaMd MOJICTIOBAHHS  CEPTU(PIKOBAHUX  CTPYKTYPHO-
T€OMETPUYHUX MMapaMeTPiB NOBEPXHI 3aJI€KHO BiJI 11 IOPCTKOCTI MPOBEAEHO aHAI3
HECYy4O0i CIPOMOXHOCTI MOBEPXHI KOHTAKTy 3pa3kiB ctami 40X mij gac TepTs.

5. Ilpm po3p’s3yBaHl 3amayl  OyJ0 BHKOPHCTAHO TIPH TECTyBaHHI
npodeciitHoro HelipoHonakety «func*net Express» Version 1.0 [TAMM & parcs IT
— Consulting GmbH.

6. /s mporHozyBaHHS IMHAMIKK 3MiHM TPHUOOJOTIYHUX BIACTUBOCTEH
JOCTIKYBaHOI CTalll aJalTOBAHO HEHPOMEPEKEBUN KOHTPOJIEP HEUITKOI JIOTIKH,
HamyMcaHui Ha MoBi mporpamyBaHHss C# Ha mmardgopmi Microsoft. NET2.0.
Bukopucranmii nporpamuuii npoxykt T — Controller User Manual 3abe3neuns
3MEHIICHHS] TOXHOKM TMPOTHO3YBaHHS y 1,5 pa3u MOPIBHSHO 13 BIJIOMHUMU
METOIaMH.

7. llepcieKTHBHUM MOK€ OYTH TaKOK MOJIEIIOBAHHS 32 JIONIOMOTOI0 30HHHUX
pPO3paxyHKIB €JIEKTPOHHOI OyIOBM BTOPMHHUX CTpyKTyp [675, 676], ski
bopMyIOTbCSl TiJ YaC KOHTAKTHOI B3a€MOJii Ta BIUIMBAIOTh Ha TPUOOJIOTIYHI

XapaKTEPUCTHKU MaTepiaiB.
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OCHOBHI BUCHOBKMU

Ha mijictaBi BUKOHAHUX JTOCTIKEHB, BUKJIAJICHUX Y IMCEepTaliiiHIi poOoTI, 3
MO3UIIIT MEXaHO-(PI3UYHUX MPOIIECIB KOHTAKTy TBEPJAUX T MPU TEPTi po3p0OIICHO
MIPUHITUIIN 3HOCOCTIMKOCTI, SIKI BPaxOBYIOTh 3B 30K CTPYKTYypHO-()a30oBOro Ta
HAIPY>KEHOTO CTaHy 3 TEOMETPI€I0 KOHTAKTHOI B3aeMOJil, IO 3a0e3rnedye
BUPIIICHHS Ba)JIMBOi HAyKOBOI MPOOJEMH MiJBUIICHHS OMOPY 3HOIIYBAaHHIO
HU3bKOJICTOBAaHUX CTaneil. BHBUEHO 3aKOHOMIPHOCTI BIUIUBY XapakTepy
CTPYKTYPOYTBOPEHHSI Ha 3HOCOCTIMKICTh KOHCTPYKIIHHUX Ta 1HCTPYMEHTAIbHUX
CTaJieil, a TakKoX OOIPYHTOBAHO ONTHUMAJbHI PEXHUMH IXHBOIO TEPMIYHOTO
00poOJIeHH S, 1110 BiJI0OpaKEHO Y BUCHOBKAX.

1. HamiacTaBi HOPIBHSJILHOIO aHATI3Y PO3MIPHUX MTapaMeTPiB Ta XapaKTepy
po3noauty iHTepMeTtaniaiB SnSb B crpyktypi 6abitiB b83 Ta BT 3 Halikpaummu
TPUOOJOTIYHUMHU XapPaKTEPUCTUKAMH TI0 BITHOIICHHIO IO PO3MIPIB Ta PO3MOILTY
IUISIM KOHTAKTY MPU B3a€EMOJIT TBEPAUX TUI MPU TEPTI pO3pOOJIECHO Ta HA MPUKJIIA]
HU3BKOJIETOBAHUX KOHCTPYKIIIWHUX Ta I1HCTPYMEHTAIbHIN CcTaneil ampoOoBaHO
OCHOBHI TPUHIMIIK  Oprafizamii MIKPOCTPYKTYpH CTajieli 3  BHUCOKHMH
TPUOOJOTITYHUMH XapaKTEPUCTUKAMHU, SIKI BpPaXOBYIOTbh MOP(OJIOTI4HI 0COOIUBOCTI
OyZ0BU 3MIIHIOBAIBHUX (a3, IXHIM pO3Mip, XapakTep PO3MOIITY y TBEPAOMY
PO34MHI BIJIOBITHO A0 MApaMETPiB MIKpOreoMeTpii OyT0BU MOBEPXHI, BPaXOBYIOUH
YMOBH JMCKPETHOCTI KOHTAKTHOI B3a€MO/I1i MPU TEPTI.

2. OpHuM 3 BU3HAYAIBHUX (PAKTOPIB B PO3MOJILII T BETUYNHI 3aJTUIITKOBUX
HaIpY>KEHb, SIKI BHHUKAIOTH 111 yac rapTyBaHHs crajneit 40X ta 40XHM, e Byrnens.
Pict Temniepatypu aycrenitusaiii nonaa 1000 °C copusie yTBOpeHHIO o0jacTei 3
HOro MiJBUILEHOI KOHIICHTpAIl€0, 110 MPU3BOJUTH JO 3POCTAaHHS BHYTPIIIHIX
HaIpY>XKeHb TiJ] YaC MApTEHCUTHOTO MEPETBOPEHHS Ta € TICHs TapTyBaHHS Bijl
1160 °C npuynHamMu TPIIUHOYTBOPEHB. PO3MIpH €J1eMEHTIB CTPYKTYPH, TAKUX SIK
ayCTCHITHI 3€pHa, MApPTCHCHUTHI TMAaKeTH Ta OKpPEeMi HOT0 KpHUCTaId HE MAalOTh

BUPIIAIBHOTO BIUIMBY Ha PO3MOJLI BYTJIELIO MPHU 3MiHI TEMIIEPATYPH rapTyBaHHSI.
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3. TlapryBannsa craneit 40X ta 40XHM Bin 1050 °C yepe3 3poctarody
HEPIBHOMIPHOCTI PO3MOAUTY BYIJICIIO CHpPHUS€ 30UTBIICHHIO KUJIBKOCTI KPHUCTATIB
roJI9acTOr0 MapTEHCUTY 3 MIKPOJIBIHHIUKAaMU BCEPEAMHI BimOBIAHO 10 15...17% Ta
12...14% Bix 3araqbHOTO 00’€MYy, a TAKOX iXHI PO3MIpU B MOIMEPEYHOMY Mepepisi
BimmoBimHo a0 3...5 MM Ta mo 1,5...3,5 mim. Ilpum BHCOKOMY BIOITyCKY
KapOiJIOyTBOpPEHHsI ~ B1IOYBAa€Tbcs B CEpeAWHI  TaKMX  KpHCTalIiB  Ha
MIKPOJIBINHUKOBUX MEKaX, YTBOPIOIOYM 3HAYHI CKYIMUECHHS KPYIHHX KapOidiB 3
cepentiMm aiametrpom 0,12...0,2 MKkM BHIOB)KEHO1 (hopmu, po3mip, popma Ta mMicue
BUJIUVICHHS SKHX BHM3Haua€ iXHIO IIJIBUIICHY CTIMKICTh JIO JAHMCOIHAIli Ipu
IJIaCTUYHIN Aedopmarii. Mikpo0’eMu maTepially 3 Takor Mopdosoriero 0yJa10BU
XapaKTEPU3YIOThCA HAABHICTIO BHYTPIIIHIX MIKPOCIOTBOPEHb, $IKI BOJIOAIIOTH
BUIIMMU BIJTHOCHO OTOYYIOUOT MIKPOCTPYKTYpPH MEXaHIYHUMU XapaKTEPUCTUKAMHU,
30KpeMa MIKPOTBEPICTIO, Ta CTIMKICTIO 10 PYHHYBaHHS IPU TEPTI.

4. ®opmyBaHHs micia raptyBaHHsA Big 1050 °C Ta BHCOKOTrO BIAIYCKY
HEOHOPIAHOT 32 OYOBOIO Ta MEXaHIYHUMH XapaKTePUCTUKAMHK TTOBEPXHI TEPTS 3
BigcranHo 240,0...250,0 MKM MK MIKpOoOO’€eMaMU  MIKPOCTPYKTYPH 3
M1JBUIIICHUMU MEXaHIYHUMH XapaKTePUCTUKAMHU, 4 TAKOK 3HUKEHHS 3aBASKH 3MiH1
Mopdororii  kapOimHoi ¢da3um  mapaMeTpiB  HIOPCTKOCTI Ta  301IBIICHHS
GyHKIIOHATBHUX MapaMeTpiB HECY4YOoi CpoMOKHOCTI BUCTymiB 3 10,5 10 16,7% 1
BraguH 3 88,3 nmo 92,8% mnoBepxHi TepTa 3MeHUIye Ha 19% IHTEHCHUBHICTh
3HOITYBaHHS SIK 3pa3kiB ctami 40X MOpIBHSHO 13 3pa3KaMu, 3arapTOBaHUMH BiJ
860 °C, Tak Ha 29% cHpsHKEHOTO 3 HUM KOHTPTLJIa Yepe3 3MEHIICHHs KOoeDilieHTy
tepts 3 0,199 no 0,164.

5. Ilomampmie 30imbIIeHHS Temmeparypu raptyBaHHs g0 1160 °C
MPU3BOAUTH A0 YTBOPEHHS 11i€ O1IBIIIOT HEPIBHOMIPHOCTI PO3MOALITY BYTJICITIO 3 IIIe
OUTBIIMMH KPHUCTAJIAMH TOJTYaCTOTO MApPTEHCUTY. AJle TPH IOMY 3HA4YyHO
30umBITy€eThes 10 489,2...611,4 MKM BifICTaHB MK MIKPOOO’€MaMH matepiainy 3

NIJBUIIEHUMH MEXaHIYHUMH XAPAKTEPUCTUKAMHU Ta 3MEHIIYEThCSA IXHS KUIBKICTh
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Ha MOBEPXHI TepTs, 10 3HIKYE Ha 3% CTIMKICTh A0 3HOIITYBAaHHS CTajl MOPIBHIHO
13 3pa3zkamu, 3araproBanumu Bif 1050 °C Ta 361nb1rye koedinieHT Tepts a0 0,169.

6. JleryBanus cram 40X HikeneM Ta MOJIIOACHOM 13 3pOCTaHHIM
TEeMIIepaTypy ayCTEHITU3AIlll TaIbMy€ YTBOPEHHS JUISTHOK, 30arauyeHuM BYTJICIIEM,
IO CTIPHUSiE€ YTBOPEHHIO MEHIIOI KIJIBKOCTI Ta MEHIII PO3MIpH KPUCTAIIB FOIYACTOTO
MapTeHcuty, MeHmow BiacranHio (200,0...220,0 mxm ta 220...250 MM micis
raptyBaHHs B 1050 ta 1160 °C BiaAnoBigHO) MK MIKPOOO’ €MaMU MiKPOCTPYKTYpH
3 MiIBUIIIEHUMH MEXaHIYHUMH XapaKTePUCTUKAMHU, 3HUKEHHIO PiBHS BHYTPIIIHIX
HaIpy>KeHb Mij 4yac rapTyBaHHs, Ta BIAMOBIHO 3pOCTaHHIO cTiiikocTi ctani 40XHM
JI0 YTBOPEHHS rapTyBaJbHUX Tpil(uH nopiBHsHO 31 cTtauio 40X. Ile o6ymoBitoe
MEHIITy TE€TePOreHHICTh IMOBEPXHI KOHTAKTy, MEHIIUNA MPHUPICT 3HOCOCTIHKOCTI
(mume Ha 5,7% micns rapryBanHa Bim 1050 °C) mokpamenoi cram 40XHM
BIJIHOCHO 3pa3KiB, 0OPOOJICHHX 3a CTaHAAPTHOIO TEXHOJIOTIEI0 Ta HE3HAYHY 3MIHY
3HaueHb koedimienty tepts 3 0,154 mo 0,150 Ta mo 0,156 BiamosimHO.

7. OpHe 3 BU3HAYaJIbHUX 3Ha4YeHb y (OPMYBAHHI JHUTOI CTPYKTYypU 3
BUCOKMMHM  TPUOOJOTITYHUMH  XapaKTEPUCTUKAMH  BIJICPAlOTh  YMOBH 11
KpHUCTami3ailii, ki 3a0e3MeuyroTh 3a paXyHOK YTBOPEHHS IEHIPUTHOI CTPYKTYPH SIK
dbopMyBaHHS HEOJAHOPIAHOI 32 MEXaHIYHMMH XapaKTEPUCTUKAMU MOBEPXHI TEPTs
HUIAXOM YepryBaHHS (PEPUTHUX NOUISHOK Ta IUISHOK 3 MiABULIIEHUM BMICTOM
BYTJICIIIO, TaK 1 BU3HAYAIOTH PO3MIPHI IMapaMeTpH 1€ HEOAHOPITHOCTI. 301TIBIIICHHS
y 2,5 pa3u KUIbKOCTI OCEH JIGHIPUTIB Ta BIJMOBIIHO 3MEHIIICHHS B1JICTaH1 MI>)K HUMH
3500...600 10 200...250 MKM npH iXHIi Opl€HTALli NEPIEHIUKYIISPHO 10 MOBEPXHI
KOHTAKTHOI B3a€MOJii CIpHse 3MeHIIeHH Ha 15,9% wmacoBoi 1HTEHCHBHOCTI
3HomyBaHHs craii 081'2C y nmuTomy cTaHi, a MOPiBHSAHO 3 TOMOT€HHOIO CTPYKTYPOIO
—Ha 27,0%.

8. IlIBuukicHa enekTporepmiuHa 06pooka ctasert X6BD, 9XD i 7XHM®Db
BiJI TeMmIepaTyp, IO HE3HAYHO TMEPEeBUIIYIOTh Acs, J03BOJsiE 30epertu

TeTePOTCHHICTh iXHBOT MIKPOCTPYKTYpU Ta OTPUMATH Ha MDK(a3HUX Mexkax
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«TYTOIIaBKUI KapOiI-MaTpUID» TUCIIEPCHUN MApTEHCHT, IO CIPHIE 3MIITHEHHIO
3a3HaUYCHMX MDK(pa3HUX MeX Ta MIABUINUTH J0 2,2 pas3iB  TpUOOJIOTIYHI
XapakTepucTuku MmatepiamiB. [lonmanbiie 30UIbIIEHHS TeMIEpaTypu rapTyBaHHS
MPU3BOUTH JIO AUCOITIAIli TYromiaBkoi kKapOigHoi ¢a3u Ta yTBOPEHHIO Ha 11 MicCIi
JUCIIEPCHOTO JIETOBAHOTO MApTEHCUTY, KU 3a TBEPJICTIO HE3HAYHO TMEPEBUIILYE
TBEPIICTh OCHOBHOTO MAapTEHCHUTY, IO 3MEHIIYE€ TEeTePOTCHHICTh CTPYKTYPH,
3HIKY€ MEXaHIYH1 XapaKTePUCTUKH Ta OIip 3HOIIYBAHHIO CTaJICH.

9. MeTto CKIEpOMETPIi € UyTJIIMBUM JI0 BACOKOKYTOBHX Ta CyOCTPYKTYPHHUX
MEX 3€peH, a WMOBIPHICTh BHUABJICHHS TaKUX (PArMeHTIB MIKPOCTPYKYTpHU
MOB’si3aHa 3 11 pO3MIPHUMHM MMapaMeTpaMu, piBHEM HABAHTAXXEHHS Ha 1HJEHTOP Ta
KpoKoM BuMiptoBaHHs1. KpiM Toro, 11eit MeTo1 Moke OyTH 3aCTOCOBaHUM JJIsl OLIIHKU
BEJIMYMHH, 3HAKY Ta PO3MIPIB IOJIB 3aJIUILIKOBUX HAIPYKEHb, IKI (POPMYIOTHCS B
CTPYKTYypl cTajei miciss rapTyBaHHsA. ONTUMalbHUM JUJISE  TIPOBEICHHS
CKJICPOMETPUYHUX JIOCTIKEHb 3 METOI BHUSIBJICHHS HEOJHOPIAHOCTI 3a
MEXaHIYHUMU XapaKTepucTukamMu MikpocTpykTypu ctaneit 40X, 40XHM ta X6BD
B 3arapTOBAHOMY Ta BIJMYIICHOMY CTaHAaX BU3HAYCHO HABAHTAXEHHS HA THACHTOP
B 20 r, a qy1s1 ctani 081'2C y nutomy ctani — 100 r. s mpoBeaeHHs O1IbIIT TOHKUX
JIOCITIJIKEHb, 30KpEeMa, BUBUEHHS MEX 3€peH, MakeTiB Ta OJOKIB MapTEHCHTY,
HEOOXITHO 3MCHIIUTH IIUPHUHY TMOAPSIHUHM, 3a SKOK BHU3HAYAETHCS YCEpPEIHCHE
3HAYEHHS MIKPOTBEPOCTI, IJITXOM 3MEHIIICHHS HaBaHTaxeHHs 710 10 T.

10. IloeqnanusaM  pe3ynbTaTiB  EKCIEPUMEHTIB Ta  MOJICTIOBaHHS 3
BUKOPHCTAHHSAM 1HTEJICKTYaJTbHUX CUCTEM Ha OCHOBI IITYYHUX HEHPOHHUX MEPEK,
noOy/noBaHUX Ha Mojenl (QYHKIIOHAy Ha MHOXHHI TaOIWYHUX (DYyHKLIH,
CIIPOTHO30BAaHO 3MiHY (YHKI[IOHATBHUX TMapaMeTpiB HECy4doi CIPOMOKHOCTI
MOBEPXHI TEPTS Ta BIAMOBIIHO A0 HUX 1 TPUOOJIOTIUHI XapaKTEPUCTUKHU BITYILIEHOT
ctam 40X 3a1eXHO Bl TeMIiepaTypH ii rapTyBaHHs. BcTaHOBIEHO, 110 BiJIMOBITHO
JI0 OTPUMAaHOI MOJeJIl HalKpallll MOKa3HUKW 3HOCOCTIMKOCTI JIOCATAIOThCS MPHU

rapryBanHi ctaii 40X B TemmneparypHomy mnpomikky Big 1050 mo 1100 °C, a
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Ha#ripmi — npu 950 °C ta nonan 1200 °C.

11. Pexomenpaliii 3 TMIJBUINEHHS 3HOCOCTIMKOCTI Oy BpaxoBaHl s
ONTUMI3alii PEXUMIB TEPMIYHOTO OOpOOJIEHHS Bally By3jJa Majoi MHIECTepHi
TATOBOTO peaykTopa Ta mmectepHi kommpecopa EK-7 enektpomoizna EP-9M Ha

[IpAT «KuiBcbKHM €IEKTPOBArOHOPEMOHTHHM 3aBOJTY.
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25,42,46,415 27,40,35,500 25,40,48,400 33,50,45,525 22,42,42,500
23,45,44,425 26,42,31,750 33,50,45,525 35,51,45,530 30,50,35,600
32,50,41,550 18,35,33,720 35,51,45,530 26,49,43,515 34,54,34,650
35,51,41,545 22,40,32,725 26,49,43,515 29,48,44,510 28,42,46,430
24,43,39,540 21,38,30,700 29,48,44,510 29,47,44,500 25,40,48,400
24,40,42,480 19,22,34,500 29,47,44,500 25,40,49,410 33,50,45,525
22,42,42,500 18,20,32,465 33,51,48,430 28,42,46,430 35,51,45,530
30,50,35,600 18,18,31,450 35,53,47,450 23,40,43,400 26,49,43,515
34,54,34,650 28,45,47,450 23,40,43,400 25,42,46,415 29,48,44,510
25,43,39,535 30,50,48,475 25,42,46,415 26,42,31,750 27,40,35,500
27,40,35,500 18,35,33,720 21,38,30,700 18,20,32,465
26,42,31,750 22,40,32,725 19,22,34,500 25,43,39,535




397

Tabmuisa A04
attrl,attr2,attr3,attr4
28,45,47,450
30,50,48,475
25,40,49,410
28,42,46,430
18,18,31,450
Taommsa A0S
attrl,attr2,attr3,attr4 attrl,attr2,attr3,attr4 attrl,attr2,attr3,attr4
28,45,47,450 32,50,41,550 18,35,33,720
30,50,48,475 35,51,41,545 22,40,32,725
25,40,49,410 24,43,39,540 21,38,30,700
28,42,46,430 24,40,42,480 19,22,34,500
25,40,48,400 22,42,42,500 18,20,32,465
33,50,45,525 30,50,35,600 33,51,48,430
35,51,45,530 34,54,34,650 35,53,47,450
26,49,43,515 25,43,39,535 23,40,43,400
29,48,44,510 27,40,35,500 25,42,46,415
29,47,44,500 26,42,31,750 23,45,44,425
Tabani A06
attrl,attr2,attr3,attr4 attrl,attr2,attr3,attr4 attrl,attr2,attr3,attr4 attrl,attr2,attr3,attr4
28,45,47,450 30,50,48,475 18,20,32,465 19,22,34,500
30,50,48,475 25,40,49,410 18,18,31,450 18,20,32,465
25,40,49,410 28,42,46,430 28,45,47,450 18,18,31,450
28,42,46,430 25,40,48,400 30,50,48,475 28,45,47,450
25,40,48,400 33,50,45,525 25,40,49,410 30,50,48,475
33,50,45,525 35,51,45,530 28,42,46,430 25,40,49,410
35,51,45,530 26,49,43,515 25,40,48,400 28,42,46,430
26,49,43,515 29,48,44,510 33,50,45,525 25,40,48,400
29,48,44,510 29,47,44,500 35,51,45,530 33,50,45,525
29,47,44,500 33,51,48,430 26,49,43,515 35,51,45,530
33,51,48,430 35,53,47,450 29,48,44,510 26,49,43,515
35,53,47,450 23,40,43,400 29,47,44,500 29,48,44,510
23,40,43,400 25,42,46,415 33,51,48,430 29,47,44,500
25,42,46,415 23,45,44,425 35,53,47,450 33,51,48,430
23,45,44,425 32,50,41,550 23,40,43,400 35,53,47,450
32,50,41,550 35,51,41,545 25,42,46,415 23,40,43,400
35,51,41,545 24,43,39,540 23,45,44,425 25,42,46,415
24,43,39,540 24,40,42,480 32,50,41,550 23,45,44,425
24,40,42,480 22,42,42,500 35,51,41,545 32,50,41,550
22,42,42 500 30,50,35,600 24,43,39,540 35,51,41,545
30,50,35,600 34,54,34,650 24,40,42,480 24,43,39,540
34,54,34,650 25,43,39,535 22,42,42,500 24,40,42,480
25,43,39,535 27,40,35,500 30,50,35,600 22,42,42,500
27,40,35,500 26,42,31,750 34,54,34,650 30,50,35,600
26,42,31,750 18,35,33,720 25,43,39,535 34,54,34,650
18,35,33,720 22,40,32,725 27,40,35,500 25,43,39,535
22,40,32,725 21,38,30,700 26,42,31,750 27,40,35,500
21,38,30,700 19,22,34,500 18,35,33,720 26,42,31,750
19,22,34,500 18,18,31,450 22,40,32,725 18,35,33,720
18,20,32,465 28,45,47,450 21,38,30,700 22,40,32,725




398

attrl,attr2,attr3

28,45,47

30,50,48

25,40,49

28,42,46

attrl,attr2,attr3 attrl,attr2,attr3 attrl,attr2,attr3
28,45,47 24,43,39 33,51,48
30,50,48 24,40,42 35,53,47
25,40,49 22,42,42 23,40,43
28,42,46 30,50,35 25,42,46
25,40,48 34,54,34 23,45,44
33,50,45 25,43,39 32,50,41
35,51,45 27,40,35 21,38,30
26,49,43 26,42,31 19,22,34
29,48,44 18,35,33 18,20,32
29,47,44 22,40,32

35,51,41 18,18,31

attrl,attr2,attr3 | attrl,attr2,attr3 | attrl,attr2,attr3 | attrl,attr2,attr3
28,45,47 29,48,44 28,45,47 29,48,44
30,50,48 29,47,44 30,50,48 29,47,44
25,40,49 33,51,48 25,40,49 33,51,48
28,42,46 35,53,47 28,42,46 35,53,47
25,40,48 23,40,43 25,40,48 23,40,43
33,50,45 25,42,46 33,50,45 25,42,46
35,51,45 23,45,44 35,51,45 23,45,44
26,49,43 32,50,41 26,49,43 32,50,41
29,48,44 35,51,41 29,48,44 35,51,41
29,47,44 24,43,39 29,47,44 24,43,39
33,51,48 24,40,42 33,51,48 24,40,42
35,53,47 22,42,42 35,53,47 22,42,42
23,40,43 30,50,35 23,40,43 30,50,35
25,42,46 34,54,34 25,42,46 34,54,34
23,45,44 25,43,39 23,45,44 25,43,39
32,50,41 27,40,35 32,50,41 27,40,35
35,51,41 26,42,31 35,51,41 26,42,31
24,43,39 18,35,33 24,43,39 18,35,33
24,40,42 22,40,32 24,40,42 22,40,32
22,42,42 21,38,30 22,42,42 21,38,30
30,50,35 19,22,34 30,50,35 19,22,34
34,54,34 18,20,32 34,54,34 18,20,32
25,43,39 18,18,31 25,43,39 18,18,31
27,40,35 28,45,47 27,40,35 18,18,31
26,42,31 30,50,48 26,42,31 28,45,47
18,35,33 25,40,49 18,35,33 30,50,48
22,40,32 28,42,46 22,40,32 25,40,49
21,38,30 25,40,48 21,38,30 28,42,46
19,22,34 33,50,45 19,22,34 25,40,48
18,20,32 35,51,45 18,20,32 33,50,45
18,18,31 26,49,43 26,49,43 35,51,45

Taomuua A07

Taomuusa A0S

Taomusg A09



399

Taomusg A10

1,2,3,45,6,7,8,9,10,11,12

0.991363963,0.854418964,0,0,40,0,0,1,10.8,91,1.313888889,464373.0739

0.992160248,0.851830192,0,0,20,0,0,0,11.4,99,0.84,316854.1401

0.992922595,0.849284178,1,0,10,0,0,0,7.9,87,0.561111111,239680.2697

0.993650134,0.846781407,1,0,10,0,0,0,8.5,83,0.519444444,242339.7119

0.994342017,0.844322355,0,0,50,0,1,0,10.5,89,0.497222222,455924.5373

0.994997417,0.841907489,0,0,60,0,0,0,12.8,86,0.916666667,464680.6157

0.995615537,0.839537265,0,0,60,0,0,0,12.7,78,0.305555556,472313.378

0.996195608,0.837212132,0,0,40,0,0,1,9.4,95,1.138888889,479611.5348

0.996736899,0.834932527,0,0,20,0,0,0,8.4,83,1.355555556,325329.1455

0.997238711,0.83269888,0,0,10,0,0,0,9.9,79,1.438888889,248659.1556

0.99770039,0.83051161,0,0,50,0,1,0,11.2,77,1.144444444,460459.0575

0.998121322,0.828371126,0,0,60,0,0,0,11.8,76,0.55,471267.2158

0.998500941,0.82627783,0,0,60,0,0,0,11.6,86,0.936111111,467709.7921

0.99883873,0.824232112,1,0,10,0,0,0,11.4,85,1.397222222,263413.2585

0.999134224,0.822234355,0,0,30,0,0,0,15,66,0.691666667,384093.6234

0.999387011,0.820284931,0,0,20,0,0,0,13.4,92,1.430555556,298801.4893

0.999596737,0.818384202,0,0,10,0,0,0,14.8,95,0.8,244817.4607

0.999763105,0.816532523,0,0,50,0,1,0,12.6,99,0.65,458059.0841

0.999885878,0.814730237,0,0,60,0,0,0,11.1,78,0.936111111,476918.8273

0.999964881,0.81297768,0,0,60,0,0,0,10.2,91,1.275,466881.7969

1,0.811275176,0,0,60,0,0,0,15.9,78,1.197222222,470526.9096

0.999991184,0.809623042,0,0,40,0,0,1,11.4,97,0.541666667,464676.042

0.999938446,0.808021584,0,0,20,0,0,0,11.8,93,1.205555556,319024.7978

0.99984186,0.806471099,0,0,10,0,0,0,12.5,97,1.438888889,245953.1276

0.999701564,0.804971875,0,0,50,0,1,0,13.6,89,1.430555556,455190.7556

0.999517756,0.80352419,0,0,60,0,0,0,14.3,88,1.402777778,465511.4341

0.999290696,0.802128314,0,0,60,0,0,0,18.8,71,0.563888889,462377.5175

0.999020702,0.800784504,0,0,60,0,0,0,16.7,97,1.294444444,472811.2356

0.998708151,0.799493013,0,0,40,0,0,1,17,77,1.386111111,458988.9569

0.998353474,0.79825408,0,0,20,0,0,0,17,89,0.7,312558.7784

0.997957155,0.797067937,0,0,10,0,0,0,14.6,99,1.319444444,241911.6515

0.997519729,0.795934805,0,0,50,0,1,0,13.6,95,1.158333333,453802.683

0.997041778,0.794854897,0,0,60,0,0,0,15.2,93,1.463888889,472214.6296

0.996523931,0.793828415,0,0,60,0,0,0,16.9,67,1.494444444,469790.416

0.995966857,0.792855555,0,1,60,0,0,0,20.5,70,1.422222222 45864 7.8642

0.995371265,0.791936499,0,1,40,0,0,1,20.8,67,1.030555556,410114.0278

0.994737898,0.791071423,0,1,20,0,0,0,18.4,99,1.036111111,364379.0102

0.994067533,0.790260492,0,1,10,0,0,0,17.4,95,0.122222222,251046.0003

0.993360975,0.789503862,0,1,50,0,1,0,15.8,99,0.272222222,438303.8422

0.992619056,0.78880168,0,1,60,0,0,0,15.7,90,1.125,442603.5218

0.991842629,0.788154082,0,1,60,0,0,0,15,78,1.183333333,438338.8698

0.991032567,0.787561198,0,1,60,0,0,0,14,79,1.041666667,433792.4013

0.99018976,0.787023144,0,1,40,0,0,1,13.7,87,1.188888889,427564.1116

0.989315109,0.78654003,0,1,20,0,0,0,14.4,96,0.725,302808.851

0.988409527,0.786111955,0,1,10,0,0,0,13.9,89,0.688888889,236648.0778

0.987473934,0.78573901,0,1,50,0,1,0,13.8,87,0.822222222,419321.8391

0.986509254,0.785421275,0,1,60,0,0,0,11.6,100,0.55,438392.987

0.985516413,0.785158823,0,1,60,0,0,0,13.6,99,1.1,437661.0241

0.98449634,0.784951713,0,1,60,0,0,0,15.9,77,0.333333333,431932.4433

0.983449956,0.7848,0,1,40,0,0,1,14.1,96,0.219444444,430089.405

0.982378182,0.784703726,0,1,20,0,0,0,12.2,95,0.661111111,300714.542

0.98128193,0.784662925,0,1,10,0,0,0,17.6,83,0.716666667,237541.2675

0.980162104,0.784677621,0,1,50,0,1,0,19.4,91,0.419444444,422407.951

0.979019601,0.784747829,0,1,60,0,0,0,15.8,100,0.530555556,444851.659




400

0.977855302,0.784873555,0,1,60,0,0,0,17,94,1.291666667,443081.5034

0.976670079,0.785054794,0,1,60,0,0,0,16.7,83,1.133333333,441266.3625

0.975464787,0.785291534,0,1,40,0,0,1,18.3,80,1.194444444,424362.6099

0.97424027,0.785583751,0,1,20,0,0,0,18.5,90,1.202777778,315696.8124

0.972997352,0.785931414,0,1,10,0,0,0,17,94,0.983333333,250687.751

0.971736843,0.78633448,0,1,50,0,1,0,18.4,80,1.147222222,412926.0644

0.970459536,0.78633448,0,1,60,0,0,0,18.8,85,1.091666667,437530.2472

0.969166203,0.786792899,0,1,60,0,0,0,14.4,96,1.113888889,437300.1758

0.967857602,0.787306611,0,1,60,0,0,0,15.8,75,1.030555556,438052.2423

0.966534469,0.787875545,0,1,40,0,0,1,20.2,92,0.277777778,447422.8065

0.965197523,0.788499623,0,1,20,0,0,0,16.1,100,0.6,314376.3759

0.963847461,0.789178755,0,1,10,0,0,0,15.6,76,0.452777778,254162.4636

0.962484965,0.789912844,0,1,50,0,1,0,11.9,99,0.644444444,430229.1976

0.961110695,0.790701783,0,1,60,0,0,0,16.9,89,0.352777778,450434.6924

0.959725291,0.791545454,0,1,60,0,0,0,14.8,90,0.619444444,441540.0281

0.958329376,0.792443732,0,1,60,0,0,0,14.8,88,0.608333333,438825.9935

0.956923552,0.79339648,0,1,40,0,0,1,13.1,95,0.366666667,437068.6449

0.955508403,0.794403554,0,1,20,0,0,0,11.6,96,0.775,303244.0888

0.954084495,0.795464799,0,1,10,0,0,0,16.2,71,0.525,243663.4408

0.952652374,0.796580051,0,1,50,0,1,0,17.6,82,0.241666667,429945.7064

0.95121257,0.797749137,0,1,60,0,0,0,17.7,99,1.069444444,448379.6446

0.949765592,0.798971875,0,1,60,0,0,0,21.5,77,1.05,456118.2141

0.948311934,0.800248072,0,1,60,0,0,0,20.8,88,0.611111111,461963.6851

0.946852074,0.801577526,0,1,40,0,0,1,13.6,100,1.108333333,447894.2698

0.945386469,0.802960028,0,1,20,0,0,0,18.2,68,0.161111111,311991.7633

0.943915565,0.804395355,0,0,10,0,0,0,18.8,93,0.744444444,258934.8574

0.942439787,0.80588328,0,0,50,0,1,0,16.3,85,0.558333333,466991.9097

0.940959549,0.807423562,0,0,60,0,0,0,13.7,100,0.941666667,480149.2543

0.939475248,0.809015953,0,0,60,0,0,0,17.5,83,0.675,488950.8084

0.937987267,0.810660196,0,0,60,0,0,0,18.9,74,0.894444444,483324.4236

0.936495974,0.812356022,0,0,40,0,0,1,19.1,88,0.75,484244.8688

0.935001724,0.814103155,0,0,20,0,0,0,17.6,93,0.877777778,334219.136

0.933504859,0.815901309,0,0,10,0,0,0,19.9,79,0.897222222,259074.8977

0.93200571,0.817750188,0,0,50,0,1,0,18.1,93,0.436111111,497974.5223

0.930504593,0.819649487,0,0,60,0,0,0,12.1,86,0.794444444,474427.8381

0.929001814,0.821598893,0,0,60,0,0,0,9.8,95,0.888888889,477062.6614

0.927497667,0.82359808,0,0,60,0,0,0,13.8,71,0.866666667,475403.696

0.925992437,0.82359808,0,0,40,0,0,1,13.8,93,0.6,477667.6171

0.924486397,0.825646716,0,0,20,0,0,0,13.9,92,0.480555556,322099.6478

0.92297981,0.827744458,0,0,10,0,0,0,11.6,89,0.394444444,243666.2142

0.921472932,0.829890955,0,0,50,0,1,0,16.4,94,0.183333333,488504.1324

0.919966008,0.832085844,0,0,60,0,0,0,12.8,92,0.291666667,498730.2374

0.918459275,0.834328755,0,0,60,0,0,0,13.2,92,0.35,497473.427

0.916952963,0.836619308,0,0,60,0,0,0,11.1,94,0.108333333,498161.586

0.915447293,0.838957112,0,0,40,0,0,1,12.9,90,0.133333333,410871.2272

0.913942481,0.84134177,0,0,20,0,0,0,13.3,85,0.544444444,317319.3848

0.912438734,0.843772872,0,0,10,0,0,0,9.3,89,0.619444444,324940.565

0.910936255,0.84625,0,0,50,0,1,0,12,85,0.297222222,479451.443

0.90943524,0.848772728,0,0,60,0,0,0,10.9,77,0.294444444,492691.2326

0.90793588,0.851340618,0,0,60,0,0,0,12,87,0.577777778,489923.8936

0.906438361,0.853953224,0,0,60,0,0,0,13.4,92,0.322222222,502204.9066

0.904942864,0.856610092,0,0,40,0,0,1,10.8,93,0.280555556,488216.4284

0.903449567,0.859310755,0,0,20,0,0,0,12.2,92,0.080555556,365089.2298

0.901958644,0.86205474,0,0,10,0,0,0,9.4,94,0.372222222,256147.5826

0.900470264,0.864841563,0,0,50,0,1,0,8.5,96,0.280555556,462652.2234

0.898984597,0.86767073,0,0,60,0,0,0,4.4,97,0.655555556,490982

0.897501805,0.87054174,0,0,60,0,0,0,10.7,84,0.366666667,507975.289




401

0.896022053,0.87345408,0,0,60,0,0,0,11.4,95,0.083333333,511711.312

0.894545501,0.876407229,0,0,40,0,0,1,11.5,95,0.194444444,512974.5566

0.893072309,0.879400655,0,0,20,0,0,0,10.3,94,0.502777778,343354.4262

0.891602635,0.88243382,0,0,10,0,0,0,10.8,95,0.069444444,277830.3736

0.890136636,0.885506173,0,0,50,0,1,0,9.2,94,0.469444444,507485.1276

0.888674471,0.888617155,0,0,60,0,0,0,7.5,95,0.436111111,522576.8832

0.887216296,0.891766198,0,0,60,0,0,0,7.6,95,0.305555556,518926.7252

0.885762269,0.894952724,0,0,60,0,0,0,11.6,96,0.333333333,522742.1856

0.884312548,0.898176145,0,0,40,0,0,1,14.2,91,0.377777778,512175.1628

0.882867292,0.901435866,0,0,20,0,0,0,11.4,94,0.391666667,345505.5066

0.881426663,0.90473128,0,0,10,0,0,0,15.4,94,0.15,275289.1122

0.879990821,0.908061771,0,0,50,0,1,0,17,78,0.047222222,504506.5935

0.878559931,0.911426716,0,0,60,0,0,1,15.9,87,0.058333333,519717.5364

0.87713416,0.914825478,1,0,10,0,0,0,13.9,89,0.075,316477.8049

0.875713675,0.918257416,0,0,50,0,1,0,12.8,86,0.227777778,472913.5138

0.874298649,0.921721875,0,0,40,0,0,1,9.6,92,0.205555556,495659.169

0.872889257,0.925218193,0,0,20,0,0,0,9.2,95,0.063888889,360958.8415

0.871485676,0.928745699,0,0,10,0,0,0,14.8,92,0.194444444,295663.8257

0.870088088,0.932303711,0,1,50,0,1,0,15.4,66,0.166666667,472796.1915

0.868696679,0.935891538,0,1,60,0,0,0,12.4,80,0.141666667,488225.1997

0.867311639,0.93950848,0,1,60,0,0,0,12,88,0.261111111,496688.0593

0.865933162,0.943153828,0,1,60,0,0,0,13.2,81,0.116666667,473935.7175

0.864561447,0.946826862,0,1,40,0,0,1,9.7,94,0.330555556,481589.063

0.8631967,0.950526855,0,1,20,0,0,0,10.5,90,0.230555556,363646.2533

0.861839128,0.954253068,0,1,10,0,0,0,13.7,86,0.225,300304.8442

0.860488946,0.958004755,0,1,50,0,1,0,12.8,95,0.158333333,471714.1306

0.859146376,0.961781159,0,1,60,0,0,0,14.2,88,0.216666667,496240.3874

0.857811643,0.965581513,0,1,60,0,0,0,6.5,96,0.208333333,501257.1136

0.856484979,0.969405043,0,1,60,0,0,0,11.5,93,0.172222222,473084.2248

0.855166622,0.973250963,0,1,40,0,0,1,13.2,89,0.141666667,477459.0519

0.853856818,0.97711848,0,1,20,0,0,0,12.6,70,0.305555556,356732.4335

0.852555818,0.98100679,0,0,10,0,0,0,10.1,89,0.044444444,295947.9383

0.851263881,0.984915079,0,0,50,0,1,0,13.4,80,0.194444444,514470.08

0.84998127,0.988842526,0,0,60,0,0,0,7.7,95,0.033333333,532161.7728

0.848708257,0.992788298,0,0,60,0,0,0,12.3,96,0.180555556,541093.9373

0.847445123,0.996751555,0,0,60,0,0,0,11,96,0.038888889,517922.4599

0.846192152,1.000731445,0,0,40,0,0,1,10.8,94,0.172222222,516971.1831

0.844949638,1.004727109,0,0,20,0,0,0,12.8,90,0.038888889,360578.7308

0.799447123,1.008737677,0,0,10,1,0,0,11.5,93,0.05,304098.7751

0.798226432,1.01276227,0,0,50,1,1,0,8.1,93,0.130555556,499172.1599

0.797017122,1.0168,0,0,60,1,0,0,13.1,83,0.108333333,524295.4735

0.795819514,1.0168,0,0,40,1,0,0,16.4,76,0.033333333,522635.9773

0.79463394,1.020849969,1,0,10,1,0,0,7.3,86,0.141666667,300769.2886

0.793460735,1.024911271,0,0,30,1,0,0,6.7,89,0.066666667,451702.806

0.792300244,1.028982987,0,0,20,1,0,0,9.7,86,0.058333333,362134.4082

0.791152818,1.033064194,0,0,10,1,0,0,8.9,87,0.1,299123.5735

0.790018815,1.037153955,0,0,50,1,1,0,5.5,86,0.125,501308.0901

0.7888986,1.041251326,0,0,60,1,0,0,7.5,80,0.030555556,545170.9301

0.787792545,1.045355352,0,0,60,1,0,0,7.9,90,0.038888889,547996.0581

0.786701027,1.04946507,0,0,60,1,0,0,7.4,93,0.013888889,544607.3334

0.785624431,1.053579506,0,0,40,1,0,1,1.5,95,0.088888889,546098.1277

0.784563145,1.05769768,0,0,20,1,0,0,-4.6,96,0.163888889,373493.0826

0.783517567,1.061818598,0,0,10,1,0,0,2.4,71,0.022222222,304048.1569

0.782488095,1.06594126,0,0,50,1,1,0,5.3,98,0.016666667,535324.8087

0.781475137,1.070064655,0,0,60,1,0,0,2.3,98,0.047222222,554782.9307

0.780479103,1.074187763,0,0,60,1,0,0,1.6,94,0.077777778,558214.2978

0.779500405,1.078309555,0,0,60,1,0,0,-4.2,98,0.088888889,563471.1276




402

0.778539464,1.082428991,0,0,40,1,0,1,4.3,97,0.016666667,547875.763

0.777596698,1.086545025,0,0,20,1,0,0,6,97,0.016666667,387254.032

0.776672533,1.090656597,0,0,10,1,0,0,6.1,98,0.019444444,326004.4779

0.775767393,1.094762641,0,0,50,1,1,0,4.7,99,0.019444444,548570.1813

0.774881705,1.09886208,0,0,60,1,0,0,5.5,97,0.016666667,563930.3342

0.774015899,1.102953829,0,0,60,1,0,0,7.6,88,0.019444444,550979.8193

0.773170401,1.107036792,0,0,60,1,0,0,8.7,93,0.013888889,557665.4026

0.77234564,1.111109866,0,0,40,1,0,1,1.4,95,0.041666667,560212.9293

0.771542042,1.115171934,0,0,20,1,0,0,4.1,93,0.005555556,371787.6792

0.770760031,1.119221875,0,0,10,1,0,0,7.1,98,0.01,302780.6879

0.77000003,1.123258555,0,0,50,1,1,0,7.4,95,0.013888889,509147.7249

0.769262457,1.127280832,0,0,60,1,0,0,-1.7,99,0.016666667,554401.6186

0.768547726,1.131287554,0,0,60,1,0,0,5.1,89,0.019444444,552869.1754

0.767856246,1.13527756,0,0,60,1,0,0,5.7,87,0.011111111,553921.1095

0.76718842,1.13924968,0,0,40,1,0,1,7.9,98,0.013888889,554571.2381

0.766544646,1.143202733,0,0,20,1,0,0,10.9,98,0.005555556,381518.9601

0.76592531,1.147135531,0,0,10,1,0,0,7.1,98,0.016666667,305618.6733

0.765330794,1.151046874,0,0,50,1,1,0,8.4,97,0.002777778,560219.5893

0.764761469,1.154935555,0,0,60,1,0,0,7,93,0.005555556,572514.6897

0.764217695,1.158800355,0,0,60,1,0,0,5.7,90,0.038888889,569847.791

0.763699821,1.162640048,0,0,60,1,0,0,6.6,89,0.013888889,571040.7785

0.763208186,1.166453398,0,0,40,1,0,1,0.2,99,0.016666667,570322.2247

0.762743112,1.170239158,0,0,20,1,0,0,2.4,86,0.030555556,386302.86

0.762304913,1.173996074,0,0,10,1,0,0,-1.8,91,0.027777778,318726.572

0.761893883,1.17772288,0,0,50,1,1,0,-1.2,97,0.013888889,570935.8502

0.761510304,1.181418303,0,0,60,1,0,0,2.3,98,0.005555556,593366.4476

0.761154441,1.18508106,0,0,60,1,0,0,2,99,0.005555556,587906.2284

0.760826543,1.188709857,0,0,60,1,0,0,2.3,86,0.008333333,592156.9195

0.76052684,1.192303393,0,0,40,1,0,1,-8.2,85,0.038888889,580496.0579

0.760255544,1.195860355,0,0,20,1,0,0,-3.3,79,0.011111111,403692.9997

0.76001285,1.199379423,0,0,10,1,0,0,0.3,92,0.022222222,331373.1921

0.759798933,1.202859266,0,0,50,1,1,0,0.2,97,0.005555556,577264.6319

0.759613946,1.206298544,0,0,60,1,0,0,0.7,99,0.008333333,584566.5969

0.759458024,1.209695908,0,0,60,1,0,0,3.9,94,0.008333333,578814.5972

0.759331282,1.21305,0,0,60,1,0,0,-0.6,83,0.025,564188.2257

0.75923381,1.216359451,0,0,40,1,0,1,1.8,88,0.002777778,541749.1414

0.759165682,1.219622883,0,0,20,1,0,0,0.1,96,0.008333333,368324.7988

0.759126945,1.222838911,0,0,10,1,0,0,-7.9,95,0.030555556,324173.1836

0.759117629,1.226006136,0,1,30,1,0,1,-1.4,81,0.005555556,364261.884

0.759137739,1.229123155,1,1,10,1,0,0,5.8,91,0.005555556,296011.1762

0.759187259,1.232188551,1,1,10,1,0,0,0.9,91,0.008333333,294876.6369

0.759266152,1.2352009,0,1,30,1,1,0,0.6,90,0.013888889,399707.8484

0.759374359,1.238158769,0,1,30,1,0,1,6.6,93,0.011111111,399802.302

0.759511798,1.241060713,0,1,20,1,0,0,1.3,94,0.008333333,342605.142

0.759678367,1.24390528,0,1,10,1,0,0,-0.6,93,0.044444444,303434.0582

0.759873942,1.24390528,0,1,30,1,0,1,-7.1,96,0.011111111,363715.8311

Tabmng All

1,2,3,45,6,7,8,9,10,11,12

0.992160248,0.854418964,1,0,10,0,0,0,11.4,84,0.969444444,266067.7054

0.992922595,0.851830192,0,0,30,0,0,0,14.8,88,0.858333333,399213.7541

0.993650134,0.849284178,0,0,20,0,0,0,13.7,94,1.344444444,308883.6862

0.994342017,0.846781407,0,0,10,0,0,0,16.2,98,0.288888889,246431.2379

0.994997417,0.844322355,0,0,50,0,1,0,14.4,84,0.352777778,455089.7725

0.995615537,0.841907489,0,0,60,0,0,0,11.1,97,0.305555556,469969.8012

0.996195608,0.839537265,0,0,60,0,0,0,11.3,94,0.452777778,473983.3085




403

0.996736899,0.837212132,0,0,60,0,0,0,8.5,99,1.452777778,472153.0707

0.997238711,0.834932527,0,0,40,0,0,1,16,67,1.377777778,464338.8536

0.99770039,0.83269888,0,0,20,0,0,0,19,82,1,329289.8082

0.998121322,0.83051161,1,0,10,0,0,0,15.1,83,1.427777778,239966.0177

0.998500941,0.828371126,1,0,10,0,0,0,13.4,75,1.355555556,283731.6917

0.99883873,0.82627783,0,0,50,0,1,0,16.5,85,1.447222222,445663.4774

0.999134224,0.824232112,0,0,60,0,0,0,15.5,92,0.294444444,467228.5113

0.999387011,0.822234355,0,0,60,0,0,0,14.4,95,0.994444444,471542.5388

0.999596737,0.820284931,0,0,30,0,0,1,9.3,88,1.252777778,456156.1704

0.999763105,0.818384202,0,0,20,0,0,0,8.9,85,1.558333333,330450.5343

0.999885878,0.816532523,0,0,10,0,0,0,12.5,72,1.455555556,247897.0088

0.999964881,0.814730237,0,0,50,0,1,0,17.9,71,1.486111111,453466.4892

1,0.81297768,0,0,60,0,0,0,20.8,59,1.413888889,478126.8497

0.999991184,0.811275176,0,0,60,0,0,0,22.3,61,1.238888889,474561.1715

0.999938446,0.809623042,1,0,20,0,0,0,14.5,95,0.966666667,325179.6575

0.99984186,0.808021584,0,0,30,0,0,0,15.1,75,0.811111111,417521.0014

0.999701564,0.806471099,0,0,20,0,0,0,10.9,97,0.925,323148.0878

0.999517756,0.804971875,0,0,10,0,0,0,11.7,87,0.525,249670.5686

0.999290696,0.80352419,0,0,50,0,1,0,10.8,81,0.891666667,449585.6775

0.999020702,0.802128314,0,0,60,0,0,0,10.1,75,1.086111111,462550.017

0.998708151,0.800784504,0,0,60,0,0,0,9.3,81,0.563888889,469464.746

0.998353474,0.799493013,0,1,60,0,0,0,10.8,81,0.786111111,459305.691

0.997957155,0.79825408,0,1,40,0,0,1,10.6,74,1.194444444,449512.2917

0.997519729,0.797067937,0,1,20,0,0,0,10.6,86,0.341666667,321594.5371

0.997041778,0.795934805,0,1,10,0,0,0,14,94,0.616666667,243177.2909

0.996523931,0.794854897,0,1,50,0,1,0,15.9,95,0.908333333,434477.3324

0.995966857,0.793828415,0,1,60,0,0,0,13.4,100,0.886111111,449320.7127

0.995371265,0.792855555,0,1,60,0,0,0,15.7,97,0.297222222,459901.0969

0.994737898,0.791936499,0,1,60,0,0,0,13.3,95,1.311111111,450222.2286

0.994067533,0.791071423,0,1,40,0,0,1,12.2,80,0.572222222,442039.9999

0.993360975,0.790260492,0,1,20,0,0,0,9.7,91,0.913888889,311260.5908

0.992619056,0.789503862,0,1,10,0,0,0,12.7,89,0.35,238681.5453

0.991842629,0.78880168,0,1,50,0,1,0,14.3,82,0.463888889,426640.9728

0.991032567,0.788154082,0,1,60,0,0,0,11.5,97,0.513888889,441677.6335

0.99018976,0.787561198,0,1,60,0,0,0,11.1,89,1.297222222,442096.2904

0.989315109,0.787023144,0,1,60,0,0,0,10.6,92,0.222222222,436853.5879

0.988409527,0.78654003,0,1,40,0,0,1,13.2,94,0.502777778,434813.0433

0.987473934,0.786111955,0,1,20,0,0,0,11.3,93,0.844444444,316984.6817

0.986509254,0.78573901,0,1,10,0,0,0,11.6,96,0.319444444,241960.7935

0.985516413,0.785421275,0,1,50,0,1,0,12.2,93,0.311111111,431224.6076

0.98449634,0.785158823,0,1,60,0,0,0,11.6,96,0.408333333,446655.9581

0.983449956,0.784951713,0,1,60,0,0,0,13.1,96,0.427777778,440855.5982

0.982378182,0.7848,0,1,60,0,0,0,13.7,90,1.180555556,438046.1294

0.98128193,0.784703726,0,1,40,0,0,1,12.8,81,0.969444444,430762.0879

0.980162104,0.784662925,0,1,20,0,0,0,12.9,99,0.380555556,318264.6948

0.979019601,0.784677621,0,1,10,0,0,0,12.4,99,0.388888889,250229.0954

0.977855302,0.784747829,0,1,50,0,1,0,16.6,81,0.863888889,424849.8711

0.976670079,0.784873555,0,1,60,0,0,0,16,98,0.411111111,435574.4318

0.975464787,0.785054794,0,1,60,0,0,0,15.1,95,0.372222222,448422.0228

0.97424027,0.785291534,0,1,60,0,0,0,14.6,98,1.141666667,445048.4901

0.972997352,0.785583751,0,1,40,0,0,1,14.9,97,0.238888889,440290.7746

0.971736843,0.785931414,0,1,20,0,0,0,13.1,99,0.236111111,320763.0922

0.970459536,0.78633448,0,1,10,0,0,0,13.4,99,0.258333333,251986.4214

0.969166203,0.78633448,0,1,50,0,1,0,14.3,99,0.822222222,432559.7213

0.967857602,0.786792899,0,1,60,0,0,0,14.4,93,1.119444444,441617.0133

0.966534469,0.787306611,0,1,60,0,0,0,16.3,97,1.191666667,448279.2873

0.965197523,0.787875545,0,1,60,0,0,0,14.4,90,0.994444444,447335.569




404

0.963847461,0.788499623,0,1,40,0,0,1,12.3,99,0.986111111,443317.6391

0.962484965,0.789178755,0,1,20,0,0,0,12.9,99,1.108333333,319323.303

0.961110695,0.789912844,0,1,10,0,0,0,12.7,99,1.016666667,243843.1319

0.959725291,0.790701783,0,1,50,0,1,0,15,95,0.708333333,437770.589

0.958329376,0.791545454,0,1,60,0,0,0,13,95,0.716666667,454680.7655

0.956923552,0.792443732,0,1,60,0,0,0,12.3,99,0.797222222,457554.6664

0.955508403,0.79339648,0,1,60,0,0,0,16.4,89,0.6,460762.0001

0.954084495,0.794403554,0,1,40,0,0,1,17.2,89,0.502777778,447598.8548

0.952652374,0.795464799,0,1,20,0,0,0,14.4,97,1.016666667,324044.5434

0.95121257,0.796580051,0,0,10,0,0,0,12.1,99,0.997222222,244346.9608

0.949765592,0.797749137,0,0,50,0,1,0,17.2,76,0.594444444,457027.7356

0.948311934,0.798971875,0,0,60,0,0,0,20.2,81,0.819444444,485508.794

0.946852074,0.800248072,0,0,60,0,0,0,15.9,87,0.622222222,482307.8

0.945386469,0.801577526,0,0,60,0,0,0,16.9,97,0.930555556,482503.997

0.943915565,0.802960028,0,0,40,0,0,1,12.5,94,1.088888889,472553.6694

0.942439787,0.804395355,0,0,20,0,0,0,15.6,100,0.2,327372.1063

0.940959549,0.80588328,0,0,10,0,0,0,16.6,99,0.844444444,253882.0565

0.939475248,0.807423562,0,0,50,0,1,0,12.7,95,0.825,474336.8912

0.937987267,0.809015953,0,0,60,0,0,0,11.5,100,0.775,476776.4151

0.936495974,0.810660196,0,0,60,0,0,0,10.6,99,0.975,480562.6336

0.935001724,0.812356022,0,0,60,0,0,0,8.3,97,0.988888889,481778.6781

0.933504859,0.814103155,0,0,40,0,0,1,14.3,92,0.302777778,478768.597

0.93200571,0.815901309,0,0,20,0,0,0,13.4,81,1.002777778,328335.5063

0.930504593,0.817750188,0,0,10,0,0,0,15.8,76,0.205555556,255776.1163

0.929001814,0.819649487,0,0,50,0,1,0,13.9,100,0.802777778,468534.818

0.927497667,0.821598893,0,0,60,0,0,0,10.8,99,0.697222222,479746.1787

0.925992437,0.82359808,0,0,60,0,0,0,9.2,99,0.833333333,486131.5178

0.924486397,0.82359808,0,0,60,0,0,0,8.5,100,0.894444444,483659.2829

0.92297981,0.825646716,0,0,40,0,0,1,11.2,96,0.277777778,473859.4357

0.921472932,0.827744458,0,0,20,0,0,0,13,91,0.172222222,327984.8668

0.919966008,0.829890955,0,0,10,0,0,0,12.2,89,0.369444444,249857.4131

0.918459275,0.832085844,0,0,50,0,1,0,11.1,97,0.527777778,476231.9527

0.916952963,0.834328755,0,0,60,0,0,0,11.1,95,0.663888889,493097.3217

0.915447293,0.836619308,0,0,60,0,0,0,12.8,86,0.188888889,494778.5856

0.913942481,0.838957112,0,0,30,0,0,0,12.9,97,0.180555556,446974.522

0.912438734,0.84134177,0,0,40,0,0,1,13.5,94,0.163888889,497336.1948

0.910936255,0.843772872,0,0,20,0,0,0,17.3,96,0.258333333,397362.4235

0.90943524,0.84625,0,0,10,0,0,0,16.2,99,0.288888889,264425.4949

0.90793588,0.848772728,0,0,50,0,1,0,14.7,100,0.541666667,484566.5494

0.906438361,0.851340618,0,0,60,0,0,0,15,96,0.425,493457.6467

0.904942864,0.853953224,0,0,60,0,0,0,14.9,93,0.155555556,499524.5073

0.903449567,0.856610092,0,0,60,0,0,0,12.2,98,0.255555556,498533.2341

0.901958644,0.859310755,0,0,40,0,0,1,13.7,95,0.227777778,493835.9509

0.900470264,0.86205474,0,0,20,0,0,0,14.3,96,0.255555556,341789.4706

0.898984597,0.864841563,0,0,10,0,0,0,11,99,0.322222222,262956.0421

0.897501805,0.86767073,0,0,50,0,1,0,13.8,96,0.602777778,486672.428

0.896022053,0.87054174,0,0,60,0,0,0,11.6,95,0.6,493857.2179

0.894545501,0.87345408,0,0,60,0,0,0,10.4,83,0.116666667,505328.722

0.893072309,0.876407229,0,0,60,0,0,0,9.6,97,0.066666667,521459.0377

0.891602635,0.879400655,0,0,40,0,0,1,7,99,0.5,504528.1025

0.890136636,0.88243382,0,0,20,0,0,0,9.3,96,0.527777778,340326.9151

0.888674471,0.885506173,0,0,10,0,0,0,8.7,85,0.547222222,262741.765

0.887216296,0.888617155,0,0,50,0,1,0,11.9,99,0.266666667,504087.0196

0.885762269,0.891766198,0,0,60,0,0,0,12.3,95,0.111111111,512839.9815

0.884312548,0.894952724,0,0,60,0,0,0,12.6,97,0.080555556,511599.7609

0.882867292,0.898176145,0,0,60,0,0,0,14.9,86,0.027777778,521172.3758

0.881426663,0.901435866,0,0,40,0,0,1,14.5,91,0.052777778,516033.6118




405

0.879990821,0.90473128,0,0,20,0,0,0,12.5,93,0.047222222,340657.7651

0.878559931,0.908061771,0,0,10,0,0,0,15.8,95,0.027777778,268500.3955

0.87713416,0.911426716,0,1,30,0,0,0,10.6,99,0.158333333,429617.7546

0.875713675,0.914825478,1,1,10,0,0,0,12.4,94,0.016666667,313261.6615

0.874298649,0.918257416,0,1,50,0,0,0,8.3,98,0.030555556,483798.7823

0.872889257,0.921721875,0,1,60,0,0,0,12.4,96,0.116666667,493843.6605

0.871485676,0.925218193,0,1,40,0,0,1,7.5,97,0.141666667,491870.9385

0.870088088,0.928745699,0,1,20,0,0,0,4.2,99,0.041666667,360502.9101

0.868696679,0.932303711,0,1,10,0,0,0,3.2,97,0.113888889,289797.2493

0.867311639,0.935891538,0,1,50,0,1,0,9.1,97,0.122222222,497203.3511

0.865933162,0.93950848,0,1,60,0,0,0,8.2,93,0.013888889,500793.6155

0.864561447,0.943153828,0,1,60,0,0,0,7.4,92,0.069444444,509915.9228

0.8631967,0.946826862,0,1,60,0,0,0,8.6,89,0.030555556,514749.0895

0.861839128,0.950526855,0,1,40,0,0,1,11,93,0.088888889,502004.2534

0.860488946,0.954253068,0,1,20,0,0,0,3.9,99,0.04,372299.7398

0.859146376,0.958004755,0,0,10,0,0,0,8.7,98,0.09,291212.264 1

0.857811643,0.961781159,0,0,50,0,1,0,10.9,99,0.1,528245.348

0.856484979,0.965581513,0,0,60,0,0,0,11.3,92,0.111111111,546631.6965

0.855166622,0.969405043,0,0,60,0,0,0,4.2,99,0.133333333,554110.2447

0.853856818,0.973250963,0,0,60,0,0,0,8.2,93,0.025,550349.1984

0.852555818,0.97711848,0,0,40,0,0,1,6.1,99,0.202777778,546300.8851

0.851263881,0.98100679,0,0,20,0,0,0,10.6,92,0.122222222,374720.9047

0.84998127,0.984915079,0,0,10,0,0,0,8.2,99,0.219444444,294389.0601

0.848708257,0.988842526,0,0,50,0,1,0,9.1,96,0.144444444,533704.9585

0.847445123,0.992788298,0,0,60,0,0,0,11.9,84,0.080555556,538662.9677

0.846192152,0.996751555,0,0,60,0,0,0,11,76,0.027777778,550504.8689

0.844949638,1.000731445,0,0,60,0,0,0,10.3,80,0.052777778,551930.291

0.843717882,1.004727109,0,0,40,0,0,1,8.7,90,0.047222222,548030.4846

0.842497191,1.008737677,0,0,20,0,0,0,11.9,96,0.027777778,373909.656

0.797017122,1.01276227,0,0,10,1,0,0,10.3,78,0.158333333,295835.4859

0.795819514,1.0168,0,0,50,1,1,0,12.4,72,0.016666667,499182.9967

0.79463394,1.0168,0,0,60,1,0,1,8.6,74,0.030555556,545500.6578

0.793460735,1.020849969,1,0,10,1,0,0,8.2,82,0.116666667,339164.5929

0.792300244,1.024911271,0,0,50,1,1,0,4.2,93,0.141666667,542495.8165

0.791152818,1.028982987,0,0,40,1,0,1,6.5,87,0.041666667,541858.723

0.790018815,1.033064194,0,0,20,1,0,0,7,89,0.113888889,373590.3779

0.7888986,1.037153955,0,0,10,1,0,0,5.2,92,0.122222222,295011.0731

0.787792545,1.041251326,0,0,50,1,1,0,7,70,0.013888889,545195.729

0.786701027,1.045355352,0,0,60,1,0,0,6.4,88,0.069444444,560318.2461

0.785624431,1.04946507,0,0,60,1,0,0,8.2,89,0.030555556,559286.2102

0.784563145,1.053579506,0,0,60,1,0,0,7.7,89,0.088888889,561825.6247

0.783517567,1.05769768,0,0,40,1,0,1,6.6,80,0.08,557250.0404

0.782488095,1.061818598,0,0,20,1,0,0,6.8,77,0.061111111,379703.2968

0.781475137,1.06594126,0,0,10,1,0,0,6.6,70,0.05,297977.737

0.780479103,1.070064655,0,0,50,1,1,0,8.6,94,0.061111111,550679.3228

0.779500405,1.074187763,0,0,60,1,0,0,6.4,99,0.027777778,565044.0195

0.778539464,1.078309555,0,0,60,1,0,0,4.7,98,0.069444444,562241.212

0.777596698,1.082428991,0,0,60,1,0,0,5.5,85,0.066666667,562343.3899

0.776672533,1.086545025,0,0,40,1,0,1,7.2,91,0.041666667,556469.9317

0.775767393,1.090656597,0,0,20,1,0,0,4.3,92,0.019444444,376667.06

0.774881705,1.094762641,0,0,10,1,0,0,8.3,72,0.011111111,297240.0584

0.774015899,1.09886208,0,0,50,1,1,0,6.4,91,0.016666667,545868.9094

0.773170401,1.102953829,0,0,60,1,0,0,1.8,92,0.072222222,563861.7254

0.77234564,1.107036792,0,0,60,1,0,0,7.7,84,0.033333333,567962.8886

0.771542042,1.111109866,0,0,60,1,0,0,4.5,91,0.008333333,571541.1911

0.770760031,1.115171934,0,0,40,1,0,1,7.8,88,0.011111111,562354.1479

0.77000003,1.119221875,0,0,20,1,0,0,2.1,93,0.025,380634.6356




406

0.769262457,1.123258555,0,0,10,1,0,0,5.3,96,0.041666667,302634.2487

0.768547726,1.127280832,0,0,50,1,1,0,6.4,86,0.025,552668.7823

0.767856246,1.131287554,0,0,60,1,0,0,6.6,96,0.005555556,562938.773

0.76718842,1.13527756,0,0,60,1,0,0,8.7,90,0.041666667,563774.195

0.766544646,1.13924968,0,0,60,1,0,0,12,84,0.011111111,563663.1226

0.76592531,1.143202733,0,0,40,1,0,1,9,91,0.022222222,509836.0525

0.765330794,1.147135531,0,0,20,1,0,0,10.3,95,0.022222222,369192.5821

0.764761469,1.151046874,0,0,10,1,0,0,10,87,0.002777778,317381.1547

0.764217695,1.154935555,0,0,50,1,1,0,3.2,96,0.022222222,535111.5061

0.763699821,1.158800355,0,0,60,1,0,0,6.3,92,0.030555556,541906.1122

0.763208186,1.162640048,0,0,60,1,0,0,9.9,79,0.005555556,521841.6015

0.762743112,1.166453398,0,0,60,1,0,0,7.4,97,0.027777778,519508.6459

0.762304913,1.170239158,0,0,40,1,0,1,11.7,82,0.008333333,513200.5985

0.761893883,1.173996074,0,0,20,1,0,0,10.2,75,0.019444444,374982.6339

0.761510304,1.17772288,0,0,10,1,0,0,7.9,81,0.005555556,337994.4783

0.761154441,1.181418303,0,0,50,1,1,0,10.1,92,0.022222222,557655.6215

0.760826543,1.18508106,0,0,60,1,0,0,13.3,92,0.008333333,564097.0452

0.76052684,1.188709857,0,0,60,1,0,0,12.7,70,0.019444444,561752.5584

0.760255544,1.192303393,0,0,60,1,0,0,7.1,81,0.013888889,564101.371

0.76001285,1.195860355,0,0,40,1,0,1,5.3,83,0.005555556,514632.8995

0.759798933,1.199379423,0,0,20,1,0,0,2.6,93,0.008333333,376430.4753

0.759613946,1.202859266,0,0,10,1,0,0,2.6,88,0.008333333,351412.9483

0.759458024,1.206298544,0,0,50,1,1,0,1.6,92,0.016666667,563704.4361

0.759331282,1.209695908,0,0,60,1,0,0,-1.5,99,0.025,571058.9632

0.75923381,1.21305,0,0,60,1,0,0,-0.6,86,0.027777778,566856.0489

0.759165682,1.216359451,0,0,60,1,0,0,-0.7,65,0.019444444,551791.4136

0.759126945,1.219622883,0,1,40,1,0,1,-4.4,77,0.027777778,451844.0497

0.759117629,1.222838911,0,1,20,1,0,0,-8,93,0.025,376106.3631

0.759137739,1.226006136,0,1,10,1,0,0,-1.6,98,0.016666667,350995.2395

0.759187259,1.229123155,1,1,10,1,0,0,-0.9,99,0.011111111,337843.5265

0.759266152,1.232188551,1,1,10,1,0,0,-2.4,89,0.008333333,338175.8617

0.759374359,1.2352009,0,1,30,1,1,0,-1.4,94,0.013888889,440963.0529

0.759511798,1.238158769,0,1,30,1,0,0,-0.3,96,0.008333333,441324.573

0.759678367,1.241060713,0,1,30,1,0,1,-0.3,88,0.019444444,394160.56

0.759873942,1.24390528,0,1,20,1,0,0,0.8,93,0.008333333,356654.4094

0.760098381,1.24390528,0,1,10,1,0,1,-2.5,95,0.025,348751.3098

0.762243848,1.24203012,1,1,10,1,0,0,1.1,72,0.02,269358.3687

0.762679757,1.243921754,0,1,50,1,1,0,4.5,94,0.011111111,459454.9515

0.763142521,1.245676808,0,1,60,1,0,0,8.2,84,0.016666667,482225.108

0.763631827,1.24729718,0,1,60,1,0,0,6.2,82,0.005555556,485225.2632

0.764147347,1.248784755,0,1,40,1,0,1,6.5,83,0.002777778,486524.7545

0.764688742,1.250141412,0,1,20,1,0,0,6.4,97,0.008333333,357475.8972

0.765255659,1.251369019,0,0,10,1,0,0,4.8,87,0.016666667,298228.4947

0.765847735,1.252469434,0,0,50,1,1,0,3.8,91,0.030555556,539565.4341

0.766464595,1.253444508,0,0,60,1,0,0,4.9,92,0.016666667,550524.4365

0.767105857,1.25429608,0,0,60,1,0,0,-0.8,99,0.027777778,556279.7254

0.767771127,1.255025981,0,0,60,1,0,0,1.7,90,0.022222222,556756.6967

0.768460006,1.255636031,0,0,40,1,0,1,-1.6,92,0.016666667,563721.1766

0.769172087,1.256128044,0,0,20,1,0,0,-2.6,97,0.036111111,384685.4096

0.769906956,1.256503821,0,0,10,1,0,0,-5.7,97,0.019444444,310661.4426

0.770664195,1.256765155,0,0,50,1,1,0,-4.4,89,0.05,556527.1361

0.771443381,1.25691383,0,0,60,1,0,0,-7.8,96,0.047222222,577471.3536

0.772244089,1.25695162,0,0,60,1,0,0,-9,95,0.041666667,578846.7629

0.773065888,1.256880289,0,0,60,1,0,0,-4,89,0.022222222,576859.3968

0.773908348,1.256701594,0,0,40,1,0,1,0,90,0.008333333,561748.0311

0.774771037,1.25641728,0,0,20,1,0,0,-0.2,99,0.033333333,379291.0514

0.775653522,1.256029083,0,0,10,1,0,0,-1.3,99,0.033333333,314204.7869




407

0.776555369,1.255538732,0,0,50,1,1,0,0.1,99,0.027777778,557572.4561

0.777476148,1.254947942,0,0,60,1,0,0,4.6,98,0.027777778,560414.3199

0.778415428,1.254258424,0,0,60,1,0,0,12.1,72,0.016666667,551103.3957

0.779372781,1.253471875,0,0,60,1,0,0,3.3,93,0.016666667,554537.5125

0.78034778,1.252589985,0,0,40,1,0,1,3.7,93,0.030555556,544487.029

0.781340005,1.251614435,0,0,20,1,0,0,2.2,91,0.011111111,371430.0138

0.782349036,1.250546895,0,0,10,1,0,0,3.3,92,0.066666667,305137.171

0.783374459,1.249389026,0,0,50,1,1,0,1.5,99,0.072222222,547498.2387

0.784415864,1.24814248,0,0,60,1,0,0,1.6,87,0.047222222,562587.7723

0.785472846,1.24814248,0,0,60,1,0,0,-0.4,99,0.044444444,561865.8562

0.786545006,1.2468089,0,0,60,1,0,0,-2,99,0.025,565825.3156

0.787631951,1.245389918,0,0,40,1,0,1,-2.2,99,0.016666667,566199.8325

0.788733293,1.243887159,0,0,20,1,0,0,-2.3,95,0.033333333,398201.9441

0.78984865,1.242302236,0,0,10,1,0,0,-2.7,99,0.019444444,314203.2357

0.790977649,1.240636755,0,0,50,1,1,0,6.8,96,0.013888889,551161.6314

0.792119922,1.238892311,0,0,60,1,0,0,9.8,93,0.011111111,553034.817

0.793275108,1.237070489,0,0,60,1,0,0,9,90,0.036111111,561359.2085

0.794442854,1.235172867,0,0,60,1,0,0,9.6,82,0.122222222,546874.1436

0.795622812,1.233201011,0,0,40,1,0,1,0.9,98,0.14,553275.8346

0.796814646,1.23115648,0,0,20,1,0,0,-2,99,0.155555556,379737.1243

0.798018024,1.229040822,0,0,10,1,0,0,6.7,72,0.033333333,296957.0097

0.799232621,1.226855575,0,0,50,1,1,0,10.5,82,0.077777778,538034.2135

0.800458123,1.22460227,0,0,60,1,0,0,4.7,93,0.038888889,549750.557

0.80169422,1.222282426,0,0,60,1,0,0,3.4,90,0.086111111,553941.1207

0.802940612,1.219897555,0,0,60,1,0,0,-1.8,99,0.2,557355.927

0.804197006,1.217449157,0,0,40,1,0,1,-1.1,99,0.194444444,546027.3049

0.805463116,1.214938725,0,0,20,1,0,0,3.4,98,0.041666667,373055.8809

0.806738664,1.212367741,0,0,10,1,0,0,1.9,94,0.102777778,304187.2036

0.808023379,1.209737678,0,0,50,1,1,0,3.7,97,0.061111111,548724.3683

0.809316999,1.20705,0,0,60,1,0,0,4.2,90,0.152777778,560630.4873

0.810619266,1.204306161,0,0,60,1,0,0,4.4,98,0.027777778,555592.7868

0.811929931,1.201507607,0,0,60,1,0,0,4,90,0.202777778,550991.852

0.813248752,1.198655771,0,0,40,1,0,1,0.3,94,0.286111111,540916.3155

0.814575494,1.195752082,0,0,20,1,0,0,-4.2,73,0.263888889,371009.2006

0.815909926,1.192797955,0,0,10,1,0,0,-1.5,87,0.266666667,301142.5716

0.817251828,1.189794798,1,0,30,1,1,0,0.3,95,0.097222222,461538.3118

0.818600981,1.186744008,0,0,50,1,0,0,-3.3,92,0.272222222,536601.3654

0.819957176,1.183646974,0,0,60,1,0,0,0.8,71,0.227777778,547078.058

0.821320208,1.17409215,0,0,60,1,0,0,1.9,97,0.111111111,549786.375

0.822689877,1.170823836,0,0,40,1,0,1,0.1,99,0.161111111,542418.7941

0.82406599,1.167516079,0,0,20,1,0,0,-1.6,92,0.091666667,364155.6796

0.825448356,1.164170211,0,0,10,1,0,0,-0.1,88,0.091666667,296554.6512

0.826836793,1.160787555,0,0,50,1,1,0,0.8,88,0.111111111,536513.1544

0.828231121,1.157369423,0,0,60,1,0,0,-2.1,86,0.4,543200.9337

0.829631163,1.153917121,0,0,60,1,0,0,1.5,76,0.047222222,531032.2482

0.831036749,1.150431941,0,0,60,1,0,0,5.1,95,0.144444444,532060.8566

0.83244771,1.146915169,0,0,40,1,0,1,8.6,86,0.313888889,507417.1333

0.833863883,1.14336808,0,0,20,1,0,0,8.8,97,0.138888889,350511.9024

0.835285105,1.139791941,0,0,10,1,0,0,10,96,0.308333333,275149.572

0.836711219,1.136188008,0,0,50,1,1,0,10,85,0.236111111,507738.185

0.838142068,1.13255753,0,0,60,1,0,0,4.9,84,0.294444444,512179.2659

0.839577499,1.128901742,0,0,60,1,0,0,4.9,85,0.375,521666.8984

0.841017359,1.125221875,0,0,60,1,0,0,0.4,99,0.261111111,526505.7713

0.842461498,1.121519147,0,0,40,1,0,1,5,98,0.097222222,512414.8876

0.843909766,1.117794768,0,0,20,1,0,0,3.5,83,0.091666667,351492.0557

0.845362016,1.114049938,0,0,10,1,0,0,2.9,99,0.075,288466.6229

0.846818099,1.110285848,0,0,50,1,1,0,1.9,95,0.147222222,512833.3223




408

0.848277867,1.10650368,0,0,60,1,0,0,-3.2,97,0.627777778,523547.1345

0.849741172,1.102704605,0,0,60,1,0,0,-0.2,69,0.091666667,523963.9256

0.851207866,1.098889787,0,0,60,1,0,0,2.3,99,0.080555556,522651.6589

0.8526778,1.095060378,0,0,40,1,0,1,3,95,0.086111111,518306.4524

0.854150822,1.091217523,0,0,20,1,0,0,3.5,99,0.191666667,355325.3949

0.89989754,1.087362355,0,0,10,0,0,0,1,98,0.1,295068.27

0.901376281,1.083496,0,0,50,0,1,0,0.3,81,0.263888889,538864.4075

0.902857647,1.079619574,0,0,60,0,0,0,-1.8,85,0.280555556,553346.0255

0.904341478,1.075734182,0,0,60,0,0,0,0.5,78,0.5,547387.0573

0.905827612,1.071840922,0,0,60,0,0,0,6.9,99,0.283333333,528243.2392

0.907315883,1.06794088,0,0,40,0,0,1,0.6,99,0.327777778,521176.5118

0.90880612,1.06794088,0,0,20,0,0,0,1.1,99,0.702777778,346141.1047

0.910298148,1.064035135,0,0,10,0,0,0,10.6,84,0.294444444,276610.1261

0.911791788,1.060124756,0,0,50,0,1,0,8,93,0.772222222,511214.4139

0.913286855,1.056210801,0,0,60,0,0,0,13,77,0.344444444,508640.2781

0.914783159,1.052294321,0,0,60,0,0,0,10.1,74,0.6,512947.3769

0.916280502,1.048376355,0,0,60,0,0,0,5,87,0.761111111,516637.2301

0.917778682,1.044457935,0,0,40,0,0,1,9,99,0.180555556,515310.6316

0.919277489,1.040540082,0,0,20,0,0,0,8.1,97,0.65,354372.9637

0.920776704,1.036623808,0,0,10,0,0,0,5.9,99,0.361111111,269630.317

0.922276103,1.032710116,0,1,50,0,1,0,2.5,96,0.219444444,461518.6918

0.923775452,1.0288,0,1,60,0,0,0,8.9,99,0.177777778,490940.1721

0.925274508,1.024894443,0,1,60,0,0,0,6.8,93,0.336111111,482982.5808

0.92677302,1.020994419,0,1,50,0,0,1,1.6,99,0.647222222,482223.3581

0.928270725,1.017100895,1,1,10,0,0,0,0.7,81,0.694444444,286909.6504

0.929767352,1.013214824,0,1,20,0,0,0,-2.4,90,0.883333333,317420.6289

0.931262618,1.009337155,1,1,10,0,0,0,4,99,0.269444444,271622.3181

0.93275623,1.005468823,1,1,10,0,0,0,4.3,99,0.311111111,264385.1208

0.934247883,1.001610756,0,1,50,0,1,0,4,94,0.616666667,460117.8124

0.935737258,0.997763873,0,1,60,0,0,0,4.4,96,0.136111111,477797.2803

0.937224026,0.993929081,0,1,60,0,0,0,1.6,96,0.461111111,474258.2569

0.938707844,0.99010728,0,1,40,0,0,1,2.4,96,0.366666667,475316.5903

0.940188355,0.98629936,0,1,20,0,0,0,0.6,99,1.027777778,340944.217

0.941665187,0.982506201,0,0,10,0,0,0,0.7,99,0.977777778,280411.4478

0.943137956,0.978728674,0,0,50,0,1,0,1.5,99,1.066666667,497914.3349

0.944606262,0.974967642,0,0,60,0,0,0,4.9,84,1.027777778,501602.6217

0.946069687,0.971223955,0,0,60,0,0,0,9.6,100,0.177777778,505959.7813

0.947527802,0.967498457,0,0,60,0,0,0,8.7,85,0.375,505540.8182

0.948980156,0.963791981,0,0,40,0,0,1,8.4,87,0.230555556,498348.4325

0.950426287,0.960105352,0,0,20,0,0,0,9.3,99,0.35,345550.8381

0.951865711,0.956439383,0,0,10,0,0,0,9.4,88,0.863888889,262751.8218

0.95329793,0.95279488,0,0,30,0,0,0,11.7,99,0.694444444,420823.1441

0.954722425,0.949172639,1,0,10,0,0,0,13.2,87,0.766666667,254436.2609

0.95613866,0.945573445,0,0,50,0,0,1,10,75,1.041666667,477179.4547

0.957546082,0.941998077,0,0,60,0,0,0,13.5,65,1.113888889,483482.142

0.958944118,0.938447301,0,0,30,0,0,1,8.5,100,0.2,436524.0295

0.960332173,0.934921875,0,0,20,0,0,0,5.8,84,1.272222222,390942.2985

0.961709638,0.931422549,0,0,10,0,0,0,5.7,88,1.127777778,264766.2089

0.963075881,0.927950061,0,0,50,0,1,0,8.1,77,1.294444444,482309.2275

0.964430252,0.924505141,0,0,60,0,0,0,8,89,0.602777778,492979.4957

0.965772079,0.921088511,0,0,60,0,0,0,12.5,92,1.186111111,482475.7256

0.967100673,0.91770088,0,0,60,0,0,0,16.2,57,1.280555556,477913.7292

0.968415324,0.914342951,0,0,40,0,0,1,14.9,79,1.313888889,474300.7414

0.969715304,0.911015416,0,0,20,0,0,0,15.3,55,1.219444444,330063.777

0.970999865,0.907718957,0,0,10,0,0,0,13.4,66,1.233333333,256939.0124

0.97226824,0.904454249,0,0,50,0,1,0,14.4,66,0.983333333,457638.249

0.973519643,0.901221955,0,0,60,0,0,0,11.9,85,1.219444444,476043.5991




409

0.974753272,0.89802273,0,0,60,0,0,0,13.8,83,1.141666667,475063.2921

0.975968307,0.894857218,0,0,60,0,0,0,11.9,89,1.180555556,479954.4498

0.977163909,0.891726057,0,0,40,0,0,1,9.6,78,0.313888889,477270.5346

0.978339228,0.888629872,0,0,20,0,0,0,10.1,91,1.127777778,340182.6

0.979493396,0.88556928,0,0,10,0,0,0,7.9,94,1.263888889,260779.297

0.980625531,0.882544889,0,0,50,0,1,0,9.7,86,1.347222222,464757.9658

0.981734741,0.879557297,0,0,60,0,0,0,8.9,89,1.463888889,468434.9727

0.982820122,0.876607092,0,0,60,0,0,0,13.2,62,1.441666667,468484.4358

0.983880761,0.873694855,1,0,10,0,0,0,14.1,79,1.402777778,262937.4616

0.984915737,0.870821155,0,0,30,0,0,0,9.9,86,1.483333333,377446.6151

0.985924122,0.867986552,0,0,20,0,0,0,12.5,68,1.277777778,297267.052

0.986904987,0.865191599,0,0,10,0,0,0,14.2,76,0.947222222,241400.4752

0.9878574,0.862436835,0,0,50,0,1,0,15.2,94,0.283333333,442179.2262

0.988780429,0.859722795,0,0,60,0,0,0,17,77,1.358333333,451290.2826

0.989673145,0.85705,0,0,60,0,0,0,13,83,1.458333333,460129.8111

0.990534628,0.85705,0,0,60,0,0,0,14.1,83,0.666666667,459405.0804

Taomumg Al2

1,2,3,45,6,7,8,9,10,11,12

0.991363963,0.854418964,0,0,40,0,0,1,10.8,91,1.313888889,464373.0739

0.992160248,0.851830192,0,0,20,0,0,0,11.4,99,0.84,316854.1401

0.992922595,0.849284178,1,0,10,0,0,0,7.9,87,0.561111111,239680.2697

0.993650134,0.846781407,1,0,10,0,0,0,8.5,83,0.519444444,242339.7119

0.994342017,0.844322355,0,0,50,0,1,0,10.5,89,0.497222222,455924.5373

0.994997417,0.841907489,0,0,60,0,0,0,12.8,86,0.916666667,464680.6157

0.995615537,0.839537265,0,0,60,0,0,0,12.7,78,0.305555556,472313.378

0.996195608,0.837212132,0,0,40,0,0,1,9.4,95,1.138888889,479611.5348

0.996736899,0.834932527,0,0,20,0,0,0,8.4,83,1.355555556,325329.1455

0.997238711,0.83269888,0,0,10,0,0,0,9.9,79,1.438888889,248659.1556

0.99770039,0.83051161,0,0,50,0,1,0,11.2,77,1.144444444,460459.0575

0.998121322,0.828371126,0,0,60,0,0,0,11.8,76,0.55,471267.2158

0.998500941,0.82627783,0,0,60,0,0,0,11.6,86,0.936111111,467709.7921

0.99883873,0.824232112,1,0,10,0,0,0,11.4,85,1.397222222,263413.2585

0.999134224,0.822234355,0,0,30,0,0,0,15,66,0.691666667,384093.6234

0.999387011,0.820284931,0,0,20,0,0,0,13.4,92,1.430555556,298801.4893

0.999596737,0.818384202,0,0,10,0,0,0,14.8,95,0.8,244817.4607

0.999763105,0.816532523,0,0,50,0,1,0,12.6,99,0.65,458059.0841

0.999885878,0.814730237,0,0,60,0,0,0,11.1,78,0.936111111,476918.8273

0.999964881,0.81297768,0,0,60,0,0,0,10.2,91,1.275,466881.7969

1,0.811275176,0,0,60,0,0,0,15.9,78,1.197222222,470526.9096

0.999991184,0.809623042,0,0,40,0,0,1,11.4,97,0.541666667,464676.042

0.999938446,0.808021584,0,0,20,0,0,0,11.8,93,1.205555556,319024.7978

0.99984186,0.806471099,0,0,10,0,0,0,12.5,97,1.438888889,245953.1276

0.999701564,0.804971875,0,0,50,0,1,0,13.6,89,1.430555556,455190.7556

0.999517756,0.80352419,0,0,60,0,0,0,14.3,88,1.402777778,465511.4341

0.999290696,0.802128314,0,0,60,0,0,0,18.8,71,0.563888889,462377.5175

0.999020702,0.800784504,0,0,60,0,0,0,16.7,97,1.294444444,472811.2356

0.998708151,0.799493013,0,0,40,0,0,1,17,77,1.386111111,458988.9569

0.998353474,0.79825408,0,0,20,0,0,0,17,89,0.7,312558.7784

0.997957155,0.797067937,0,0,10,0,0,0,14.6,99,1.319444444,241911.6515

0.997519729,0.795934805,0,0,50,0,1,0,13.6,95,1.158333333,453802.683

0.997041778,0.794854897,0,0,60,0,0,0,15.2,93,1.463888889,472214.6296

0.996523931,0.793828415,0,0,60,0,0,0,16.9,67,1.494444444,469790.416

0.995966857,0.792855555,0,1,60,0,0,0,20.5,70,1.422222222 45864 7.8642

0.995371265,0.791936499,0,1,40,0,0,1,20.8,67,1.030555556,410114.0278

0.994737898,0.791071423,0,1,20,0,0,0,18.4,99,1.036111111,364379.0102




410

0.994067533,0.790260492,0,1,10,0,0,0,17.4,95,0.122222222,251046.0003

0.993360975,0.789503862,0,1,50,0,1,0,15.8,99,0.272222222,438303.8422

0.992619056,0.78880168,0,1,60,0,0,0,15.7,90,1.125,442603.5218

0.991842629,0.788154082,0,1,60,0,0,0,15,78,1.183333333,438338.8698

0.991032567,0.787561198,0,1,60,0,0,0,14,79,1.041666667,433792.4013

0.99018976,0.787023144,0,1,40,0,0,1,13.7,87,1.188888889,427564.1116

0.989315109,0.78654003,0,1,20,0,0,0,14.4,96,0.725,302808.851

0.988409527,0.786111955,0,1,10,0,0,0,13.9,89,0.688888889,236648.0778

0.987473934,0.78573901,0,1,50,0,1,0,13.8,87,0.822222222,419321.8391

0.986509254,0.785421275,0,1,60,0,0,0,11.6,100,0.55,438392.987

0.985516413,0.785158823,0,1,60,0,0,0,13.6,99,1.1,437661.0241

0.98449634,0.784951713,0,1,60,0,0,0,15.9,77,0.333333333,431932.4433

0.983449956,0.7848,0,1,40,0,0,1,14.1,96,0.219444444,430089.405

0.982378182,0.784703726,0,1,20,0,0,0,12.2,95,0.661111111,300714.542

0.98128193,0.784662925,0,1,10,0,0,0,17.6,83,0.716666667,237541.2675

0.980162104,0.784677621,0,1,50,0,1,0,19.4,91,0.419444444,422407.951

0.979019601,0.784747829,0,1,60,0,0,0,15.8,100,0.530555556,444851.659

0.977855302,0.784873555,0,1,60,0,0,0,17,94,1.291666667,443081.5034

0.976670079,0.785054794,0,1,60,0,0,0,16.7,83,1.133333333,441266.3625

0.975464787,0.785291534,0,1,40,0,0,1,18.3,80,1.194444444,424362.6099

0.97424027,0.785583751,0,1,20,0,0,0,18.5,90,1.202777778,315696.8124

0.972997352,0.785931414,0,1,10,0,0,0,17,94,0.983333333,250687.751

0.971736843,0.78633448,0,1,50,0,1,0,18.4,80,1.147222222,412926.0644

0.970459536,0.78633448,0,1,60,0,0,0,18.8,85,1.091666667,437530.2472

0.969166203,0.786792899,0,1,60,0,0,0,14.4,96,1.113888889,437300.1758

0.967857602,0.787306611,0,1,60,0,0,0,15.8,75,1.030555556,438052.2423

0.966534469,0.787875545,0,1,40,0,0,1,20.2,92,0.277777778,447422.8065

0.965197523,0.788499623,0,1,20,0,0,0,16.1,100,0.6,314376.3759

0.963847461,0.789178755,0,1,10,0,0,0,15.6,76,0.452777778,254162.4636

0.962484965,0.789912844,0,1,50,0,1,0,11.9,99,0.644444444,430229.1976

0.961110695,0.790701783,0,1,60,0,0,0,16.9,89,0.352777778,450434.6924

0.959725291,0.791545454,0,1,60,0,0,0,14.8,90,0.619444444,441540.0281

0.958329376,0.792443732,0,1,60,0,0,0,14.8,88,0.608333333,438825.9935

0.956923552,0.79339648,0,1,40,0,0,1,13.1,95,0.366666667,437068.6449

0.955508403,0.794403554,0,1,20,0,0,0,11.6,96,0.775,303244.0888

0.954084495,0.795464799,0,1,10,0,0,0,16.2,71,0.525,243663.4408

0.952652374,0.796580051,0,1,50,0,1,0,17.6,82,0.241666667,429945.7064

0.95121257,0.797749137,0,1,60,0,0,0,17.7,99,1.069444444,448379.6446

0.949765592,0.798971875,0,1,60,0,0,0,21.5,77,1.05,456118.2141

0.948311934,0.800248072,0,1,60,0,0,0,20.8,88,0.611111111,461963.6851

0.946852074,0.801577526,0,1,40,0,0,1,13.6,100,1.108333333,447894.2698

0.945386469,0.802960028,0,1,20,0,0,0,18.2,68,0.161111111,311991.7633

0.943915565,0.804395355,0,0,10,0,0,0,18.8,93,0.744444444,258934.8574

0.942439787,0.80588328,0,0,50,0,1,0,16.3,85,0.558333333,466991.9097

0.940959549,0.807423562,0,0,60,0,0,0,13.7,100,0.941666667,480149.2543

0.939475248,0.809015953,0,0,60,0,0,0,17.5,83,0.675,488950.8084

0.937987267,0.810660196,0,0,60,0,0,0,18.9,74,0.894444444,483324.4236

0.936495974,0.812356022,0,0,40,0,0,1,19.1,88,0.75,484244.8688

0.935001724,0.814103155,0,0,20,0,0,0,17.6,93,0.877777778,334219.136

0.933504859,0.815901309,0,0,10,0,0,0,19.9,79,0.897222222,259074.8977

0.93200571,0.817750188,0,0,50,0,1,0,18.1,93,0.436111111,497974.5223

0.930504593,0.819649487,0,0,60,0,0,0,12.1,86,0.794444444,474427.8381

0.929001814,0.821598893,0,0,60,0,0,0,9.8,95,0.888888889,477062.6614

0.927497667,0.82359808,0,0,60,0,0,0,13.8,71,0.866666667,475403.696

0.925992437,0.82359808,0,0,40,0,0,1,13.8,93,0.6,477667.6171

0.924486397,0.825646716,0,0,20,0,0,0,13.9,92,0.480555556,322099.6478

0.92297981,0.827744458,0,0,10,0,0,0,11.6,89,0.394444444,243666.2142




411

0.921472932,0.829890955,0,0,50,0,1,0,16.4,94,0.183333333,488504.1324

0.919966008,0.832085844,0,0,60,0,0,0,12.8,92,0.291666667,498730.2374

0.918459275,0.834328755,0,0,60,0,0,0,13.2,92,0.35,497473.427

0.916952963,0.836619308,0,0,60,0,0,0,11.1,94,0.108333333,498161.586

0.915447293,0.838957112,0,0,40,0,0,1,12.9,90,0.133333333,410871.2272

0.913942481,0.84134177,0,0,20,0,0,0,13.3,85,0.544444444,317319.3848

0.912438734,0.843772872,0,0,10,0,0,0,9.3,89,0.619444444,324940.565

0.910936255,0.84625,0,0,50,0,1,0,12,85,0.297222222,479451.443

0.90943524,0.848772728,0,0,60,0,0,0,10.9,77,0.294444444,492691.2326

0.90793588,0.851340618,0,0,60,0,0,0,12,87,0.577777778,489923.8936

0.906438361,0.853953224,0,0,60,0,0,0,13.4,92,0.322222222,502204.9066

0.904942864,0.856610092,0,0,40,0,0,1,10.8,93,0.280555556,488216.4284

0.903449567,0.859310755,0,0,20,0,0,0,12.2,92,0.080555556,365089.2298

0.901958644,0.86205474,0,0,10,0,0,0,9.4,94,0.372222222,256147.5826

0.900470264,0.864841563,0,0,50,0,1,0,8.5,96,0.280555556,462652.2234

0.898984597,0.86767073,0,0,60,0,0,0,4.4,97,0.655555556,490982

0.897501805,0.87054174,0,0,60,0,0,0,10.7,84,0.366666667,507975.289

0.896022053,0.87345408,0,0,60,0,0,0,11.4,95,0.083333333,511711.312

0.894545501,0.876407229,0,0,40,0,0,1,11.5,95,0.194444444,512974.5566

0.893072309,0.879400655,0,0,20,0,0,0,10.3,94,0.502777778,343354.4262

0.891602635,0.88243382,0,0,10,0,0,0,10.8,95,0.069444444,277830.3736

0.890136636,0.885506173,0,0,50,0,1,0,9.2,94,0.469444444,507485.1276

0.888674471,0.888617155,0,0,60,0,0,0,7.5,95,0.436111111,522576.8832

0.887216296,0.891766198,0,0,60,0,0,0,7.6,95,0.305555556,518926.7252

0.885762269,0.894952724,0,0,60,0,0,0,11.6,96,0.333333333,522742.1856

0.884312548,0.898176145,0,0,40,0,0,1,14.2,91,0.377777778,512175.1628

0.882867292,0.901435866,0,0,20,0,0,0,11.4,94,0.391666667,345505.5066

0.881426663,0.90473128,0,0,10,0,0,0,15.4,94,0.15,275289.1122

0.879990821,0.908061771,0,0,50,0,1,0,17,78,0.047222222,504506.5935

0.878559931,0.911426716,0,0,60,0,0,1,15.9,87,0.058333333,519717.5364

0.87713416,0.914825478,1,0,10,0,0,0,13.9,89,0.075,316477.8049

0.875713675,0.918257416,0,0,50,0,1,0,12.8,86,0.227777778,472913.5138

0.874298649,0.921721875,0,0,40,0,0,1,9.6,92,0.205555556,495659.169

0.872889257,0.925218193,0,0,20,0,0,0,9.2,95,0.063888889,360958.8415

0.871485676,0.928745699,0,0,10,0,0,0,14.8,92,0.194444444,295663.8257

0.870088088,0.932303711,0,1,50,0,1,0,15.4,66,0.166666667,472796.1915

0.868696679,0.935891538,0,1,60,0,0,0,12.4,80,0.141666667,488225.1997

0.867311639,0.93950848,0,1,60,0,0,0,12,88,0.261111111,496688.0593

0.865933162,0.943153828,0,1,60,0,0,0,13.2,81,0.116666667,473935.7175

0.864561447,0.946826862,0,1,40,0,0,1,9.7,94,0.330555556,481589.063

0.8631967,0.950526855,0,1,20,0,0,0,10.5,90,0.230555556,363646.2533

0.861839128,0.954253068,0,1,10,0,0,0,13.7,86,0.225,300304.8442

0.860488946,0.958004755,0,1,50,0,1,0,12.8,95,0.158333333,471714.1306

0.859146376,0.961781159,0,1,60,0,0,0,14.2,88,0.216666667,496240.3874

0.857811643,0.965581513,0,1,60,0,0,0,6.5,96,0.208333333,501257.1136

0.856484979,0.969405043,0,1,60,0,0,0,11.5,93,0.172222222,473084.2248

0.855166622,0.973250963,0,1,40,0,0,1,13.2,89,0.141666667,477459.0519

0.853856818,0.97711848,0,1,20,0,0,0,12.6,70,0.305555556,356732.4335

0.852555818,0.98100679,0,0,10,0,0,0,10.1,89,0.044444444,295947.9383

0.851263881,0.984915079,0,0,50,0,1,0,13.4,80,0.194444444,514470.08

0.84998127,0.988842526,0,0,60,0,0,0,7.7,95,0.033333333,532161.7728

0.848708257,0.992788298,0,0,60,0,0,0,12.3,96,0.180555556,541093.9373

0.847445123,0.996751555,0,0,60,0,0,0,11,96,0.038888889,517922.4599

0.846192152,1.000731445,0,0,40,0,0,1,10.8,94,0.172222222,516971.1831

0.844949638,1.004727109,0,0,20,0,0,0,12.8,90,0.038888889,360578.7308

0.799447123,1.008737677,0,0,10,1,0,0,11.5,93,0.05,304098.7751

0.798226432,1.01276227,0,0,50,1,1,0,8.1,93,0.130555556,499172.1599




412

0.797017122,1.0168,0,0,60,1,0,0,13.1,83,0.108333333,524295.4735

0.795819514,1.0168,0,0,40,1,0,0,16.4,76,0.033333333,522635.9773

0.79463394,1.020849969,1,0,10,1,0,0,7.3,86,0.141666667,300769.2886

0.793460735,1.024911271,0,0,30,1,0,0,6.7,89,0.066666667,451702.806

0.792300244,1.028982987,0,0,20,1,0,0,9.7,86,0.058333333,362134.4082

0.791152818,1.033064194,0,0,10,1,0,0,8.9,87,0.1,299123.5735

0.790018815,1.037153955,0,0,50,1,1,0,5.5,86,0.125,501308.0901

0.7888986,1.041251326,0,0,60,1,0,0,7.5,80,0.030555556,545170.9301

0.787792545,1.045355352,0,0,60,1,0,0,7.9,90,0.038888889,547996.0581

0.786701027,1.04946507,0,0,60,1,0,0,7.4,93,0.013888889,544607.3334

0.785624431,1.053579506,0,0,40,1,0,1,1.5,95,0.088888889,546098.1277

0.784563145,1.05769768,0,0,20,1,0,0,-4.6,96,0.163888889,373493.0826

0.783517567,1.061818598,0,0,10,1,0,0,2.4,71,0.022222222,304048.1569

0.782488095,1.06594126,0,0,50,1,1,0,5.3,98,0.016666667,535324.8087

0.781475137,1.070064655,0,0,60,1,0,0,2.3,98,0.047222222,554782.9307

0.780479103,1.074187763,0,0,60,1,0,0,1.6,94,0.077777778,558214.2978

0.779500405,1.078309555,0,0,60,1,0,0,-4.2,98,0.088888889,563471.1276

0.778539464,1.082428991,0,0,40,1,0,1,4.3,97,0.016666667,547875.763

0.777596698,1.086545025,0,0,20,1,0,0,6,97,0.016666667,387254.032

0.776672533,1.090656597,0,0,10,1,0,0,6.1,98,0.019444444,326004.4779

0.775767393,1.094762641,0,0,50,1,1,0,4.7,99,0.019444444,548570.1813

0.774881705,1.09886208,0,0,60,1,0,0,5.5,97,0.016666667,563930.3342

0.774015899,1.102953829,0,0,60,1,0,0,7.6,88,0.019444444,550979.8193

0.773170401,1.107036792,0,0,60,1,0,0,8.7,93,0.013888889,557665.4026

0.77234564,1.111109866,0,0,40,1,0,1,1.4,95,0.041666667,560212.9293

0.771542042,1.115171934,0,0,20,1,0,0,4.1,93,0.005555556,371787.6792

0.770760031,1.119221875,0,0,10,1,0,0,7.1,98,0.01,302780.6879

0.77000003,1.123258555,0,0,50,1,1,0,7.4,95,0.013888889,509147.7249

0.769262457,1.127280832,0,0,60,1,0,0,-1.7,99,0.016666667,554401.6186

0.768547726,1.131287554,0,0,60,1,0,0,5.1,89,0.019444444,552869.1754

0.767856246,1.13527756,0,0,60,1,0,0,5.7,87,0.011111111,553921.1095

0.76718842,1.13924968,0,0,40,1,0,1,7.9,98,0.013888889,554571.2381

0.766544646,1.143202733,0,0,20,1,0,0,10.9,98,0.005555556,381518.9601

0.76592531,1.147135531,0,0,10,1,0,0,7.1,98,0.016666667,305618.6733

0.765330794,1.151046874,0,0,50,1,1,0,8.4,97,0.002777778,560219.5893

0.764761469,1.154935555,0,0,60,1,0,0,7,93,0.005555556,572514.6897

0.764217695,1.158800355,0,0,60,1,0,0,5.7,90,0.038888889,569847.791

0.763699821,1.162640048,0,0,60,1,0,0,6.6,89,0.013888889,571040.7785

0.763208186,1.166453398,0,0,40,1,0,1,0.2,99,0.016666667,570322.2247

0.762743112,1.170239158,0,0,20,1,0,0,2.4,86,0.030555556,386302.86

0.762304913,1.173996074,0,0,10,1,0,0,-1.8,91,0.027777778,318726.572

0.761893883,1.17772288,0,0,50,1,1,0,-1.2,97,0.013888889,570935.8502

0.761510304,1.181418303,0,0,60,1,0,0,2.3,98,0.005555556,593366.44 76

0.761154441,1.18508106,0,0,60,1,0,0,2,99,0.005555556,587906.2284

0.760826543,1.188709857,0,0,60,1,0,0,2.3,86,0.008333333,592156.9195

0.76052684,1.192303393,0,0,40,1,0,1,-8.2,85,0.038888889,580496.0579

0.760255544,1.195860355,0,0,20,1,0,0,-3.3,79,0.011111111,403692.9997

0.76001285,1.199379423,0,0,10,1,0,0,0.3,92,0.022222222,331373.1921

0.759798933,1.202859266,0,0,50,1,1,0,0.2,97,0.005555556,577264.6319

0.759613946,1.206298544,0,0,60,1,0,0,0.7,99,0.008333333,584566.5969

0.759458024,1.209695908,0,0,60,1,0,0,3.9,94,0.008333333,578814.5972

0.759331282,1.21305,0,0,60,1,0,0,-0.6,83,0.025,564188.2257

0.75923381,1.216359451,0,0,40,1,0,1,1.8,88,0.002777778,541749.1414

0.759165682,1.219622883,0,0,20,1,0,0,0.1,96,0.008333333,368324.7988

0.759126945,1.222838911,0,0,10,1,0,0,-7.9,95,0.030555556,324173.1836

0.759117629,1.226006136,0,1,30,1,0,1,-1.4,81,0.005555556,364261.884

0.759137739,1.229123155,1,1,10,1,0,0,5.8,91,0.005555556,296011.1762




413

0.759187259,1.232188551,1,1,10,1,0,0,0.9,91,0.008333333,294876.6369

0.759266152,1.2352009,0,1,30,1,1,0,0.6,90,0.013888889,399707.8484

0.759374359,1.238158769,0,1,30,1,0,1,6.6,93,0.011111111,399802.302

0.759511798,1.241060713,0,1,20,1,0,0,1.3,94,0.008333333,342605.142

0.759678367,1.24390528,0,1,10,1,0,0,-0.6,93,0.044444444,303434.0582

0.759873942,1.24390528,0,1,30,1,0,1,-7.1,96,0.011111111,363715.8311

Taomug A13

1,2,3,45,6,7,8,9,10,11,12

0.992160248,0.854418964,1,0,10,0,0,0,11.4,84,0.969444444,266067.7054

0.992922595,0.851830192,0,0,30,0,0,0,14.8,88,0.858333333,399213.7541

0.993650134,0.849284178,0,0,20,0,0,0,13.7,94,1.344444444,308883.6862

0.994342017,0.846781407,0,0,10,0,0,0,16.2,98,0.288888889,246431.2379

0.994997417,0.844322355,0,0,50,0,1,0,14.4,84,0.352777778,455089.7725

0.995615537,0.841907489,0,0,60,0,0,0,11.1,97,0.305555556,469969.8012

0.996195608,0.839537265,0,0,60,0,0,0,11.3,94,0.452777778,473983.3085

0.996736899,0.837212132,0,0,60,0,0,0,8.5,99,1.452777778,472153.0707

0.997238711,0.834932527,0,0,40,0,0,1,16,67,1.377777778,464338.8536

0.99770039,0.83269888,0,0,20,0,0,0,19,82,1,329289.8082

0.998121322,0.83051161,1,0,10,0,0,0,15.1,83,1.427777778,239966.0177

0.998500941,0.828371126,1,0,10,0,0,0,13.4,75,1.355555556,283731.6917

0.99883873,0.82627783,0,0,50,0,1,0,16.5,85,1.447222222,445663.4774

0.999134224,0.824232112,0,0,60,0,0,0,15.5,92,0.294444444,467228.5113

0.999387011,0.822234355,0,0,60,0,0,0,14.4,95,0.994444444,471542.5388

0.999596737,0.820284931,0,0,30,0,0,1,9.3,88,1.252777778,456156.1704

0.999763105,0.818384202,0,0,20,0,0,0,8.9,85,1.558333333,330450.5343

0.999885878,0.816532523,0,0,10,0,0,0,12.5,72,1.455555556,247897.0088

0.999964881,0.814730237,0,0,50,0,1,0,17.9,71,1.486111111,453466.4892

1,0.81297768,0,0,60,0,0,0,20.8,59,1.413888889,478126.8497

0.999991184,0.811275176,0,0,60,0,0,0,22.3,61,1.238888889,474561.1715

0.999938446,0.809623042,1,0,20,0,0,0,14.5,95,0.966666667,325179.6575

0.99984186,0.808021584,0,0,30,0,0,0,15.1,75,0.811111111,417521.0014

0.999701564,0.806471099,0,0,20,0,0,0,10.9,97,0.925,323148.0878

0.999517756,0.804971875,0,0,10,0,0,0,11.7,87,0.525,249670.5686

0.999290696,0.80352419,0,0,50,0,1,0,10.8,81,0.891666667,449585.6775

0.999020702,0.802128314,0,0,60,0,0,0,10.1,75,1.086111111,462550.017

0.998708151,0.800784504,0,0,60,0,0,0,9.3,81,0.563888889,469464.746

0.998353474,0.799493013,0,1,60,0,0,0,10.8,81,0.786111111,459305.691

0.997957155,0.79825408,0,1,40,0,0,1,10.6,74,1.194444444,449512.2917

0.997519729,0.797067937,0,1,20,0,0,0,10.6,86,0.341666667,321594.5371

0.997041778,0.795934805,0,1,10,0,0,0,14,94,0.616666667,243177.2909

0.996523931,0.794854897,0,1,50,0,1,0,15.9,95,0.908333333,434477.3324

0.995966857,0.793828415,0,1,60,0,0,0,13.4,100,0.886111111,449320.7127

0.995371265,0.792855555,0,1,60,0,0,0,15.7,97,0.297222222,459901.0969

0.994737898,0.791936499,0,1,60,0,0,0,13.3,95,1.311111111,450222.2286

0.994067533,0.791071423,0,1,40,0,0,1,12.2,80,0.572222222,442039.9999

0.993360975,0.790260492,0,1,20,0,0,0,9.7,91,0.913888889,311260.5908

0.992619056,0.789503862,0,1,10,0,0,0,12.7,89,0.35,238681.5453

0.991842629,0.78880168,0,1,50,0,1,0,14.3,82,0.463888889,426640.9728

0.991032567,0.788154082,0,1,60,0,0,0,11.5,97,0.513888889,441677.6335

0.99018976,0.787561198,0,1,60,0,0,0,11.1,89,1.297222222,442096.2904

0.989315109,0.787023144,0,1,60,0,0,0,10.6,92,0.222222222,436853.5879

0.988409527,0.78654003,0,1,40,0,0,1,13.2,94,0.502777778,434813.0433

0.987473934,0.786111955,0,1,20,0,0,0,11.3,93,0.844444444,316984.6817

0.986509254,0.78573901,0,1,10,0,0,0,11.6,96,0.319444444,241960.7935

0.985516413,0.785421275,0,1,50,0,1,0,12.2,93,0.311111111,431224.6076
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0.98449634,0.785158823,0,1,60,0,0,0,11.6,96,0.408333333,446655.9581

0.983449956,0.784951713,0,1,60,0,0,0,13.1,96,0.427777778,440855.5982

0.982378182,0.7848,0,1,60,0,0,0,13.7,90,1.180555556,438046.1294

0.98128193,0.784703726,0,1,40,0,0,1,12.8,81,0.969444444,430762.0879

0.980162104,0.784662925,0,1,20,0,0,0,12.9,99,0.380555556,318264.6948

0.979019601,0.784677621,0,1,10,0,0,0,12.4,99,0.388888889,250229.0954

0.977855302,0.784747829,0,1,50,0,1,0,16.6,81,0.863888889,424849.8711

0.976670079,0.784873555,0,1,60,0,0,0,16,98,0.411111111,435574.4318

0.975464787,0.785054794,0,1,60,0,0,0,15.1,95,0.372222222,448422.0228

0.97424027,0.785291534,0,1,60,0,0,0,14.6,98,1.141666667,445048.4901

0.972997352,0.785583751,0,1,40,0,0,1,14.9,97,0.238888889,440290.7746

0.971736843,0.785931414,0,1,20,0,0,0,13.1,99,0.236111111,320763.0922

0.970459536,0.78633448,0,1,10,0,0,0,13.4,99,0.258333333,251986.4214

0.969166203,0.78633448,0,1,50,0,1,0,14.3,99,0.822222222,432559.7213

0.967857602,0.786792899,0,1,60,0,0,0,14.4,93,1.119444444,441617.0133

0.966534469,0.787306611,0,1,60,0,0,0,16.3,97,1.191666667,448279.2873

0.965197523,0.787875545,0,1,60,0,0,0,14.4,90,0.994444444,447335.569

0.963847461,0.788499623,0,1,40,0,0,1,12.3,99,0.986111111,443317.6391

0.962484965,0.789178755,0,1,20,0,0,0,12.9,99,1.108333333,319323.303

0.961110695,0.789912844,0,1,10,0,0,0,12.7,99,1.016666667,243843.1319

0.959725291,0.790701783,0,1,50,0,1,0,15,95,0.708333333,437770.589

0.958329376,0.791545454,0,1,60,0,0,0,13,95,0.716666667,454680.7655

0.956923552,0.792443732,0,1,60,0,0,0,12.3,99,0.797222222,457554.6664

0.955508403,0.79339648,0,1,60,0,0,0,16.4,89,0.6,460762.0001

0.954084495,0.794403554,0,1,40,0,0,1,17.2,89,0.502777778,447598.8548

0.952652374,0.795464799,0,1,20,0,0,0,14.4,97,1.016666667,324044.5434

0.95121257,0.796580051,0,0,10,0,0,0,12.1,99,0.997222222,244346.9608

0.949765592,0.797749137,0,0,50,0,1,0,17.2,76,0.594444444,457027.7356

0.948311934,0.798971875,0,0,60,0,0,0,20.2,81,0.819444444,485508.794

0.946852074,0.800248072,0,0,60,0,0,0,15.9,87,0.622222222,482307.8

0.945386469,0.801577526,0,0,60,0,0,0,16.9,97,0.930555556,482503.997

0.943915565,0.802960028,0,0,40,0,0,1,12.5,94,1.088888889,472553.6694

0.942439787,0.804395355,0,0,20,0,0,0,15.6,100,0.2,327372.1063

0.940959549,0.80588328,0,0,10,0,0,0,16.6,99,0.844444444,253882.0565

0.939475248,0.807423562,0,0,50,0,1,0,12.7,95,0.825,474336.8912

0.937987267,0.809015953,0,0,60,0,0,0,11.5,100,0.775,476776.4151

0.936495974,0.810660196,0,0,60,0,0,0,10.6,99,0.975,480562.6336

0.935001724,0.812356022,0,0,60,0,0,0,8.3,97,0.988888889,481778.6781

0.933504859,0.814103155,0,0,40,0,0,1,14.3,92,0.302777778,478768.597

0.93200571,0.815901309,0,0,20,0,0,0,13.4,81,1.002777778,328335.5063

0.930504593,0.817750188,0,0,10,0,0,0,15.8,76,0.205555556,255776.1163

0.929001814,0.819649487,0,0,50,0,1,0,13.9,100,0.802777778,468534.818

0.927497667,0.821598893,0,0,60,0,0,0,10.8,99,0.697222222,479746.1787

0.925992437,0.82359808,0,0,60,0,0,0,9.2,99,0.833333333,486131.5178

0.924486397,0.82359808,0,0,60,0,0,0,8.5,100,0.894444444,483659.2829

0.92297981,0.825646716,0,0,40,0,0,1,11.2,96,0.277777778,473859.4357

0.921472932,0.827744458,0,0,20,0,0,0,13,91,0.172222222,327984.8668

0.919966008,0.829890955,0,0,10,0,0,0,12.2,89,0.369444444,249857.4131

0.918459275,0.832085844,0,0,50,0,1,0,11.1,97,0.527777778,476231.9527

0.916952963,0.834328755,0,0,60,0,0,0,11.1,95,0.663888889,493097.3217

0.915447293,0.836619308,0,0,60,0,0,0,12.8,86,0.188888889,494778.5856

0.913942481,0.838957112,0,0,30,0,0,0,12.9,97,0.180555556,446974.522

0.912438734,0.84134177,0,0,40,0,0,1,13.5,94,0.163888889,497336.1948

0.910936255,0.843772872,0,0,20,0,0,0,17.3,96,0.258333333,397362.4235

0.90943524,0.84625,0,0,10,0,0,0,16.2,99,0.288888889,264425.4949

0.90793588,0.848772728,0,0,50,0,1,0,14.7,100,0.541666667,484566.5494

0.906438361,0.851340618,0,0,60,0,0,0,15,96,0.425,493457.6467
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0.904942864,0.853953224,0,0,60,0,0,0,14.9,93,0.155555556,499524.5073

0.903449567,0.856610092,0,0,60,0,0,0,12.2,98,0.255555556,498533.2341

0.901958644,0.859310755,0,0,40,0,0,1,13.7,95,0.227777778,493835.9509

0.900470264,0.86205474,0,0,20,0,0,0,14.3,96,0.255555556,341789.4706

0.898984597,0.864841563,0,0,10,0,0,0,11,99,0.322222222,262956.0421

0.897501805,0.86767073,0,0,50,0,1,0,13.8,96,0.602777778,486672.428

0.896022053,0.87054174,0,0,60,0,0,0,11.6,95,0.6,493857.2179

0.894545501,0.87345408,0,0,60,0,0,0,10.4,83,0.116666667,505328.722

0.893072309,0.876407229,0,0,60,0,0,0,9.6,97,0.066666667,521459.0377

0.891602635,0.879400655,0,0,40,0,0,1,7,99,0.5,504528.1025

0.890136636,0.88243382,0,0,20,0,0,0,9.3,96,0.527777778,340326.9151

0.888674471,0.885506173,0,0,10,0,0,0,8.7,85,0.547222222,262741.765

0.887216296,0.888617155,0,0,50,0,1,0,11.9,99,0.266666667,504087.0196

0.885762269,0.891766198,0,0,60,0,0,0,12.3,95,0.111111111,512839.9815

0.884312548,0.894952724,0,0,60,0,0,0,12.6,97,0.080555556,511599.7609

0.882867292,0.898176145,0,0,60,0,0,0,14.9,86,0.027777778,521172.3758

0.881426663,0.901435866,0,0,40,0,0,1,14.5,91,0.052777778,516033.6118

0.879990821,0.90473128,0,0,20,0,0,0,12.5,93,0.047222222,340657.7651

0.878559931,0.908061771,0,0,10,0,0,0,15.8,95,0.027777778,268500.3955

0.87713416,0.911426716,0,1,30,0,0,0,10.6,99,0.158333333,429617.7546

0.875713675,0.914825478,1,1,10,0,0,0,12.4,94,0.016666667,313261.6615

0.874298649,0.918257416,0,1,50,0,0,0,8.3,98,0.030555556,483798.7823

0.872889257,0.921721875,0,1,60,0,0,0,12.4,96,0.116666667,493843.6605

0.871485676,0.925218193,0,1,40,0,0,1,7.5,97,0.141666667,491870.9385

0.870088088,0.928745699,0,1,20,0,0,0,4.2,99,0.041666667,360502.9101

0.868696679,0.932303711,0,1,10,0,0,0,3.2,97,0.113888889,289797.2493

0.867311639,0.935891538,0,1,50,0,1,0,9.1,97,0.122222222,497203.3511

0.865933162,0.93950848,0,1,60,0,0,0,8.2,93,0.013888889,500793.6155

0.864561447,0.943153828,0,1,60,0,0,0,7.4,92,0.069444444,509915.9228

0.8631967,0.946826862,0,1,60,0,0,0,8.6,89,0.030555556,514749.0895

0.861839128,0.950526855,0,1,40,0,0,1,11,93,0.088888889,502004.2534

0.860488946,0.954253068,0,1,20,0,0,0,3.9,99,0.04,372299.7398

0.859146376,0.958004755,0,0,10,0,0,0,8.7,98,0.09,291212.2641

0.857811643,0.961781159,0,0,50,0,1,0,10.9,99,0.1,528245.348

0.856484979,0.965581513,0,0,60,0,0,0,11.3,92,0.111111111,546631.6965

0.855166622,0.969405043,0,0,60,0,0,0,4.2,99,0.133333333,554110.2447

0.853856818,0.973250963,0,0,60,0,0,0,8.2,93,0.025,550349.1984

0.852555818,0.97711848,0,0,40,0,0,1,6.1,99,0.202777778,546300.8851

0.851263881,0.98100679,0,0,20,0,0,0,10.6,92,0.122222222,374720.9047

0.84998127,0.984915079,0,0,10,0,0,0,8.2,99,0.219444444,294389.0601

0.848708257,0.988842526,0,0,50,0,1,0,9.1,96,0.144444444,533704.9585

0.847445123,0.992788298,0,0,60,0,0,0,11.9,84,0.080555556,538662.9677

0.846192152,0.996751555,0,0,60,0,0,0,11,76,0.027777778,550504.8689

0.844949638,1.000731445,0,0,60,0,0,0,10.3,80,0.052777778,551930.291

0.843717882,1.004727109,0,0,40,0,0,1,8.7,90,0.047222222,548030.4846

0.842497191,1.008737677,0,0,20,0,0,0,11.9,96,0.027777778,373909.656

0.797017122,1.01276227,0,0,10,1,0,0,10.3,78,0.158333333,295835.4859

0.795819514,1.0168,0,0,50,1,1,0,12.4,72,0.016666667,499182.9967

0.79463394,1.0168,0,0,60,1,0,1,8.6,74,0.030555556,545500.6578

0.793460735,1.020849969,1,0,10,1,0,0,8.2,82,0.116666667,339164.5929

0.792300244,1.024911271,0,0,50,1,1,0,4.2,93,0.141666667,542495.8165

0.791152818,1.028982987,0,0,40,1,0,1,6.5,87,0.041666667,541858.723

0.790018815,1.033064194,0,0,20,1,0,0,7,89,0.113888889,373590.3779

0.7888986,1.037153955,0,0,10,1,0,0,5.2,92,0.122222222,295011.0731

0.787792545,1.041251326,0,0,50,1,1,0,7,70,0.013888889,545195.729

0.786701027,1.045355352,0,0,60,1,0,0,6.4,88,0.069444444,560318.2461

0.785624431,1.04946507,0,0,60,1,0,0,8.2,89,0.030555556,559286.2102
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0.784563145,1.053579506,0,0,60,1,0,0,7.7,89,0.088888889,561825.6247

0.783517567,1.05769768,0,0,40,1,0,1,6.6,80,0.08,557250.0404

0.782488095,1.061818598,0,0,20,1,0,0,6.8,77,0.061111111,379703.2968

0.781475137,1.06594126,0,0,10,1,0,0,6.6,70,0.05,297977.737

0.780479103,1.070064655,0,0,50,1,1,0,8.6,94,0.061111111,550679.3228

0.779500405,1.074187763,0,0,60,1,0,0,6.4,99,0.027777778,565044.0195

0.778539464,1.078309555,0,0,60,1,0,0,4.7,98,0.069444444,562241.212

0.777596698,1.082428991,0,0,60,1,0,0,5.5,85,0.066666667,562343.3899

0.776672533,1.086545025,0,0,40,1,0,1,7.2,91,0.041666667,556469.9317

0.775767393,1.090656597,0,0,20,1,0,0,4.3,92,0.019444444,376667.06

0.774881705,1.094762641,0,0,10,1,0,0,8.3,72,0.011111111,297240.0584

0.774015899,1.09886208,0,0,50,1,1,0,6.4,91,0.016666667,545868.9094

0.773170401,1.102953829,0,0,60,1,0,0,1.8,92,0.072222222,563861.7254

0.77234564,1.107036792,0,0,60,1,0,0,7.7,84,0.033333333,567962.8886

0.771542042,1.111109866,0,0,60,1,0,0,4.5,91,0.008333333,571541.1911

0.770760031,1.115171934,0,0,40,1,0,1,7.8,88,0.011111111,562354.1479

0.77000003,1.119221875,0,0,20,1,0,0,2.1,93,0.025,380634.6356

0.769262457,1.123258555,0,0,10,1,0,0,5.3,96,0.041666667,302634.2487

0.768547726,1.127280832,0,0,50,1,1,0,6.4,86,0.025,552668.7823

0.767856246,1.131287554,0,0,60,1,0,0,6.6,96,0.005555556,562938.773

0.76718842,1.13527756,0,0,60,1,0,0,8.7,90,0.041666667,563774.195

0.766544646,1.13924968,0,0,60,1,0,0,12,84,0.011111111,563663.1226

0.76592531,1.143202733,0,0,40,1,0,1,9,91,0.022222222,509836.0525

0.765330794,1.147135531,0,0,20,1,0,0,10.3,95,0.022222222,369192.5821

0.764761469,1.151046874,0,0,10,1,0,0,10,87,0.002777778,317381.1547

0.764217695,1.154935555,0,0,50,1,1,0,3.2,96,0.022222222,535111.5061

0.763699821,1.158800355,0,0,60,1,0,0,6.3,92,0.030555556,541906.1122

0.763208186,1.162640048,0,0,60,1,0,0,9.9,79,0.005555556,521841.6015

0.762743112,1.166453398,0,0,60,1,0,0,7.4,97,0.027777778,519508.6459

0.762304913,1.170239158,0,0,40,1,0,1,11.7,82,0.008333333,513200.5985

0.761893883,1.173996074,0,0,20,1,0,0,10.2,75,0.019444444,374982.6339

0.761510304,1.17772288,0,0,10,1,0,0,7.9,81,0.005555556,337994.4783

0.761154441,1.181418303,0,0,50,1,1,0,10.1,92,0.022222222,557655.6215

0.760826543,1.18508106,0,0,60,1,0,0,13.3,92,0.008333333,564097.0452

0.76052684,1.188709857,0,0,60,1,0,0,12.7,70,0.019444444,561752.5584

0.760255544,1.192303393,0,0,60,1,0,0,7.1,81,0.013888889,564101.371

0.76001285,1.195860355,0,0,40,1,0,1,5.3,83,0.005555556,514632.8995

0.759798933,1.199379423,0,0,20,1,0,0,2.6,93,0.008333333,376430.4753

0.759613946,1.202859266,0,0,10,1,0,0,2.6,88,0.008333333,351412.9483

0.759458024,1.206298544,0,0,50,1,1,0,1.6,92,0.016666667,563704.4361

0.759331282,1.209695908,0,0,60,1,0,0,-1.5,99,0.025,571058.9632

0.75923381,1.21305,0,0,60,1,0,0,-0.6,86,0.027777778,566856.0489

0.759165682,1.216359451,0,0,60,1,0,0,-0.7,65,0.019444444,551791.4136

0.759126945,1.219622883,0,1,40,1,0,1,-4.4,77,0.027777778,451844.0497

0.759117629,1.222838911,0,1,20,1,0,0,-8,93,0.025,376106.3631

0.759137739,1.226006136,0,1,10,1,0,0,-1.6,98,0.016666667,350995.2395

0.759187259,1.229123155,1,1,10,1,0,0,-0.9,99,0.011111111,337843.5265

0.759266152,1.232188551,1,1,10,1,0,0,-2.4,89,0.008333333,338175.8617

0.759374359,1.2352009,0,1,30,1,1,0,-1.4,94,0.013888889,440963.0529

0.759511798,1.238158769,0,1,30,1,0,0,-0.3,96,0.008333333,441324.573

0.759678367,1.241060713,0,1,30,1,0,1,-0.3,88,0.019444444,394160.56

0.759873942,1.24390528,0,1,20,1,0,0,0.8,93,0.008333333,356654.4094

0.760098381,1.24390528,0,1,10,1,0,1,-2.5,95,0.025,348751.3098

0.762243848,1.24203012,1,1,10,1,0,0,1.1,72,0.02,269358.3687

0.762679757,1.243921754,0,1,50,1,1,0,4.5,94,0.011111111,459454.9515

0.763142521,1.245676808,0,1,60,1,0,0,8.2,84,0.016666667,482225.108

0.763631827,1.24729718,0,1,60,1,0,0,6.2,82,0.005555556,485225.2632




417

0.764147347,1.248784755,0,1,40,1,0,1,6.5,83,0.002777778,486524.7545

0.764688742,1.250141412,0,1,20,1,0,0,6.4,97,0.008333333,357475.8972

0.765255659,1.251369019,0,0,10,1,0,0,4.8,87,0.016666667,298228.4947

0.765847735,1.252469434,0,0,50,1,1,0,3.8,91,0.030555556,539565.4341

0.766464595,1.253444508,0,0,60,1,0,0,4.9,92,0.016666667,550524.4365

0.767105857,1.25429608,0,0,60,1,0,0,-0.8,99,0.027777778,556279.7254

0.767771127,1.255025981,0,0,60,1,0,0,1.7,90,0.022222222,556756.6967

0.768460006,1.255636031,0,0,40,1,0,1,-1.6,92,0.016666667,563721.1766

0.769172087,1.256128044,0,0,20,1,0,0,-2.6,97,0.036111111,384685.4096

0.769906956,1.256503821,0,0,10,1,0,0,-5.7,97,0.019444444,310661.4426

0.770664195,1.256765155,0,0,50,1,1,0,-4.4,89,0.05,556527.1361

0.771443381,1.25691383,0,0,60,1,0,0,-7.8,96,0.047222222,577471.3536

0.772244089,1.25695162,0,0,60,1,0,0,-9,95,0.041666667,578846.7629

0.773065888,1.256880289,0,0,60,1,0,0,-4,89,0.022222222,576859.3968

0.773908348,1.256701594,0,0,40,1,0,1,0,90,0.008333333,561748.0311

0.774771037,1.25641728,0,0,20,1,0,0,-0.2,99,0.033333333,379291.0514

0.775653522,1.256029083,0,0,10,1,0,0,-1.3,99,0.033333333,314204.7869

0.776555369,1.255538732,0,0,50,1,1,0,0.1,99,0.027777778,557572.4561

0.777476148,1.254947942,0,0,60,1,0,0,4.6,98,0.027777778,560414.3199

0.778415428,1.254258424,0,0,60,1,0,0,12.1,72,0.016666667,551103.3957

0.779372781,1.253471875,0,0,60,1,0,0,3.3,93,0.016666667,554537.5125

0.78034778,1.252589985,0,0,40,1,0,1,3.7,93,0.030555556,544487.029

0.781340005,1.251614435,0,0,20,1,0,0,2.2,91,0.011111111,371430.0138

0.782349036,1.250546895,0,0,10,1,0,0,3.3,92,0.066666667,305137.171

0.783374459,1.249389026,0,0,50,1,1,0,1.5,99,0.072222222,547498.2387

0.784415864,1.24814248,0,0,60,1,0,0,1.6,87,0.047222222,562587.7723

0.785472846,1.24814248,0,0,60,1,0,0,-0.4,99,0.044444444,561865.8562

0.786545006,1.2468089,0,0,60,1,0,0,-2,99,0.025,565825.3156

0.787631951,1.245389918,0,0,40,1,0,1,-2.2,99,0.016666667,566199.8325

0.788733293,1.243887159,0,0,20,1,0,0,-2.3,95,0.033333333,398201.9441

0.78984865,1.242302236,0,0,10,1,0,0,-2.7,99,0.019444444,314203.2357

0.790977649,1.240636755,0,0,50,1,1,0,6.8,96,0.013888889,551161.6314

0.792119922,1.238892311,0,0,60,1,0,0,9.8,93,0.011111111,553034.817

0.793275108,1.237070489,0,0,60,1,0,0,9,90,0.036111111,561359.2085

0.794442854,1.235172867,0,0,60,1,0,0,9.6,82,0.122222222,546874.1436

0.795622812,1.233201011,0,0,40,1,0,1,0.9,98,0.14,553275.8346

0.796814646,1.23115648,0,0,20,1,0,0,-2,99,0.155555556,379737.1243

0.798018024,1.229040822,0,0,10,1,0,0,6.7,72,0.033333333,296957.0097

0.799232621,1.226855575,0,0,50,1,1,0,10.5,82,0.077777778,538034.2135

0.800458123,1.22460227,0,0,60,1,0,0,4.7,93,0.038888889,549750.557

0.80169422,1.222282426,0,0,60,1,0,0,3.4,90,0.086111111,553941.1207

0.802940612,1.219897555,0,0,60,1,0,0,-1.8,99,0.2,557355.927

0.804197006,1.217449157,0,0,40,1,0,1,-1.1,99,0.194444444,546027.3049

0.805463116,1.214938725,0,0,20,1,0,0,3.4,98,0.041666667,373055.8809

0.806738664,1.212367741,0,0,10,1,0,0,1.9,94,0.102777778,304187.2036

0.808023379,1.209737678,0,0,50,1,1,0,3.7,97,0.061111111,548724.3683

0.809316999,1.20705,0,0,60,1,0,0,4.2,90,0.152777778,560630.4873

0.810619266,1.204306161,0,0,60,1,0,0,4.4,98,0.027777778,555592.7868

0.811929931,1.201507607,0,0,60,1,0,0,4,90,0.202777778,550991.852

0.813248752,1.198655771,0,0,40,1,0,1,0.3,94,0.286111111,540916.3155

0.814575494,1.195752082,0,0,20,1,0,0,-4.2,73,0.263888889,371009.2006

0.815909926,1.192797955,0,0,10,1,0,0,-1.5,87,0.266666667,301142.5716

0.817251828,1.189794798,1,0,30,1,1,0,0.3,95,0.097222222,461538.3118

0.818600981,1.186744008,0,0,50,1,0,0,-3.3,92,0.272222222,536601.3654

0.819957176,1.183646974,0,0,60,1,0,0,0.8,71,0.227777778,547078.058

0.821320208,1.17409215,0,0,60,1,0,0,1.9,97,0.111111111,549786.375

0.822689877,1.170823836,0,0,40,1,0,1,0.1,99,0.161111111,542418.7941




418

0.82406599,1.167516079,0,0,20,1,0,0,-1.6,92,0.091666667,364155.6796

0.825448356,1.164170211,0,0,10,1,0,0,-0.1,88,0.091666667,296554.6512

0.826836793,1.160787555,0,0,50,1,1,0,0.8,88,0.111111111,536513.1544

0.828231121,1.157369423,0,0,60,1,0,0,-2.1,86,0.4,543200.9337

0.829631163,1.153917121,0,0,60,1,0,0,1.5,76,0.047222222,531032.2482

0.831036749,1.150431941,0,0,60,1,0,0,5.1,95,0.144444444,532060.8566

0.83244771,1.146915169,0,0,40,1,0,1,8.6,86,0.313888889,507417.1333

0.833863883,1.14336808,0,0,20,1,0,0,8.8,97,0.138888889,350511.9024

0.835285105,1.139791941,0,0,10,1,0,0,10,96,0.308333333,275149.572

0.836711219,1.136188008,0,0,50,1,1,0,10,85,0.236111111,507738.185

0.838142068,1.13255753,0,0,60,1,0,0,4.9,84,0.294444444,512179.2659

0.839577499,1.128901742,0,0,60,1,0,0,4.9,85,0.375,521666.8984

0.841017359,1.125221875,0,0,60,1,0,0,0.4,99,0.261111111,526505.7713

0.842461498,1.121519147,0,0,40,1,0,1,5,98,0.097222222,512414.8876

0.843909766,1.117794768,0,0,20,1,0,0,3.5,83,0.091666667,351492.0557

0.845362016,1.114049938,0,0,10,1,0,0,2.9,99,0.075,288466.6229

0.846818099,1.110285848,0,0,50,1,1,0,1.9,95,0.147222222,512833.3223

0.848277867,1.10650368,0,0,60,1,0,0,-3.2,97,0.627777778,523547.1345

0.849741172,1.102704605,0,0,60,1,0,0,-0.2,69,0.091666667,523963.9256

0.851207866,1.098889787,0,0,60,1,0,0,2.3,99,0.080555556,522651.6589

0.8526778,1.095060378,0,0,40,1,0,1,3,95,0.086111111,518306.4524

0.854150822,1.091217523,0,0,20,1,0,0,3.5,99,0.191666667,355325.3949

0.89989754,1.087362355,0,0,10,0,0,0,1,98,0.1,295068.27

0.901376281,1.083496,0,0,50,0,1,0,0.3,81,0.263888889,538864.4075

0.902857647,1.079619574,0,0,60,0,0,0,-1.8,85,0.280555556,553346.0255

0.904341478,1.075734182,0,0,60,0,0,0,0.5,78,0.5,547387.0573

0.905827612,1.071840922,0,0,60,0,0,0,6.9,99,0.283333333,528243.2392

0.907315883,1.06794088,0,0,40,0,0,1,0.6,99,0.327777778,521176.5118

0.90880612,1.06794088,0,0,20,0,0,0,1.1,99,0.702777778,346141.1047

0.910298148,1.064035135,0,0,10,0,0,0,10.6,84,0.294444444,276610.1261

0.911791788,1.060124756,0,0,50,0,1,0,8,93,0.772222222,511214.4139

0.913286855,1.056210801,0,0,60,0,0,0,13,77,0.344444444,508640.2781

0.914783159,1.052294321,0,0,60,0,0,0,10.1,74,0.6,512947.3769

0.916280502,1.048376355,0,0,60,0,0,0,5,87,0.761111111,516637.2301

0.917778682,1.044457935,0,0,40,0,0,1,9,99,0.180555556,515310.6316

0.919277489,1.040540082,0,0,20,0,0,0,8.1,97,0.65,354372.9637

0.920776704,1.036623808,0,0,10,0,0,0,5.9,99,0.361111111,269630.317

0.922276103,1.032710116,0,1,50,0,1,0,2.5,96,0.219444444,461518.6918

0.923775452,1.0288,0,1,60,0,0,0,8.9,99,0.177777778,490940.1721

0.925274508,1.024894443,0,1,60,0,0,0,6.8,93,0.336111111,482982.5808

0.92677302,1.020994419,0,1,50,0,0,1,1.6,99,0.647222222,482223.3581

0.928270725,1.017100895,1,1,10,0,0,0,0.7,81,0.694444444,286909.6504

0.929767352,1.013214824,0,1,20,0,0,0,-2.4,90,0.883333333,317420.6289

0.931262618,1.009337155,1,1,10,0,0,0,4,99,0.269444444,271622.3181

0.93275623,1.005468823,1,1,10,0,0,0,4.3,99,0.311111111,264385.1208

0.934247883,1.001610756,0,1,50,0,1,0,4,94,0.616666667,460117.8124

0.935737258,0.997763873,0,1,60,0,0,0,4.4,96,0.136111111,477797.2803

0.937224026,0.993929081,0,1,60,0,0,0,1.6,96,0.461111111,474258.2569

0.938707844,0.99010728,0,1,40,0,0,1,2.4,96,0.366666667,475316.5903

0.940188355,0.98629936,0,1,20,0,0,0,0.6,99,1.027777778,340944.217

0.941665187,0.982506201,0,0,10,0,0,0,0.7,99,0.977777778,280411.4478

0.943137956,0.978728674,0,0,50,0,1,0,1.5,99,1.066666667,497914.3349

0.944606262,0.974967642,0,0,60,0,0,0,4.9,84,1.027777778,501602.6217

0.946069687,0.971223955,0,0,60,0,0,0,9.6,100,0.177777778,505959.7813

0.947527802,0.967498457,0,0,60,0,0,0,8.7,85,0.375,505540.8182

0.948980156,0.963791981,0,0,40,0,0,1,8.4,87,0.230555556,498348.4325

0.950426287,0.960105352,0,0,20,0,0,0,9.3,99,0.35,345550.8381




419

0.951865711,0.956439383,0,0,10,0,0,0,9.4,88,0.863888889,262751.8218

0.95329793,0.95279488,0,0,30,0,0,0,11.7,99,0.694444444,420823.1441

0.954722425,0.949172639,1,0,10,0,0,0,13.2,87,0.766666667,254436.2609

0.95613866,0.945573445,0,0,50,0,0,1,10,75,1.041666667,477179.4547

0.957546082,0.941998077,0,0,60,0,0,0,13.5,65,1.113888889,483482.142

0.958944118,0.938447301,0,0,30,0,0,1,8.5,100,0.2,436524.0295

0.960332173,0.934921875,0,0,20,0,0,0,5.8,84,1.272222222,390942.2985

0.961709638,0.931422549,0,0,10,0,0,0,5.7,88,1.127777778,264766.2089

0.963075881,0.927950061,0,0,50,0,1,0,8.1,77,1.294444444,482309.2275

0.964430252,0.924505141,0,0,60,0,0,0,8,89,0.602777778,492979.4957

0.965772079,0.921088511,0,0,60,0,0,0,12.5,92,1.186111111,482475.7256

0.967100673,0.91770088,0,0,60,0,0,0,16.2,57,1.280555556,477913.7292

0.968415324,0.914342951,0,0,40,0,0,1,14.9,79,1.313888889,474300.7414

0.969715304,0.911015416,0,0,20,0,0,0,15.3,55,1.219444444,330063.777

0.970999865,0.907718957,0,0,10,0,0,0,13.4,66,1.233333333,256939.0124

0.97226824,0.904454249,0,0,50,0,1,0,14.4,66,0.983333333,457638.249

0.973519643,0.901221955,0,0,60,0,0,0,11.9,85,1.219444444,476043.5991

0.974753272,0.89802273,0,0,60,0,0,0,13.8,83,1.141666667,475063.2921

0.975968307,0.894857218,0,0,60,0,0,0,11.9,89,1.180555556,479954.4498

0.977163909,0.891726057,0,0,40,0,0,1,9.6,78,0.313888889,477270.5346

0.978339228,0.888629872,0,0,20,0,0,0,10.1,91,1.127777778,340182.6

0.979493396,0.88556928,0,0,10,0,0,0,7.9,94,1.263888889,260779.297

0.980625531,0.882544889,0,0,50,0,1,0,9.7,86,1.347222222,464757.9658

0.981734741,0.879557297,0,0,60,0,0,0,8.9,89,1.463888889,468434.9727

0.982820122,0.876607092,0,0,60,0,0,0,13.2,62,1.441666667,468484.4358

0.983880761,0.873694855,1,0,10,0,0,0,14.1,79,1.402777778,262937.4616

0.984915737,0.870821155,0,0,30,0,0,0,9.9,86,1.483333333,377446.6151

0.985924122,0.867986552,0,0,20,0,0,0,12.5,68,1.277777778,297267.052

0.986904987,0.865191599,0,0,10,0,0,0,14.2,76,0.947222222,241400.4752

0.9878574,0.862436835,0,0,50,0,1,0,15.2,94,0.283333333,442179.2262

0.988780429,0.859722795,0,0,60,0,0,0,17,77,1.358333333,451290.2826

0.989673145,0.85705,0,0,60,0,0,0,13,83,1.458333333,460129.8111

0.990534628,0.85705,0,0,60,0,0,0,14.1,83,0.666666667,459405.0804

1,2,3,4,5,6,7,8,9,10,11

0.992160248,0.854418964,1,0,10,0,0,0,11.4,84,0.969444444

0.992922595,0.851830192,0,0,30,0,0,0,14.8,88,0.858333333

0.993650134,0.849284178,0,0,20,0,0,0,13.7,94,1.344444444

0.994342017,0.846781407,0,0,10,0,0,0,16.2,98,0.288888889

0.994997417,0.844322355,0,0,50,0,1,0,14.4,84,0.352777778

0.995615537,0.841907489,0,0,60,0,0,0,11.1,97,0.305555556

0.996195608,0.839537265,0,0,60,0,0,0,11.3,94,0.452777778

0.996736899,0.837212132,0,0,60,0,0,0,8.5,99,1.452777778

0.997238711,0.834932527,0,0,40,0,0,1,16,67,1.377777778

0.99770039,0.83269888,0,0,20,0,0,0,19,82,1

0.998121322,0.83051161,1,0,10,0,0,0,15.1,83,1.427777778

0.998500941,0.828371126,1,0,10,0,0,0,13.4,75,1.355555556

0.99883873,0.82627783,0,0,50,0,1,0,16.5,85,1.447222222

0.999134224,0.824232112,0,0,60,0,0,0,15.5,92,0.294444444

0.999387011,0.822234355,0,0,60,0,0,0,14.4,95,0.994444444

0.999596737,0.820284931,0,0,30,0,0,1,9.3,88,1.252777778

0.999763105,0.818384202,0,0,20,0,0,0,8.9,85,1.558333333

0.999885878,0.816532523,0,0,10,0,0,0,12.5,72,1.455555556

0.999964881,0.814730237,0,0,50,0,1,0,17.9,71,1.486111111

1,0.81297768,0,0,60,0,0,0,20.8,59,1.413888889

Taomug Al4



420

0.999991184,0.811275176,0,0,60,0,0,0,22.3,61,1.238888889

0.999938446,0.809623042,1,0,20,0,0,0,14.5,95,0.966666667

0.99984186,0.808021584,0,0,30,0,0,0,15.1,75,0.811111111

0.999701564,0.806471099,0,0,20,0,0,0,10.9,97,0.925

0.999517756,0.804971875,0,0,10,0,0,0,11.7,87,0.525

0.999290696,0.80352419,0,0,50,0,1,0,10.8,81,0.891666667

0.999020702,0.802128314,0,0,60,0,0,0,10.1,75,1.086111111

0.998708151,0.800784504,0,0,60,0,0,0,9.3,81,0.563888889

0.998353474,0.799493013,0,1,60,0,0,0,10.8,81,0.786111111

0.997957155,0.79825408,0,1,40,0,0,1,10.6,74,1.194444444

0.997519729,0.797067937,0,1,20,0,0,0,10.6,86,0.341666667

0.997041778,0.795934805,0,1,10,0,0,0,14,94,0.616666667

0.996523931,0.794854897,0,1,50,0,1,0,15.9,95,0.908333333

0.995966857,0.793828415,0,1,60,0,0,0,13.4,100,0.886111111

0.995371265,0.792855555,0,1,60,0,0,0,15.7,97,0.297222222

0.994737898,0.791936499,0,1,60,0,0,0,13.3,95,1.311111111

0.994067533,0.791071423,0,1,40,0,0,1,12.2,80,0.572222222

0.993360975,0.790260492,0,1,20,0,0,0,9.7,91,0.913888889

0.992619056,0.789503862,0,1,10,0,0,0,12.7,89,0.35

0.991842629,0.78880168,0,1,50,0,1,0,14.3,82,0.463888889

0.991032567,0.788154082,0,1,60,0,0,0,11.5,97,0.513888889

0.99018976,0.787561198,0,1,60,0,0,0,11.1,89,1.297222222

0.989315109,0.787023144,0,1,60,0,0,0,10.6,92,0.222222222

0.988409527,0.78654003,0,1,40,0,0,1,13.2,94,0.502777778

0.987473934,0.786111955,0,1,20,0,0,0,11.3,93,0.844444444

0.986509254,0.78573901,0,1,10,0,0,0,11.6,96,0.319444444

0.985516413,0.785421275,0,1,50,0,1,0,12.2,93,0.311111111

0.98449634,0.785158823,0,1,60,0,0,0,11.6,96,0.408333333

0.983449956,0.784951713,0,1,60,0,0,0,13.1,96,0.427777778

0.982378182,0.7848,0,1,60,0,0,0,13.7,90,1.180555556

0.98128193,0.784703726,0,1,40,0,0,1,12.8,81,0.969444444

0.980162104,0.784662925,0,1,20,0,0,0,12.9,99,0.380555556

0.979019601,0.784677621,0,1,10,0,0,0,12.4,99,0.388888889

0.977855302,0.784747829,0,1,50,0,1,0,16.6,81,0.863888889

0.976670079,0.784873555,0,1,60,0,0,0,16,98,0.411111111

0.975464787,0.785054794,0,1,60,0,0,0,15.1,95,0.372222222

0.97424027,0.785291534,0,1,60,0,0,0,14.6,98,1.141666667

0.972997352,0.785583751,0,1,40,0,0,1,14.9,97,0.238888889

0.971736843,0.785931414,0,1,20,0,0,0,13.1,99,0.236111111

0.970459536,0.78633448,0,1,10,0,0,0,13.4,99,0.258333333

0.969166203,0.78633448,0,1,50,0,1,0,14.3,99,0.822222222

0.967857602,0.786792899,0,1,60,0,0,0,14.4,93,1.119444444

0.966534469,0.787306611,0,1,60,0,0,0,16.3,97,1.191666667

0.965197523,0.787875545,0,1,60,0,0,0,14.4,90,0.994444444

0.963847461,0.788499623,0,1,40,0,0,1,12.3,99,0.986111111

0.962484965,0.789178755,0,1,20,0,0,0,12.9,99,1.108333333

0.961110695,0.789912844,0,1,10,0,0,0,12.7,99,1.016666667

0.959725291,0.790701783,0,1,50,0,1,0,15,95,0.708333333

0.958329376,0.791545454,0,1,60,0,0,0,13,95,0.716666667

0.956923552,0.792443732,0,1,60,0,0,0,12.3,99,0.797222222

0.955508403,0.79339648,0,1,60,0,0,0,16.4,89,0.6

0.954084495,0.794403554,0,1,40,0,0,1,17.2,89,0.502777778

0.952652374,0.795464799,0,1,20,0,0,0,14.4,97,1.016666667

0.95121257,0.796580051,0,0,10,0,0,0,12.1,99,0.997222222

0.949765592,0.797749137,0,0,50,0,1,0,17.2,76,0.594444444

0.948311934,0.798971875,0,0,60,0,0,0,20.2,81,0.819444444

0.946852074,0.800248072,0,0,60,0,0,0,15.9,87,0.622222222




421

0.945386469,0.801577526,0,0,60,0,0,0,16.9,97,0.930555556

0.943915565,0.802960028,0,0,40,0,0,1,12.5,94,1.088888889

0.942439787,0.804395355,0,0,20,0,0,0,15.6,100,0.2

0.940959549,0.80588328,0,0,10,0,0,0,16.6,99,0.844444444

0.939475248,0.807423562,0,0,50,0,1,0,12.7,95,0.825

0.937987267,0.809015953,0,0,60,0,0,0,11.5,100,0.775

0.936495974,0.810660196,0,0,60,0,0,0,10.6,99,0.975

0.935001724,0.812356022,0,0,60,0,0,0,8.3,97,0.988888889

0.933504859,0.814103155,0,0,40,0,0,1,14.3,92,0.302777778

0.93200571,0.815901309,0,0,20,0,0,0,13.4,81,1.002777778

0.930504593,0.817750188,0,0,10,0,0,0,15.8,76,0.205555556

0.929001814,0.819649487,0,0,50,0,1,0,13.9,100,0.802777778

0.927497667,0.821598893,0,0,60,0,0,0,10.8,99,0.697222222

0.925992437,0.82359808,0,0,60,0,0,0,9.2,99,0.833333333

0.924486397,0.82359808,0,0,60,0,0,0,8.5,100,0.894444444

0.92297981,0.825646716,0,0,40,0,0,1,11.2,96,0.277777778

0.921472932,0.827744458,0,0,20,0,0,0,13,91,0.172222222

0.919966008,0.829890955,0,0,10,0,0,0,12.2,89,0.369444444

0.918459275,0.832085844,0,0,50,0,1,0,11.1,97,0.527777778

0.916952963,0.834328755,0,0,60,0,0,0,11.1,95,0.663888889

0.915447293,0.836619308,0,0,60,0,0,0,12.8,86,0.188888889

0.913942481,0.838957112,0,0,30,0,0,0,12.9,97,0.180555556

0.912438734,0.84134177,0,0,40,0,0,1,13.5,94,0.163888889

0.910936255,0.843772872,0,0,20,0,0,0,17.3,96,0.258333333

0.90943524,0.84625,0,0,10,0,0,0,16.2,99,0.288888889

0.90793588,0.848772728,0,0,50,0,1,0,14.7,100,0.541666667

0.906438361,0.851340618,0,0,60,0,0,0,15,96,0.425

0.904942864,0.853953224,0,0,60,0,0,0,14.9,93,0.155555556

0.903449567,0.856610092,0,0,60,0,0,0,12.2,98,0.255555556

0.901958644,0.859310755,0,0,40,0,0,1,13.7,95,0.227777778

0.900470264,0.86205474,0,0,20,0,0,0,14.3,96,0.255555556

0.898984597,0.864841563,0,0,10,0,0,0,11,99,0.322222222

0.897501805,0.86767073,0,0,50,0,1,0,13.8,96,0.602777778

0.896022053,0.87054174,0,0,60,0,0,0,11.6,95,0.6

0.894545501,0.87345408,0,0,60,0,0,0,10.4,83,0.116666667

0.893072309,0.876407229,0,0,60,0,0,0,9.6,97,0.066666667

0.891602635,0.879400655,0,0,40,0,0,1,7,99,0.5

0.890136636,0.88243382,0,0,20,0,0,0,9.3,96,0.527777778

0.888674471,0.885506173,0,0,10,0,0,0,8.7,85,0.547222222

0.887216296,0.888617155,0,0,50,0,1,0,11.9,99,0.266666667

0.885762269,0.891766198,0,0,60,0,0,0,12.3,95,0.111111111

0.884312548,0.894952724,0,0,60,0,0,0,12.6,97,0.080555556

0.882867292,0.898176145,0,0,60,0,0,0,14.9,86,0.027777778

0.881426663,0.901435866,0,0,40,0,0,1,14.5,91,0.052777778

0.879990821,0.90473128,0,0,20,0,0,0,12.5,93,0.047222222

0.878559931,0.908061771,0,0,10,0,0,0,15.8,95,0.027777778

0.87713416,0.911426716,0,1,30,0,0,0,10.6,99,0.158333333

0.875713675,0.914825478,1,1,10,0,0,0,12.4,94,0.016666667

0.874298649,0.918257416,0,1,50,0,0,0,8.3,98,0.030555556

0.872889257,0.921721875,0,1,60,0,0,0,12.4,96,0.116666667

0.871485676,0.925218193,0,1,40,0,0,1,7.5,97,0.141666667

0.870088088,0.928745699,0,1,20,0,0,0,4.2,99,0.041666667

0.868696679,0.932303711,0,1,10,0,0,0,3.2,97,0.113888889

0.867311639,0.935891538,0,1,50,0,1,0,9.1,97,0.122222222

0.865933162,0.93950848,0,1,60,0,0,0,8.2,93,0.013888889

0.864561447,0.943153828,0,1,60,0,0,0,7.4,92,0.069444444

0.8631967,0.946826862,0,1,60,0,0,0,8.6,89,0.030555556




422

0.861839128,0.950526855,0,1,40,0,0,1,11,93,0.088888889

0.860488946,0.954253068,0,1,20,0,0,0,3.9,99,0.04

0.859146376,0.958004755,0,0,10,0,0,0,8.7,98,0.09

0.857811643,0.961781159,0,0,50,0,1,0,10.9,99,0.1

0.856484979,0.965581513,0,0,60,0,0,0,11.3,92,0.111111111

0.855166622,0.969405043,0,0,60,0,0,0,4.2,99,0.133333333

0.853856818,0.973250963,0,0,60,0,0,0,8.2,93,0.025

0.852555818,0.97711848,0,0,40,0,0,1,6.1,99,0.202777778

0.851263881,0.98100679,0,0,20,0,0,0,10.6,92,0.122222222

0.84998127,0.984915079,0,0,10,0,0,0,8.2,99,0.219444444

0.848708257,0.988842526,0,0,50,0,1,0,9.1,96,0.144444444

0.847445123,0.992788298,0,0,60,0,0,0,11.9,84,0.080555556

0.846192152,0.996751555,0,0,60,0,0,0,11,76,0.027777778

0.844949638,1.000731445,0,0,60,0,0,0,10.3,80,0.052777778

0.843717882,1.004727109,0,0,40,0,0,1,8.7,90,0.047222222

0.842497191,1.008737677,0,0,20,0,0,0,11.9,96,0.027777778

0.797017122,1.01276227,0,0,10,1,0,0,10.3,78,0.158333333

0.795819514,1.0168,0,0,50,1,1,0,12.4,72,0.016666667

0.79463394,1.0168,0,0,60,1,0,1,8.6,74,0.030555556

0.793460735,1.020849969,1,0,10,1,0,0,8.2,82,0.116666667

0.792300244,1.024911271,0,0,50,1,1,0,4.2,93,0.141666667

0.791152818,1.028982987,0,0,40,1,0,1,6.5,87,0.041666667

0.790018815,1.033064194,0,0,20,1,0,0,7,89,0.113888889

0.7888986,1.037153955,0,0,10,1,0,0,5.2,92,0.122222222

0.787792545,1.041251326,0,0,50,1,1,0,7,70,0.013888889

0.786701027,1.045355352,0,0,60,1,0,0,6.4,88,0.069444444

0.785624431,1.04946507,0,0,60,1,0,0,8.2,89,0.030555556

0.784563145,1.053579506,0,0,60,1,0,0,7.7,89,0.088888889

0.783517567,1.05769768,0,0,40,1,0,1,6.6,80,0.08

0.782488095,1.061818598,0,0,20,1,0,0,6.8,77,0.061111111

0.781475137,1.06594126,0,0,10,1,0,0,6.6,70,0.05

0.780479103,1.070064655,0,0,50,1,1,0,8.6,94,0.061111111

0.779500405,1.074187763,0,0,60,1,0,0,6.4,99,0.027777778

0.778539464,1.078309555,0,0,60,1,0,0,4.7,98,0.069444444

0.777596698,1.082428991,0,0,60,1,0,0,5.5,85,0.066666667

0.776672533,1.086545025,0,0,40,1,0,1,7.2,91,0.041666667

0.775767393,1.090656597,0,0,20,1,0,0,4.3,92,0.019444444

0.774881705,1.094762641,0,0,10,1,0,0,8.3,72,0.011111111

0.774015899,1.09886208,0,0,50,1,1,0,6.4,91,0.016666667

0.773170401,1.102953829,0,0,60,1,0,0,1.8,92,0.072222222

0.77234564,1.107036792,0,0,60,1,0,0,7.7,84,0.033333333

0.771542042,1.111109866,0,0,60,1,0,0,4.5,91,0.008333333

0.770760031,1.115171934,0,0,40,1,0,1,7.8,88,0.011111111

0.77000003,1.119221875,0,0,20,1,0,0,2.1,93,0.025

0.769262457,1.123258555,0,0,10,1,0,0,5.3,96,0.041666667

0.768547726,1.127280832,0,0,50,1,1,0,6.4,86,0.025

0.767856246,1.131287554,0,0,60,1,0,0,6.6,96,0.005555556

0.76718842,1.13527756,0,0,60,1,0,0,8.7,90,0.041666667

0.766544646,1.13924968,0,0,60,1,0,0,12,84,0.011111111

0.76592531,1.143202733,0,0,40,1,0,1,9,91,0.022222222

0.765330794,1.147135531,0,0,20,1,0,0,10.3,95,0.022222222

0.764761469,1.151046874,0,0,10,1,0,0,10,87,0.002777778

0.764217695,1.154935555,0,0,50,1,1,0,3.2,96,0.022222222

0.763699821,1.158800355,0,0,60,1,0,0,6.3,92,0.030555556

0.763208186,1.162640048,0,0,60,1,0,0,9.9,79,0.005555556

0.762743112,1.166453398,0,0,60,1,0,0,7.4,97,0.027777778

0.762304913,1.170239158,0,0,40,1,0,1,11.7,82,0.008333333




423

0.761893883,1.173996074,0,0,20,1,0,0,10.2,75,0.019444444

0.761510304,1.17772288,0,0,10,1,0,0,7.9,81,0.005555556

0.761154441,1.181418303,0,0,50,1,1,0,10.1,92,0.022222222

0.760826543,1.18508106,0,0,60,1,0,0,13.3,92,0.008333333

0.76052684,1.188709857,0,0,60,1,0,0,12.7,70,0.019444444

0.760255544,1.192303393,0,0,60,1,0,0,7.1,81,0.013888889

0.76001285,1.195860355,0,0,40,1,0,1,5.3,83,0.005555556

0.759798933,1.199379423,0,0,20,1,0,0,2.6,93,0.008333333

0.759613946,1.202859266,0,0,10,1,0,0,2.6,88,0.008333333

0.759458024,1.206298544,0,0,50,1,1,0,1.6,92,0.016666667

0.759331282,1.209695908,0,0,60,1,0,0,-1.5,99,0.025

0.75923381,1.21305,0,0,60,1,0,0,-0.6,86,0.027777778

0.759165682,1.216359451,0,0,60,1,0,0,-0.7,65,0.019444444

0.759126945,1.219622883,0,1,40,1,0,1,-4.4,77,0.027777778

0.759117629,1.222838911,0,1,20,1,0,0,-8,93,0.025

0.759137739,1.226006136,0,1,10,1,0,0,-1.6,98,0.016666667

0.759187259,1.229123155,1,1,10,1,0,0,-0.9,99,0.011111111

0.759266152,1.232188551,1,1,10,1,0,0,-2.4,89,0.008333333

0.759374359,1.2352009,0,1,30,1,1,0,-1.4,94,0.013888889

0.759511798,1.238158769,0,1,30,1,0,0,-0.3,96,0.008333333

0.759678367,1.241060713,0,1,30,1,0,1,-0.3,88,0.019444444

0.759873942,1.24390528,0,1,20,1,0,0,0.8,93,0.008333333

0.760098381,1.24390528,0,1,10,1,0,1,-2.5,95,0.025

0.762243848,1.24203012,1,1,10,1,0,0,1.1,72,0.02

0.762679757,1.243921754,0,1,50,1,1,0,4.5,94,0.011111111

0.763142521,1.245676808,0,1,60,1,0,0,8.2,84,0.016666667

0.763631827,1.24729718,0,1,60,1,0,0,6.2,82,0.005555556

0.764147347,1.248784755,0,1,40,1,0,1,6.5,83,0.002777778

0.764688742,1.250141412,0,1,20,1,0,0,6.4,97,0.008333333

0.765255659,1.251369019,0,0,10,1,0,0,4.8,87,0.016666667

0.765847735,1.252469434,0,0,50,1,1,0,3.8,91,0.030555556

0.766464595,1.253444508,0,0,60,1,0,0,4.9,92,0.016666667

0.767105857,1.25429608,0,0,60,1,0,0,-0.8,99,0.027777778

0.767771127,1.255025981,0,0,60,1,0,0,1.7,90,0.022222222

0.768460006,1.255636031,0,0,40,1,0,1,-1.6,92,0.016666667

0.769172087,1.256128044,0,0,20,1,0,0,-2.6,97,0.036111111

0.769906956,1.256503821,0,0,10,1,0,0,-5.7,97,0.019444444

0.770664195,1.256765155,0,0,50,1,1,0,-4.4,89,0.05

0.771443381,1.25691383,0,0,60,1,0,0,-7.8,96,0.047222222

0.772244089,1.25695162,0,0,60,1,0,0,-9,95,0.041666667

0.773065888,1.256880289,0,0,60,1,0,0,-4,89,0.022222222

0.773908348,1.256701594,0,0,40,1,0,1,0,90,0.008333333

0.774771037,1.25641728,0,0,20,1,0,0,-0.2,99,0.033333333

0.775653522,1.256029083,0,0,10,1,0,0,-1.3,99,0.033333333

0.776555369,1.255538732,0,0,50,1,1,0,0.1,99,0.027777778

0.777476148,1.254947942,0,0,60,1,0,0,4.6,98,0.027777778

0.778415428,1.254258424,0,0,60,1,0,0,12.1,72,0.016666667

0.779372781,1.253471875,0,0,60,1,0,0,3.3,93,0.016666667

0.78034778,1.252589985,0,0,40,1,0,1,3.7,93,0.030555556

0.781340005,1.251614435,0,0,20,1,0,0,2.2,91,0.011111111

0.782349036,1.250546895,0,0,10,1,0,0,3.3,92,0.066666667

0.783374459,1.249389026,0,0,50,1,1,0,1.5,99,0.072222222

0.784415864,1.24814248,0,0,60,1,0,0,1.6,87,0.047222222

0.785472846,1.24814248,0,0,60,1,0,0,-0.4,99,0.044444444

0.786545006,1.2468089,0,0,60,1,0,0,-2,99,0.025

0.787631951,1.245389918,0,0,40,1,0,1,-2.2,99,0.016666667

0.788733293,1.243887159,0,0,20,1,0,0,-2.3,95,0.033333333




424

0.78984865,1.242302236,0,0,10,1,0,0,-2.7,99,0.019444444

0.790977649,1.240636755,0,0,50,1,1,0,6.8,96,0.013888889

0.792119922,1.238892311,0,0,60,1,0,0,9.8,93,0.011111111

0.793275108,1.237070489,0,0,60,1,0,0,9,90,0.036111111

0.794442854,1.235172867,0,0,60,1,0,0,9.6,82,0.122222222

0.795622812,1.233201011,0,0,40,1,0,1,0.9,98,0.14

0.796814646,1.23115648,0,0,20,1,0,0,-2,99,0.155555556

0.798018024,1.229040822,0,0,10,1,0,0,6.7,72,0.033333333

0.799232621,1.226855575,0,0,50,1,1,0,10.5,82,0.077777778

0.800458123,1.22460227,0,0,60,1,0,0,4.7,93,0.038888889

0.80169422,1.222282426,0,0,60,1,0,0,3.4,90,0.086111111

0.802940612,1.219897555,0,0,60,1,0,0,-1.8,99,0.2

0.804197006,1.217449157,0,0,40,1,0,1,-1.1,99,0.194444444

0.805463116,1.214938725,0,0,20,1,0,0,3.4,98,0.041666667

0.806738664,1.212367741,0,0,10,1,0,0,1.9,94,0.102777778

0.808023379,1.209737678,0,0,50,1,1,0,3.7,97,0.061111111

0.809316999,1.20705,0,0,60,1,0,0,4.2,90,0.152777778

0.810619266,1.204306161,0,0,60,1,0,0,4.4,98,0.027777778

0.811929931,1.201507607,0,0,60,1,0,0,4,90,0.202777778

0.813248752,1.198655771,0,0,40,1,0,1,0.3,94,0.286111111

0.814575494,1.195752082,0,0,20,1,0,0,-4.2,73,0.263888889

0.815909926,1.192797955,0,0,10,1,0,0,-1.5,87,0.266666667

0.817251828,1.189794798,1,0,30,1,1,0,0.3,95,0.097222222

0.818600981,1.186744008,0,0,50,1,0,0,-3.3,92,0.272222222

0.819957176,1.183646974,0,0,60,1,0,0,0.8,71,0.227777778

0.821320208,1.17409215,0,0,60,1,0,0,1.9,97,0.111111111

0.822689877,1.170823836,0,0,40,1,0,1,0.1,99,0.161111111

0.82406599,1.167516079,0,0,20,1,0,0,-1.6,92,0.091666667

0.825448356,1.164170211,0,0,10,1,0,0,-0.1,88,0.091666667

0.826836793,1.160787555,0,0,50,1,1,0,0.8,88,0.111111111

0.828231121,1.157369423,0,0,60,1,0,0,-2.1,86,0.4

0.829631163,1.153917121,0,0,60,1,0,0,1.5,76,0.047222222

0.831036749,1.150431941,0,0,60,1,0,0,5.1,95,0.144444444

0.83244771,1.146915169,0,0,40,1,0,1,8.6,86,0.313888889

0.833863883,1.14336808,0,0,20,1,0,0,8.8,97,0.138888889

0.835285105,1.139791941,0,0,10,1,0,0,10,96,0.308333333

0.836711219,1.136188008,0,0,50,1,1,0,10,85,0.236111111

0.838142068,1.13255753,0,0,60,1,0,0,4.9,84,0.294444444

0.839577499,1.128901742,0,0,60,1,0,0,4.9,85,0.375

0.841017359,1.125221875,0,0,60,1,0,0,0.4,99,0.261111111

0.842461498,1.121519147,0,0,40,1,0,1,5,98,0.097222222

0.843909766,1.117794768,0,0,20,1,0,0,3.5,83,0.091666667

0.845362016,1.114049938,0,0,10,1,0,0,2.9,99,0.075

0.846818099,1.110285848,0,0,50,1,1,0,1.9,95,0.147222222

0.848277867,1.10650368,0,0,60,1,0,0,-3.2,97,0.627777778

0.849741172,1.102704605,0,0,60,1,0,0,-0.2,69,0.091666667

0.851207866,1.098889787,0,0,60,1,0,0,2.3,99,0.080555556

0.8526778,1.095060378,0,0,40,1,0,1,3,95,0.086111111

0.854150822,1.091217523,0,0,20,1,0,0,3.5,99,0.191666667

0.89989754,1.087362355,0,0,10,0,0,0,1,98,0.1

0.901376281,1.083496,0,0,50,0,1,0,0.3,81,0.263888889

0.902857647,1.079619574,0,0,60,0,0,0,-1.8,85,0.280555556

0.904341478,1.075734182,0,0,60,0,0,0,0.5,78,0.5

0.905827612,1.071840922,0,0,60,0,0,0,6.9,99,0.283333333

0.907315883,1.06794088,0,0,40,0,0,1,0.6,99,0.327777778

0.90880612,1.06794088,0,0,20,0,0,0,1.1,99,0.702777778

0.910298148,1.064035135,0,0,10,0,0,0,10.6,84,0.294444444




425

0.911791788,1.060124756,0,0,50,0,1,0,8,93,0.772222222

0.913286855,1.056210801,0,0,60,0,0,0,13,77,0.344444444

0.914783159,1.052294321,0,0,60,0,0,0,10.1,74,0.6

0.916280502,1.048376355,0,0,60,0,0,0,5,87,0.761111111

0.917778682,1.044457935,0,0,40,0,0,1,9,99,0.180555556

0.919277489,1.040540082,0,0,20,0,0,0,8.1,97,0.65

0.920776704,1.036623808,0,0,10,0,0,0,5.9,99,0.361111111

0.922276103,1.032710116,0,1,50,0,1,0,2.5,96,0.219444444

0.923775452,1.0288,0,1,60,0,0,0,8.9,99,0.177777778

0.925274508,1.024894443,0,1,60,0,0,0,6.8,93,0.336111111

0.92677302,1.020994419,0,1,50,0,0,1,1.6,99,0.647222222

0.928270725,1.017100895,1,1,10,0,0,0,0.7,81,0.694444444

0.929767352,1.013214824,0,1,20,0,0,0,-2.4,90,0.883333333

0.931262618,1.009337155,1,1,10,0,0,0,4,99,0.269444444

0.93275623,1.005468823,1,1,10,0,0,0,4.3,99,0.311111111

0.934247883,1.001610756,0,1,50,0,1,0,4,94,0.616666667

0.935737258,0.997763873,0,1,60,0,0,0,4.4,96,0.136111111

0.937224026,0.993929081,0,1,60,0,0,0,1.6,96,0.461111111

0.938707844,0.99010728,0,1,40,0,0,1,2.4,96,0.366666667

0.940188355,0.98629936,0,1,20,0,0,0,0.6,99,1.027777778

0.941665187,0.982506201,0,0,10,0,0,0,0.7,99,0.977777778

0.943137956,0.978728674,0,0,50,0,1,0,1.5,99,1.066666667

0.944606262,0.974967642,0,0,60,0,0,0,4.9,84,1.027777778

0.946069687,0.971223955,0,0,60,0,0,0,9.6,100,0.177777778

0.947527802,0.967498457,0,0,60,0,0,0,8.7,85,0.375

0.948980156,0.963791981,0,0,40,0,0,1,8.4,87,0.230555556

0.950426287,0.960105352,0,0,20,0,0,0,9.3,99,0.35

0.951865711,0.956439383,0,0,10,0,0,0,9.4,88,0.863888889

0.95329793,0.95279488,0,0,30,0,0,0,11.7,99,0.694444444

0.954722425,0.949172639,1,0,10,0,0,0,13.2,87,0.766666667

0.95613866,0.945573445,0,0,50,0,0,1,10,75,1.041666667

0.957546082,0.941998077,0,0,60,0,0,0,13.5,65,1.113888889

0.958944118,0.938447301,0,0,30,0,0,1,8.5,100,0.2

0.960332173,0.934921875,0,0,20,0,0,0,5.8,84,1.272222222

0.961709638,0.931422549,0,0,10,0,0,0,5.7,88,1.127777778

0.963075881,0.927950061,0,0,50,0,1,0,8.1,77,1.294444444

0.964430252,0.924505141,0,0,60,0,0,0,8,89,0.602777778

0.965772079,0.921088511,0,0,60,0,0,0,12.5,92,1.186111111

0.967100673,0.91770088,0,0,60,0,0,0,16.2,57,1.280555556

0.968415324,0.914342951,0,0,40,0,0,1,14.9,79,1.313888889

0.969715304,0.911015416,0,0,20,0,0,0,15.3,55,1.219444444

0.970999865,0.907718957,0,0,10,0,0,0,13.4,66,1.233333333

0.97226824,0.904454249,0,0,50,0,1,0,14.4,66,0.983333333

0.973519643,0.901221955,0,0,60,0,0,0,11.9,85,1.219444444

0.974753272,0.89802273,0,0,60,0,0,0,13.8,83,1.141666667

0.975968307,0.894857218,0,0,60,0,0,0,11.9,89,1.180555556

0.977163909,0.891726057,0,0,40,0,0,1,9.6,78,0.313888889

0.978339228,0.888629872,0,0,20,0,0,0,10.1,91,1.127777778

0.979493396,0.88556928,0,0,10,0,0,0,7.9,94,1.263888889

0.980625531,0.882544889,0,0,50,0,1,0,9.7,86,1.347222222

0.981734741,0.879557297,0,0,60,0,0,0,8.9,89,1.463888889

0.982820122,0.876607092,0,0,60,0,0,0,13.2,62,1.441666667

0.983880761,0.873694855,1,0,10,0,0,0,14.1,79,1.402777778

0.984915737,0.870821155,0,0,30,0,0,0,9.9,86,1.483333333

0.985924122,0.867986552,0,0,20,0,0,0,12.5,68,1.277777778

0.986904987,0.865191599,0,0,10,0,0,0,14.2,76,0.947222222

0.9878574,0.862436835,0,0,50,0,1,0,15.2,94,0.283333333




426

0.988780429,0.859722795,0,0,60,0,0,0,17,77,1.358333333

0.989673145,0.85705,0,0,60,0,0,0,13,83,1.458333333

0.990534628,0.85705,0,0,60,0,0,0,14.1,83,0.666666667

0.991363963,0.854418964,0,0,40,0,0,1,10.8,91,1.313888889

0.992160248,0.851830192,0,0,20,0,0,0,11.4,99,0.84

0.992922595,0.849284178,1,0,10,0,0,0,7.9,87,0.561111111

0.993650134,0.846781407,1,0,10,0,0,0,8.5,83,0.519444444

0.994342017,0.844322355,0,0,50,0,1,0,10.5,89,0.497222222

0.994997417,0.841907489,0,0,60,0,0,0,12.8,86,0.916666667

0.995615537,0.839537265,0,0,60,0,0,0,12.7,78,0.305555556

0.996195608,0.837212132,0,0,40,0,0,1,9.4,95,1.138888889

0.996736899,0.834932527,0,0,20,0,0,0,8.4,83,1.355555556

0.997238711,0.83269888,0,0,10,0,0,0,9.9,79,1.438888889

0.99770039,0.83051161,0,0,50,0,1,0,11.2,77,1.144444444

0.998121322,0.828371126,0,0,60,0,0,0,11.8,76,0.55

0.998500941,0.82627783,0,0,60,0,0,0,11.6,86,0.936111111

0.99883873,0.824232112,1,0,10,0,0,0,11.4,85,1.397222222

0.999134224,0.822234355,0,0,30,0,0,0,15,66,0.691666667

0.999387011,0.820284931,0,0,20,0,0,0,13.4,92,1.430555556

0.999596737,0.818384202,0,0,10,0,0,0,14.8,95,0.8

0.999763105,0.816532523,0,0,50,0,1,0,12.6,99,0.65

0.999885878,0.814730237,0,0,60,0,0,0,11.1,78,0.936111111

0.999964881,0.81297768,0,0,60,0,0,0,10.2,91,1.275

1,0.811275176,0,0,60,0,0,0,15.9,78,1.197222222

0.999991184,0.809623042,0,0,40,0,0,1,11.4,97,0.541666667

0.999938446,0.808021584,0,0,20,0,0,0,11.8,93,1.205555556

0.99984186,0.806471099,0,0,10,0,0,0,12.5,97,1.438888889

0.999701564,0.804971875,0,0,50,0,1,0,13.6,89,1.430555556

0.999517756,0.80352419,0,0,60,0,0,0,14.3,88,1.402777778

0.999290696,0.802128314,0,0,60,0,0,0,18.8,71,0.563888889

0.999020702,0.800784504,0,0,60,0,0,0,16.7,97,1.294444444

0.998708151,0.799493013,0,0,40,0,0,1,17,77,1.386111111

0.998353474,0.79825408,0,0,20,0,0,0,17,89,0.7

0.997957155,0.797067937,0,0,10,0,0,0,14.6,99,1.319444444

0.997519729,0.795934805,0,0,50,0,1,0,13.6,95,1.158333333

0.997041778,0.794854897,0,0,60,0,0,0,15.2,93,1.463888889

0.996523931,0.793828415,0,0,60,0,0,0,16.9,67,1.494444444

0.995966857,0.792855555,0,1,60,0,0,0,20.5,70,1.422222222

0.995371265,0.791936499,0,1,40,0,0,1,20.8,67,1.030555556

0.994737898,0.791071423,0,1,20,0,0,0,18.4,99,1.036111111

0.994067533,0.790260492,0,1,10,0,0,0,17.4,95,0.122222222

0.993360975,0.789503862,0,1,50,0,1,0,15.8,99,0.272222222

0.992619056,0.78880168,0,1,60,0,0,0,15.7,90,1.125

0.991842629,0.788154082,0,1,60,0,0,0,15,78,1.183333333

0.991032567,0.787561198,0,1,60,0,0,0,14,79,1.041666667

0.99018976,0.787023144,0,1,40,0,0,1,13.7,87,1.188888889

0.989315109,0.78654003,0,1,20,0,0,0,14.4,96,0.725

0.988409527,0.786111955,0,1,10,0,0,0,13.9,89,0.688888889

0.987473934,0.78573901,0,1,50,0,1,0,13.8,87,0.822222222

0.986509254,0.785421275,0,1,60,0,0,0,11.6,100,0.55

0.985516413,0.785158823,0,1,60,0,0,0,13.6,99,1.1

0.98449634,0.784951713,0,1,60,0,0,0,15.9,77,0.333333333

0.983449956,0.7848,0,1,40,0,0,1,14.1,96,0.219444444

0.982378182,0.784703726,0,1,20,0,0,0,12.2,95,0.661111111

0.98128193,0.784662925,0,1,10,0,0,0,17.6,83,0.716666667

0.980162104,0.784677621,0,1,50,0,1,0,19.4,91,0.419444444

0.979019601,0.784747829,0,1,60,0,0,0,15.8,100,0.530555556




427

0.977855302,0.784873555,0,1,60,0,0,0,17,94,1.291666667

0.976670079,0.785054794,0,1,60,0,0,0,16.7,83,1.133333333

0.975464787,0.785291534,0,1,40,0,0,1,18.3,80,1.194444444

0.97424027,0.785583751,0,1,20,0,0,0,18.5,90,1.202777778

0.972997352,0.785931414,0,1,10,0,0,0,17,94,0.983333333

0.971736843,0.78633448,0,1,50,0,1,0,18.4,80,1.147222222

0.970459536,0.78633448,0,1,60,0,0,0,18.8,85,1.091666667

0.969166203,0.786792899,0,1,60,0,0,0,14.4,96,1.113888889

0.967857602,0.787306611,0,1,60,0,0,0,15.8,75,1.030555556

0.966534469,0.787875545,0,1,40,0,0,1,20.2,92,0.277777778

0.965197523,0.788499623,0,1,20,0,0,0,16.1,100,0.6

0.963847461,0.789178755,0,1,10,0,0,0,15.6,76,0.452777778

0.962484965,0.789912844,0,1,50,0,1,0,11.9,99,0.644444444

0.961110695,0.790701783,0,1,60,0,0,0,16.9,89,0.352777778

0.959725291,0.791545454,0,1,60,0,0,0,14.8,90,0.619444444

0.958329376,0.792443732,0,1,60,0,0,0,14.8,88,0.608333333

0.956923552,0.79339648,0,1,40,0,0,1,13.1,95,0.366666667

0.955508403,0.794403554,0,1,20,0,0,0,11.6,96,0.775

0.954084495,0.795464799,0,1,10,0,0,0,16.2,71,0.525

0.952652374,0.796580051,0,1,50,0,1,0,17.6,82,0.241666667

0.95121257,0.797749137,0,1,60,0,0,0,17.7,99,1.069444444

0.949765592,0.798971875,0,1,60,0,0,0,21.5,77,1.05

0.948311934,0.800248072,0,1,60,0,0,0,20.8,88,0.611111111

0.946852074,0.801577526,0,1,40,0,0,1,13.6,100,1.108333333

0.945386469,0.802960028,0,1,20,0,0,0,18.2,68,0.161111111

0.943915565,0.804395355,0,0,10,0,0,0,18.8,93,0.744444444

0.942439787,0.80588328,0,0,50,0,1,0,16.3,85,0.558333333

0.940959549,0.807423562,0,0,60,0,0,0,13.7,100,0.941666667

0.939475248,0.809015953,0,0,60,0,0,0,17.5,83,0.675

0.937987267,0.810660196,0,0,60,0,0,0,18.9,74,0.894444444

0.936495974,0.812356022,0,0,40,0,0,1,19.1,88,0.75

0.935001724,0.814103155,0,0,20,0,0,0,17.6,93,0.877777778

0.933504859,0.815901309,0,0,10,0,0,0,19.9,79,0.897222222

0.93200571,0.817750188,0,0,50,0,1,0,18.1,93,0.436111111

0.930504593,0.819649487,0,0,60,0,0,0,12.1,86,0.794444444

0.929001814,0.821598893,0,0,60,0,0,0,9.8,95,0.888888889

0.927497667,0.82359808,0,0,60,0,0,0,13.8,71,0.866666667

0.925992437,0.82359808,0,0,40,0,0,1,13.8,93,0.6

0.924486397,0.825646716,0,0,20,0,0,0,13.9,92,0.480555556

0.92297981,0.827744458,0,0,10,0,0,0,11.6,89,0.394444444

0.921472932,0.829890955,0,0,50,0,1,0,16.4,94,0.183333333

0.919966008,0.832085844,0,0,60,0,0,0,12.8,92,0.291666667

0.918459275,0.834328755,0,0,60,0,0,0,13.2,92,0.35

0.916952963,0.836619308,0,0,60,0,0,0,11.1,94,0.108333333

0.915447293,0.838957112,0,0,40,0,0,1,12.9,90,0.133333333

0.913942481,0.84134177,0,0,20,0,0,0,13.3,85,0.544444444

0.912438734,0.843772872,0,0,10,0,0,0,9.3,89,0.619444444

0.910936255,0.84625,0,0,50,0,1,0,12,85,0.297222222

0.90943524,0.848772728,0,0,60,0,0,0,10.9,77,0.294444444

0.90793588,0.851340618,0,0,60,0,0,0,12,87,0.577777778

0.906438361,0.853953224,0,0,60,0,0,0,13.4,92,0.322222222

0.904942864,0.856610092,0,0,40,0,0,1,10.8,93,0.280555556

0.903449567,0.859310755,0,0,20,0,0,0,12.2,92,0.080555556

0.901958644,0.86205474,0,0,10,0,0,0,9.4,94,0.372222222

0.900470264,0.864841563,0,0,50,0,1,0,8.5,96,0.280555556

0.898984597,0.86767073,0,0,60,0,0,0,4.4,97,0.655555556

0.897501805,0.87054174,0,0,60,0,0,0,10.7,84,0.366666667
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0.896022053,0.87345408,0,0,60,0,0,0,11.4,95,0.083333333

0.894545501,0.876407229,0,0,40,0,0,1,11.5,95,0.194444444

0.893072309,0.879400655,0,0,20,0,0,0,10.3,94,0.502777778

0.891602635,0.88243382,0,0,10,0,0,0,10.8,95,0.069444444

0.890136636,0.885506173,0,0,50,0,1,0,9.2,94,0.469444444

0.888674471,0.888617155,0,0,60,0,0,0,7.5,95,0.436111111

0.887216296,0.891766198,0,0,60,0,0,0,7.6,95,0.305555556

0.885762269,0.894952724,0,0,60,0,0,0,11.6,96,0.333333333

0.884312548,0.898176145,0,0,40,0,0,1,14.2,91,0.377777778

0.882867292,0.901435866,0,0,20,0,0,0,11.4,94,0.391666667

0.881426663,0.90473128,0,0,10,0,0,0,15.4,94,0.15

0.879990821,0.908061771,0,0,50,0,1,0,17,78,0.047222222

0.878559931,0.911426716,0,0,60,0,0,1,15.9,87,0.058333333

0.87713416,0.914825478,1,0,10,0,0,0,13.9,89,0.075

0.875713675,0.918257416,0,0,50,0,1,0,12.8,86,0.227777778

0.874298649,0.921721875,0,0,40,0,0,1,9.6,92,0.205555556

0.872889257,0.925218193,0,0,20,0,0,0,9.2,95,0.063888889

0.871485676,0.928745699,0,0,10,0,0,0,14.8,92,0.194444444

0.870088088,0.932303711,0,1,50,0,1,0,15.4,66,0.166666667

0.868696679,0.935891538,0,1,60,0,0,0,12.4,80,0.141666667

0.867311639,0.93950848,0,1,60,0,0,0,12,88,0.261111111

0.865933162,0.943153828,0,1,60,0,0,0,13.2,81,0.116666667

0.864561447,0.946826862,0,1,40,0,0,1,9.7,94,0.330555556

0.8631967,0.950526855,0,1,20,0,0,0,10.5,90,0.230555556

0.861839128,0.954253068,0,1,10,0,0,0,13.7,86,0.225

0.860488946,0.958004755,0,1,50,0,1,0,12.8,95,0.158333333

0.859146376,0.961781159,0,1,60,0,0,0,14.2,88,0.216666667

0.857811643,0.965581513,0,1,60,0,0,0,6.5,96,0.208333333

0.856484979,0.969405043,0,1,60,0,0,0,11.5,93,0.172222222

0.855166622,0.973250963,0,1,40,0,0,1,13.2,89,0.141666667

0.853856818,0.97711848,0,1,20,0,0,0,12.6,70,0.305555556

0.852555818,0.98100679,0,0,10,0,0,0,10.1,89,0.044444444

0.851263881,0.984915079,0,0,50,0,1,0,13.4,80,0.194444444

0.84998127,0.988842526,0,0,60,0,0,0,7.7,95,0.033333333

0.848708257,0.992788298,0,0,60,0,0,0,12.3,96,0.180555556

0.847445123,0.996751555,0,0,60,0,0,0,11,96,0.038888889

0.846192152,1.000731445,0,0,40,0,0,1,10.8,94,0.172222222

0.844949638,1.004727109,0,0,20,0,0,0,12.8,90,0.038888889

0.799447123,1.008737677,0,0,10,1,0,0,11.5,93,0.05

0.798226432,1.01276227,0,0,50,1,1,0,8.1,93,0.130555556

0.797017122,1.0168,0,0,60,1,0,0,13.1,83,0.108333333

0.795819514,1.0168,0,0,40,1,0,0,16.4,76,0.033333333

0.79463394,1.020849969,1,0,10,1,0,0,7.3,86,0.141666667

0.793460735,1.024911271,0,0,30,1,0,0,6.7,89,0.066666667

0.792300244,1.028982987,0,0,20,1,0,0,9.7,86,0.058333333

0.791152818,1.033064194,0,0,10,1,0,0,8.9,87,0.1

0.790018815,1.037153955,0,0,50,1,1,0,5.5,86,0.125

0.7888986,1.041251326,0,0,60,1,0,0,7.5,80,0.030555556

0.787792545,1.045355352,0,0,60,1,0,0,7.9,90,0.038888889

0.786701027,1.04946507,0,0,60,1,0,0,7.4,93,0.013888889

0.785624431,1.053579506,0,0,40,1,0,1,1.5,95,0.088888889

0.784563145,1.05769768,0,0,20,1,0,0,-4.6,96,0.163888889

0.783517567,1.061818598,0,0,10,1,0,0,2.4,71,0.022222222

0.782488095,1.06594126,0,0,50,1,1,0,5.3,98,0.016666667

0.781475137,1.070064655,0,0,60,1,0,0,2.3,98,0.047222222

0.780479103,1.074187763,0,0,60,1,0,0,1.6,94,0.077777778

0.779500405,1.078309555,0,0,60,1,0,0,-4.2,98,0.088888889
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0.778539464,1.082428991,0,0,40,1,0,1,4.3,97,0.016666667

0.777596698,1.086545025,0,0,20,1,0,0,6,97,0.016666667

0.776672533,1.090656597,0,0,10,1,0,0,6.1,98,0.019444444

0.775767393,1.094762641,0,0,50,1,1,0,4.7,99,0.019444444

0.774881705,1.09886208,0,0,60,1,0,0,5.5,97,0.016666667

0.774015899,1.102953829,0,0,60,1,0,0,7.6,88,0.019444444

0.773170401,1.107036792,0,0,60,1,0,0,8.7,93,0.013888889

0.77234564,1.111109866,0,0,40,1,0,1,1.4,95,0.041666667

0.771542042,1.115171934,0,0,20,1,0,0,4.1,93,0.005555556

0.770760031,1.119221875,0,0,10,1,0,0,7.1,98,0.01

0.77000003,1.123258555,0,0,50,1,1,0,7.4,95,0.013888889

0.769262457,1.127280832,0,0,60,1,0,0,-1.7,99,0.016666667

0.768547726,1.131287554,0,0,60,1,0,0,5.1,89,0.019444444

0.767856246,1.13527756,0,0,60,1,0,0,5.7,87,0.011111111

0.76718842,1.13924968,0,0,40,1,0,1,7.9,98,0.013888889

0.766544646,1.143202733,0,0,20,1,0,0,10.9,98,0.005555556

0.76592531,1.147135531,0,0,10,1,0,0,7.1,98,0.016666667

0.765330794,1.151046874,0,0,50,1,1,0,8.4,97,0.002777778

0.764761469,1.154935555,0,0,60,1,0,0,7,93,0.005555556

0.764217695,1.158800355,0,0,60,1,0,0,5.7,90,0.038888889

0.763699821,1.162640048,0,0,60,1,0,0,6.6,89,0.013888889

0.763208186,1.166453398,0,0,40,1,0,1,0.2,99,0.016666667

0.762743112,1.170239158,0,0,20,1,0,0,2.4,86,0.030555556

0.762304913,1.173996074,0,0,10,1,0,0,-1.8,91,0.027777778

0.761893883,1.17772288,0,0,50,1,1,0,-1.2,97,0.013888889

0.761510304,1.181418303,0,0,60,1,0,0,2.3,98,0.005555556

0.761154441,1.18508106,0,0,60,1,0,0,2,99,0.005555556

0.760826543,1.188709857,0,0,60,1,0,0,2.3,86,0.008333333

0.76052684,1.192303393,0,0,40,1,0,1,-8.2,85,0.038888889

0.760255544,1.195860355,0,0,20,1,0,0,-3.3,79,0.011111111

0.76001285,1.199379423,0,0,10,1,0,0,0.3,92,0.022222222

0.759798933,1.202859266,0,0,50,1,1,0,0.2,97,0.005555556

0.759613946,1.206298544,0,0,60,1,0,0,0.7,99,0.008333333

0.759458024,1.209695908,0,0,60,1,0,0,3.9,94,0.008333333

0.759331282,1.21305,0,0,60,1,0,0,-0.6,83,0.025

0.75923381,1.216359451,0,0,40,1,0,1,1.8,88,0.002777778

0.759165682,1.219622883,0,0,20,1,0,0,0.1,96,0.008333333

0.759126945,1.222838911,0,0,10,1,0,0,-7.9,95,0.030555556

0.759117629,1.226006136,0,1,30,1,0,1,-1.4,81,0.005555556

0.759137739,1.229123155,1,1,10,1,0,0,5.8,91,0.005555556

0.759187259,1.232188551,1,1,10,1,0,0,0.9,91,0.008333333

0.759266152,1.2352009,0,1,30,1,1,0,0.6,90,0.013888889

0.759374359,1.238158769,0,1,30,1,0,1,6.6,93,0.011111111

0.759511798,1.241060713,0,1,20,1,0,0,1.3,94,0.008333333

0.759678367,1.24390528,0,1,10,1,0,0,-0.6,93,0.044444444

0.759873942,1.24390528,0,1,30,1,0,1,-7.1,96,0.011111111
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VYKpalHCBKOI akajziemii qpyKapcTsa
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