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Oeaj pao ne 6u 6uo mo2yh 6e3 opacoyenux casema u CmMaAiHe
noopuike moe menmopa, Ilpogh op Paousoja Mumposuha,
peo.npogh. Mawunckoe paxynmema Yuueepsumema y beocpaoy,
KOMe ce UCKPEHO 3aX6a/bYjeM HA MOPANHO] U CIMPYYHO] ROOpuiy.
axsannocm oyzyjem u ocmanum uaanosuma Kameope 3a Onuwime
Mawiuncke — KOHcmpykyuje — na  Mawunckom  ghaxyimemy
Yuueepzumema y beoepaoy, kao u ceum unanosuma Komucuje na
Opazoyenoj u CmanHoj noopulyu U GPeOHUM KOMEHMAPUMa u
cyeecmujama.

llocebny 3axeanocm oOyeyjem Op Heanu Amanacosckoj,
OUNILMAUL UHMHC. HA NOMOMU OKO OCMUM/BAGAA U peanusaiije
HYMEPUYKUX MOOeNd KOpuuthenux y 080m paoy.

3axsamyjem ce c60joj Opacoj koneeunuyu u npujamesy Op
Jbyouyu  Munosuh, eanpeonom  npoghecopy  Texnonouixo-
Mmemanypuikoe gaxkyimema Yuueepsumema y beoepady na
yemynary MepHUX onuja sa uchumuéarse Op3umne pacma
3AMOPHUX NPCAUHA.

Ilewenom konecu ooyeumy Op Tomaxncy Byxepepy, ca
Cmpojnuwixoe paxynmema Ynusepzumema y Mapubopy, oyzyjem
BENIUKY 3AX6ANHOCH HA YCHIYRAILY Onpeme HA KOjoj ¢y u3seoend
ucnumuearsa Op3une pacma 3amMopHe npciuHe.

3axsamwyjem ce npujamessuma u koneeama uz Mncmumyma UMC,
op 3opany Ooanosuhy, 3opany Maprosuhy, Paousojy 3azopyy,
Hejany /laymoeuhy, bamu Bucmahy u ocmanuma Ha pazymesars),
nooputyu u odezbehusarsy ceux nompebHuUx uHpopmayuja u
JoKyMeHmayuje y 6e3u meme 0602 OOKMopama.

llocebno ce 3axeamyjem Opacum npujamesuma U KoaIecama
Henaoy Xymy u op Munopaoy 3punuhy na uujy nomoh, snarse u
UCKYCMBO CaM YBEK MO2AO0 O PAYYHAM.

U, ceeea osoea ne ou 6uno 6e3 ocpomue NOOpuiKe U CMpPNbErbA
MOjux pooumesna U Hnopoouye, HNOCEOHO MOjux  Oeyaxd,
Anexcanopa u Henaoa, rojuma ce 3axeaswyjem HA O2POMHOM
cmpnbery 1 noceehyjem um 06aj pao.



Ilpeozosop

JlaHac je y cBeTy eHeprercka e(pHUKacHOCT MMIIEPATHB CaJallbULe Y CBUM 00jJacTUMa
JKUBOTA. YIITena eHepruje ce Hamehe kKao jeAaH O] OCHOBHUX I[UJbEBA CABPEMEHOT APYINTBA,
003upoM Ha yOp3aHO CMameme NMPUPOIHUX, HEOOHOBBMBHUX €HEPTETCKUX pecypca. Pecypen
HEOOHOBJbMBUX H3BOpA HEPrHje CY M3PA3UTO CMAHEHHU Y MOCISIbIM ACLeHHjaMa, TaKo Ia
Cce y MpPOM3BOAKU M MPUMEHH CBUX MaTepujana, W3pagd HOBHX KOHCTPYKLHMja, BO3HUX
cpencrasa, ypehaja m mMammHa Harjamasa motpeda 3a pememuma kKoja he moBectw 10
3HAYajHOT CMambelba MOTPOLIbE eHEPrHje, OHOCHO NoBehama eHepreTcke epuKacCHOCTH CBUX
npolLeca KOju 3a 3a10BOJbEeHE PA3IMIUTHX MOTpeda Jby U TPOLIe MPUPOAHY SHEPTH]Y.

OBaj pax je HAcCTa0 Kao pe3yjTaT MPUMEHEHHX MPETXOAHO HABEACHUX CTaBOBA Y
BUILETOIHUIIHEM UCTPAKMBaby Ha MarunHckoM (akyarery YHusep3utera y beorpaay u
Hucruryry UMC, koja ¢y mocebHo noduia 3amax MONACKOM HOBE OIMpeMe, Y TIPBOM pedy
BUCOKO — BpekBeHTHOT nyn3atopa ZWICK ROELL HB250, Ha kateapy 3a Omniire MalmHcKe
KOHCTpyKIHje. cTpakuBame yTUIaja U3BOpa KOHIIEHTPALH]je HATIOHA U MPUMeHa T00W]|eHIX
ca3Hama W pe3ylTara je jemaH O OCHOBHHMX IMJbeBa OBe naucepranuje. Hoee merone
pasBHjeHe 3a MPOLEHY HACTaHKa W INMpera MPCIUHA y OAHOCY Ha mocTojehe merome cy
TayHHje - OO0yXBarajy eKCIEepPHMEHTAaHA HWCIHUTHBaKmAa y JaOOpaTOPH|CKUM YCIOBHMA
3aMOpPHHX KapaKTePUCTHKA MaTepujaia U HyYMEpPHUYKy CHMYJALHjy W MPOpadyH HATMOHCKOT
CTama M CYIITHMHCKH Cy pa3jM4uTe Y OJHOCY Ha OO0 cada KopuiuhieHe U myOiMKOBE y
pamoBuMa MeTole Kkoje ce OaBe OIGHOM YTHIdja M3BOpPA KOHIIEHTpAlMj€ HAlOHA Ha
MALIMHCKUM €JIEMEHTHMA, jep Cy 3aCHOBaHE HAa (PM3MUYKUM acrekThMa (peHOMeHa 3amopa U
HOBH MOTJIEA Ha TPajHY JUHAMHYKY 4BpPCTONY Kao HA TPaHHIly HCIO KOje MOCTOoje MPCIHHE

KOje Hemajy yciioBa 3a Op3u pact

Y Beorpany, neuembap 2014 .

mp Jlejan MomuninoBuh, AUIIT. UHX. METAT.



PA3BOJ METO/JA 3A IIOBERAIBE PA/IHOI' BEKA U
HOY3JAHOCTU MAHIMHCKHUX CUCTEMA
Y YCJIOBUMA 3AMOPA

AncrpakTr

Y 0BOM pany IpHKa3aH je pa3BOj METOZA 3a MPOLEHY HACTAHKA M LIMPEHha 3aMOPHUX
npciivHa y Luby moBehama pagHOr BeKa W TOY3JAaHOCTH MAIIMHCKUX eJieMeHaTa |

MaIIMHCKUX CUCTEMA y YCJIOBUMa 3aMOpa.

JleTaJbHO je M3JIOXKEHA U aHAJIM3MpaHa AOCTYIHA Hay4YHA JIUTEPATypa M3 TEOPH]jCKUX
noctaBku (eHomeHa 3amopa. [loceOHO je aHamu3MpaHa TpPHMEHA MOCTojehux Meroda u

TEOpHja Ha pelIaBame MpodieMa 3aMOpHHX omTehema 1 0TKa3a KOJ MAIIMHCKHUX €JIEMEeHATA.

PazBujame HOBHX METOZA 3a MPOLIEHY HACTAHKA 3aMOPHHX TNPCIMHA H3JIOXKEHO j€ ca
pPa3NIMYUTUX acmekara, ¢ OO3UMpoOM Ja ce pagu O pe3yNTaTuMa MYJITHIUCUUTUTMHAPHUX
UCTPaKUBaKka OBOT (PEHOMEHA, y3 NMPUMEHY W WHTEPKOPIOPHPAHE NOCTYITHHX CaBPEMEHUX

AHAJIUTUYKUX , HYMEPHUYKHX U CKCTICPUMEHTATHHUX METOAA.

IToceOHa maxma moceeheHa je BepupUKALU]U Pa3BUjEHUX METOAA, KPO3 HEKOJIUKO
npuctyna. 3a BepupuKamjy cy KOpUuheHu CONCTBEHN €KCIIEPUMEHTATHN Pe3yJITaTh, Kao U

pe3ynTaTH Ipyrux ayTopa.

Y muiby OoJper pasyMeBama pa3BHjE€HHX METOJA, a TMPe CBEera METOIOJOTH]€ IUPOKHX
MOTyNHOCTH TpUMEHe, AETaJbHO j& ONHCaHa NMPHMEHA Ha KOHKPETHOM H BEOMa CJIOKEHOM

npobieMy OTKa3a MALTHHCKOT €JIEMEHTA y YCJIOBUMA 3aMOPHOT onTepeherma.

Kibyune peun: nosehame paHOT BeKa, MOY3IaHOCT, PAJHHI BEK, MAIITHCKH CHCTEM, 3aMOp, OTKAa3
MAIITIHCKH €JIEMEHT, JIOM, KOpOo3Hja
Hayuna o6nact: MamusacTBO

¥:ka HayuHa o6aactT: MalmHCKU €JIeMEHTH

UDK 621.81/.83:620.19(043.3)
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DEVELOPMENT OF METHODS FOR INCREASE OF WORKING LIFE
AND RELIABILITY OF MECHANICAL SYSTEMS
UNDER FATIGUE LOADING

Abstract

This dissertation presents development of methods for assesment of crack initiation and
propagation as part of the goal: increase of working life and reliability of machine elements

and systems under fatigue loading.

JleTaJbHO je M3JIOKEHA U aHAJIM3MpaHa AOCTYIHA Hay4YHA JIUTEpPaTypa U3 TEOPH]jCKUX
noctaBku (peHomeHa 3amopa. [loceOHO je aHanmu3MpaHa TpHMEHA MOCTojehux Meroda u

TeOopHUja Ha pelnaBarme mpodaemMa 3aMOPHUX oluTehema U 0TKa3a KO MAIIMHCKUX eJIeMEeHATa

On the basis of available scientific literature, the fenomenon of fatigue is analysed. The
emphasize is on this research was application of existing methods and theories on failure

prevention.

Development of new methods for assessment of crack initiation is presented in detail,
due to fact that multidisclipinary research is basis for application, analytical, numerical an

experimental methods.

The important part of presentation of developed methods, with significant potentials, is
application on real and complex problem of failures of mechanical elements due to combination of

fatigue and corrosion.

Key words:Increase of working life, reliability, work life, mechanical system, fatigue, failure
Scientific field: Mechanical engineering

Scientific Subfield: Machine elements
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Veoona pasmampara - IVIABA 1.

1. YBOAHA PABMATPAIHA

Eneprercka edukacHOCT je UMIepaTHB CaJallbUIEe Y CBUM O0JacTUMa KMBOTA.
VYimrena enepruje ce Hamehe Kao jemaH OJ OCHOBHHX IIMJbEBA CABPEMEHOI JIPYILTBA,
003MpOM Ha CMameme MPUPONHKUX, HEOOHOBJPMBUX €HEPreTCKUX pecypca. Pecypcu
HEOOHOBJPMBUX H3BOPA CHEPIHje Cy M3PA3HTO CMAEHHU Y MOCISIHBUM JELEeHHjaMa, TaKo
1a Ce y MPOM3BOMAIGH U MPUMEHH CBUX MaTepHjaja, U3paJud HOBUX KOHCTPYKIIHM]a, BO3HHUX
cpencraBa, ypehaja W MalluHa Harjiamiasa motpeda 3a pelemuMa Koja he JoBeCTH 0
3HAYajHOT CMambemka MOTPOIIkE SHepruje, OMHOCHO noBehama eHeprercke ehUKacCHOCTU
CBUX IMpoLeca KOjU 32 3aJ0BOJBEHE PA3IMYUTHX MOTpeda JbYAU TPOLUE MPUPOIHY
EHeprHjy.

OTKa3u MAITHCKHUX U IPYyTUX KOHCTPYKIHM]a yCJIe 3aMopa Cy TO3HaTa 1MojaBa joIl
on mojioBuHe 19. Beka. Temerbe CHCTEMAaTHUHOT M3y4aBarba TOjaBe 3amMopa Koje je Tama
nocraBuo Wohler y MHOrIM obyiacTimMa WHKEHEPCKe TIpakce Baxe joun u naHac. [Ipenas
Ofl IeBETHAECTOr Beka 10 moderka 20 Beka Cy Y MHOTOMe OIpPEeIHIN HAYMH Pa3sMHIIIbama
MHOTHX KOHCTPYKTOPA ¥ TIOTOHEM TIEPHOLY.

On Tor BpeMeHa /10 JaHaC YIPKOC Pa3BOjy 3HaMba M pa3yMeBarba KaKko MOHOBJHEHO
onTepeheme yTH4Ye HA PafHU BEK eleMeHaTa KOHCTPYKIHja M MAIIHHCKUX CHCTEMa Y
LIEJIOCTH, OCTa0 j€ oIl BeNWKH Opoj HepasjammeHux murama. CroxkeHocT (eHomeHa
3aMopa ce orjieAa mpe cBera y Opojy yTHIIajHUX YHHMJIANA TPU onpehiBamy paHOT Beka
MAIIUHCKUX €JIeMeHaTa W cucreMa. YOOW4ajeHO IMOJeIHOCTABIBEHE TAKO IMOCTABJHEHOT
npoOiemMa ce oriena y kopumhemy pasnuyutux (akropa (BENUYMHE, KBAJTUTETA
noBpIuKHe, onTepeherma, pagHe CpenuHe WTA) KOjU CY Ce BPEMEHOM IOKAa3ajH Kao
HenoBOJBHO TayHUM. [Toceban nmpobiem ce jaBiba KOI NpenBulama pagHOT BeKa CIIOKEHNX
reOMETPHjCKHX O0JIMKA Ca pa3TIMYUTHM M3BOPUMA KOHLISHTpaLHje HaroHa. Takas npooiem
Ce OZIaTHO YCJIOJKEbaBa Kaaa Cy TU €JIEeMEHTH UCTOBPEMEHO M HECTAHIApPIHHUX BEeJIUYHHA,
OHOCHO TUMEH3M]a YMjU yTHIA) HUje Ono obyxsaheH 1o caga kopuinheHum (hakropuma.
Jlobap mpuMep 3a TO Cy MHUKPOYMIIOBH U MHUKPO €JIEKTPO-MEXaHWYKH CHCTEMH KOJU TpIIe
BuOpaIyje ma 1 3aMop KO aBHOHCKUX KOMITOHEHTH U €JIEMEHTH TEIlKe MEXaHU3aIHje KO
OnpeMe y EHEPreTHiy Kao INTO Cy POTOpHH Oarep 3a MOBPIIMHCKE KOIOBE, TEILKe

TPAHCIIOPTHE MAIIMHE U CJIMYHO.



Veoona pasmampara - IVIABA 1.

ITopact MoryhHOCTH padyHapa U BHUXOBA PaclpOCTPAmBEHOCT, MoceOHO nosehame
BbUXOBE CHare y cMuciy Op3uHe u obuma obpahennx napopmaliija, MOCIeqmIX TEIeH ]
je ucTpakuBaynMa y o0JacTH 3amMopa MOTYRHOCT pas3BOja HOBHX HJIeja W YCaBPLICHHX
aNropuTaMa Kpo3 MnpuMeHy Hymepudukux merona. OBO je AOBENO 0 Tora Ja BeNUKu Opoj
KOMEPLMjATHIX W IMIHpe 3aCTYIUBEHUX co(TBEpa MMa BPJIO KBAJUTETHE MOTyhHHOCTH
npopauyHa. McToBpeMeHO, CKyNu eKCIEpHMEHTH BEe3aHH 3a WCIUTHBAMba MaTepujaia H
KOHCTPYKIIHM]ja Ha 3aMOp T'OTOBO CBakoAHEBHO oborahyjy mocrojehe 6a3e 3Hama Koje Cy He
PETKO CacTaBHU [0 TUX KOMEPLHjTHUX cO(TBEpa 32 HyMEepPUYKe MMPOpadyHe.

MebhyTtum, cTBap Koja JOAATHO KOMILUTHKY]€ HOHAKO CIIOKEHY CHTYAIH]y j€ BEJIKU
Opoj mojaraka KOju 4eCTO HUCY KOMITATHOWITHHA HU yIopeIybiBH Mel)ycOOHO Kaia je ped o
BUXO0BOM KopHiihewy Kao yiasy 3a Hymepudke npopadyse. [logatak na je 3a mepron of
2000 mo 2014 objaBmweno mpeko 70,000 pamoBa w myOiuKanpja Ha TEMy 3amopa
Marepujana (M3Bop - scholar.google.com), ykasyje Ha joII BEIHMKY aKTYEJHOCT OBE TEME U
Ha notpely aa ce mpobjemMuMa 3aMopa MAIIMHCKUX elleMeHaTa M CHCTeMa MPUCTYMH Ha
apyru HauvH. HaBeneHO moceOHO Baku y YCIOBUMA AOCTHIHYTOT TEXHOJIOUIKOT HHUBOA Y
CBETY, KaJa Ce TEeXHOJOLIKH pa3BOj OABMja y IBa MpaBLA. Ka MHKPO/HAHO PeIOBHMA
BeNMYMHAMA eJleMeHaTa M Ka MerakoHcTpyknujama. OOmact kojoj mpumana Tema
AMcepTaLyje ce KOHCTAaHTHO pa3BHjasia mporekiux 50 roguHa u nasbe he ce ycaBpuiaBatu
jep je curypaH u TOy3[aH paj MAlIMHCKUX eJeMeHaTa U CHCTEeMa jeflaH Of UMIIepPaTHBa
Moy3IaHOCTH U eHeprercke edukacHoctu. [lonasHo carnenaBame Koje je neUHUCAHO Y
OBO] AWCEpTAIUje j€ Ia CBaKU MOMakK y odnacTu pasymeBama (usuke mnporeca GpeHomeHa
3aMopa W TpuUMeHe NOOWjeHMX KapTaKTePUCTHYHUX BEIWYMHA, OWMIIO €KCIePHMEHTATHO
OWI0 HyMepHYKH, HE MOKe OUTH yuhmeH Oe3 pa3MaTpama BUIIE PEeoBa BEIUYHHE Off
MHKpO 710 MaKpO U MHTErPaJbeheM 3Hatbha U3 BULIE TEXHUUKHX AUCLUIIINHA.

ITupok criekTap MPOMUca PasIMYUTHX TEXHUYKUX TUCLMILUIMHA, OpraHu3aluja 3a
CTAaHIApAM3aLM])y W IIKOJAa pasMHILbamka Koje ce Oase oBoMm obmamfly, OZHOCHO
HEJIOCTaTaK KOHCEH3yCa Hay4dHe 3aje[JHUIIE KaKO MOY3[aHO KOHCTPYHCATH MAIIMHCKH
eeMeHT KOoju Ou 3amoBospHO T3B ,fail-safe”, ogHOCHO curypaH on OTkasa MaIIHHCKH
eIeMEeHT, KOJU KCTOBPEMEHO 3a/JI0BOJbaBa M KpUTepHjyM IuTo Behe eHeprercke
epUKaCHOCTH U OCTajie, EKOHOMCKe mapamerpe, 00e30elyjy OBO] TeMHU CTaIHy aKTYeJHOCT
[1 - 4]. Tlon moysmanomihy y OBOj AMCEpTaldjU ce MompasymeBa moBehame BpeMeHa

PACTIOJIOKMBOCTH MAIIIMHCKOT €JIEMEHTa WM CUCTEMA Y CMHCIY TPELU3HH]€ U3padyHaTor
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pazHOr Beka, MOJ IO3HATHM PAIHUM YCJIOBMMA, & HE MPOAYXKEHE OCTBAPEHO HIIp.

PEBUTATH3ALIH] OM.

Ilo3Hato je ma ce yKyMHH 3aMOpPHM BeK KOHCTPYKLMj€ CAcTOju O JABa [eja:
BpEMEHa 710 MHULMpama MPCIMHE U BPEMEHA YTPOLIEHOT Ha PAacT 3aMOpHE MPCIUHE N0
KOHAYHOT 0TKa3a. MHUIMpahe MUKPOIPCIIMHA U BbHXOB PACT Cy (PEHOMEHH KOjU 3aBHCE O]
[IUKJTyCa JIOKAJTHUX HATIOHA HA MOBPIIMHU KOHTYPe KOHCTPYKIHMje U HA onpeheHo] ayOuHu
Ofl MOBpIIMHE KOHType. KBanuTaTtMBHO pasymeBame, y cmuciy ¢usuke uspcrohe, koja
OMHUCYje IITa Ce TO JellaBa y MOJMKPUCTAIHO] CTPYKTYpPH KakBa ce Hajuemhe cpehe xox
MeTasia, y TIOTIYHOCTH j€ pa3jalimeHo. Mel)yTuM, KBAaHTHTaTHBHA aHAIM3a, TIOCEOHO Kaja
Ce TOBOPH O WHHILIMpAKY 3aMOPHE MPCIMHE MPECTaBiba MPOONieM, jep je BEeUKH Opoj
NPOMEHJPUBHX KOJHM YTHYE Ha BpEME YTPOLICHO Ha HHUIMpabe npciune. 300r Tora, Gokyc
OBE JHCEpTalU]e j& YCMEepPeH Ha MEeTOAe U KpuTephjyme onpehuBarma 3aMOPHOT BeKa
NpcivHe 70 TPEHyTKa Kaja MOoudibe CTa0WiIHU pact 3amopHe npciuHe [5]. Kako je
(heHOMEH 3aMopa, JedaH OJ Ha|CIOKEHU]UX Y3POYHHMKA OTKA3a MAIIMHCKUX eJIEMEeHTa U
KOHCTPYKIIM]ja, W 3aBUCH TIOTIYHO PaBHONPABHO M Of T€OMETPHj€ KOHCTPYKLHjE W Of
Marepujaia u Oj paJHe CpeauHe [6], jacHO je 1a moped M3y3eTHO OOMMHUX UCTPAKUBAHDA,
MHOTa MMUTaba Be3aHa 32 3aMOp OCTa]y HEIOBOJHHO pasjaiimena [7 - 9.

Ha ocHOBy HaBeZeHOr, Kao jeIHO O OCHOBHHX a HEIOBOJbHO pa3jallleHUX
nmutaba [10, 11] koje ce HAMETHYJIO W Kao IWJb UCTPAKUBAKA OBE AUCEpTalHje, je
KBaHTHU(MKaAIMja yTHIdQJa W3BOpa KOHIIEHTpALMjeé HAIOHA Y YCJIOBHMAa 3aMopa. 3a
pelaBame OBH MUTAHBA HEOMXOIHO je:

e M3zppumTn cBeOOyXBaTHY aHAIM3Yy Ca KPUTHYKUM OCBPTOM Ha mocrojehe mpucTymne
pelaBamy mnpobieMa M3BOpa KOHLEHTPALMj€ HAMOHA HAa MAIIWHCKUM €JIeMEHTHMA
M3JIOKEHUM 3aMOPHOM ornTepehey.

e [lpyMeHUTH MyNITHAMCUMIUIMHAPHUA TPUCTYI peIIaBakby BeOMa KOMIUIEKCHOT
(beHoMeHa Kao IUTO je 3aMOop, KOA MAIIMHCKUX €JIEeMEHTa Of KOJUX CE 3aXTeBa BHCOKA
MOY3/1aHOCT.

e Pa3BuTu HOBe MeTONE 3a TMPOLIEHY HACTAHKA U IIMPEHa MPCIHHA KOje O0yXBaTajy
NPUMEHY CaBPEMEHUX TEOPHja, HyMEPHYKUX METOMA U eKCIIEPUMEHTATHIX Pe3yIITaTa.

o JlepuHucama HauMHA MPUMEHE PAa3BUjEHMX METONA HA aHAM3y OTKa3a KOHKPETHHX

MAIIIMHCKUX €IeMEHaTa, MPUKA3aHOT KPO3 CTBAPAH MPUMED.
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Ha ocHOBy HaBemeHOr OKBHpa, Y OBOM pajy jeé JEeTabHO OIKCAaH Pa3Boj MeTona
npopadyHa KOjUMa C€ MOCTWKE TOy3haHuje AeUHUCARE KPUTEPHjyMa M MOACIMPAE
HACTaHKa 3aMOPHHMX MPCJIMHA KO MAIIMHCKUX €lIeMEHATa Ha OCHOBY eKCIIePHUMEHTATHIX
pesyJrara ¥ HyMEpHYKOr MPOpavyHa, a Ha U3BOPMMA KOHLIEHTpALIMj€ HAllOHA Y YCIOBUMA
3amopHor onrepehema. M300p ememMeHTa Ha KOM j€ IpUKa3aHa TPHMEHA pPa3BHjEHUX

METO/Ia j€ CTBapaH MpoldJieM 13 MpaKce.
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2. DEHOMEH 3AMOPA

2.1. Kparax ucropujat usyuapama peHOMeHa 3aMopa

Hamnpenax y pasymeBamy (eHOMEHa 3aMOpa j€ IUPEKTHO MOBE3aH Ca OTKAa30M
KOHCTpYyKIMja y ekcruioatanuju. [Ipernen koju clienu, HaNpaBJbeH j€ TaKO Aa W3/1Baja
Haj3HA4YaHHUj€ PaioBe KOjU arnocTpodupajy 3Ha4ajaH YTHUIQ] KOHIEHTPATOPA HAIpe3arma
Ha 3aMOpPHHU BEK MAIIWHCKUX eJleMeHaTta U marepujana. Unanum [12 - 15], cy 3HauajHO
MIOMOTJIM y U3pajy OBOT Mperyena.

3amop mpencTtaBiba (PEHOMEH KOjU Ce€ jaBjba Y MAIIMHCKAM €JIEMEHTHMa U
MaTepHjaiiMa y yCJIOBUMA MPOMEHJbUBOT onTepehama YHjH j€ HUBO 3HA4ajHO HUXKH Off
npojekToBaHe uBpcrohe y craruukuMm ycinoBuma. Ilosehanm 3axTeBH 3a CBe
CJIO)KEHHJUM MAIIMHCKUM KOHCTPYKLHjamMa Cy pe3yJToBajle CBe YellhuM I10jaBaMa
oTka3a ycien 3amopa. IIpBu uCTpakuBad KOjU j€ TNOMHEA0 3aMOp y CBOJUM
npenaBamUMa Ha BOJHOj mkoigu y Meny y ®panuyckoj, je Poncelet xoju je oBaj
¢deHomeH HazmBao ymopoM wim noxabaxomhy jom 1839 [16]. IlpBu myt je TepmMuH
3amop (fatigue) kao y3pok HacTajamy MPCIMHA KOJ MeTajia y YCIOBUMA MPOMEHIbUBOT
onrepehema MoMeHyT y jenHoM pany Braithwaite-a, [17] 1854 rogune. [Ipse pesynrare
UCTINTHBAakba MAIIMHCKUX €JleMEeHaTa W MaTepujaia Ha 3aMop je oOjaBuo Albert 1837
roguae [18]. Y Toky 1842 rogmme, y Onusunum Bepcaja ce pmorommna Benmka
JKee3HNYKa Hecpeha duju y3pok je OWo y 3aMOPHOM JIOMY MpEArme OCOBHHE
JIOKOMOTHBE, a KO]y je aHanu3y mybmukosao Smith [19]. Beh cnenehe rogune, gpusuuap
Rankine je [20] mpemnokuo cBOjJy Hzejy 3a MoOOJbIIAmEM BAarOHCKHUX OCOBHHA Ca
CTAHOBHWINTA TPOJEeKTOBamba Ha 3aMop. MopuwH y CBOjO] kim3u [21] HaBomu na ce
NPCIAMHE HAa JKEJIe3HWYKMM OCOBMHAMA ]aBJba]y YIVIABHOM HA T€OMETPH]CKUM
IUCKOHTUHYUTETHUMA - KOHLIEHTPATOPHMA HAIOHA.

PazymeBame pU3NIKIX 3aKOHUTOCTH (peHOMEHa 3aMopa HUje OMJIO MPUCYTHO Y
OBHM paHHUM paJioBUMa HaBasieHHX ucrpaxkusada. Tek 1903, ronune Ewing u Humfrey
[22] cy mokaszanu UCIIUTHBAKBUMA HA CBETJIOCHOM MHKPOCKOIY J1a C€ KpaTKe 3aMOpHE
MPCIIUHE jaBJba]y HA MUKJIUYHUM Tpakama kiusama. OTkpuhe cTpuja OTHOCHO MAajux

rpebeHa Ha MPEJOMHUM MOBPLIMHAHA TOKOM paHUX SO-THX roguHa MpouuIor Beka [23,
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24] je mokaszajo 1a je pacT 3aMOpHE MPCIHUHE AUPEKTHO Y BE3W Ca CBAKUM IUKIYCOM
onrepehema.

OBaj Pm3muku acrekt peHoMeHa 3amopa Huje Omo moznat Wohler-y, koju je
NpBU TMOY€0 1a mparu onTepehema y eKCIUIOATalWjd BarOHCKHMX OCOBHMHA Y3 MOMON
MepHUX Tpaka Ha 0asu nmMHKa Koje je cam pa3Buo 1858 [25, 26]. Ha ocHOBY cBOjuX
UCTpaXXKHUBamka, Ha TJIATKUM enpyBeTamMa W Ha emnpyBeTama ca 3ape3oMm, Wohler je
3aKJbYYHO /14 j€ aMIUTUTY/Ia HAllOHA jeaH Off HajBaYXHWjUX YTHUIQjHUX YMHHWIANA KOjU
onpehyje 3aMopHU Bek MaITMHCKOT enemenTa [27]. Wohler-o6 qujarpam wnu SN kpuBy,
Ha OCHOBY KOHIIETITa TpaHUIlE 3aMopa KOju je mpemiioxkuo Wohler, mpsu je Haiptao
Basquin [28] Tokom 1910 rogune. Y oOnacTu KOHA4HOT 3aMOPHOTr Beka, Basquin je

MOBE3a0 aMIUTUTYIHH HAIMOH 0, U Op0oj IuKjIyca 3amopa N y penaujy:

(0,)" - N = const 2.1)

VY nmjarpamy koju je Basquin koHcTpyucao log o, - log N 3aBHCHOCT je mpaBa
JUHHUja a Y 3aBUCHOCTH OJ] MaTepHjajia i OCETJbUBOCTU Ha 3ape3, eKCIIOHEHT K ce Kpehe,
kox 4yenuka, on K = 10 3a riarke enpysere 1o K = 3 3a enpyBeTe ca OLITPUM 3ape3eM
WK TIPCIHHOM.

MtHore pesyntare Wohler-a je morspauo Bauschinger 1881 [29, 30]. Ha ocHoBy
Bauschinger-osux pagosa, Manson [31] u Coffin [32] cy He3aBUCHO jenaH o Opyror,
NOCTABUJIM CBOJY XMWIOTE3y O 3aBHCHOCTH u3Mel)y MakpOCKOICKe aMILIUTYIe
nedopmaumja & U Gpoja LUKIyca y 0GNACTH HUCKOLMKIMYHOr 3amopa N, namac

no3Haty kao Coffin-Manson-oBa penanuja:

ea N’ = const (2.2)

2.1.2. [loyemaxk uzyuasarsa ymuyaja u3sopa KOHyenmpayije HanoHa

Kako je HaBeieHO y IPETXOAHOM JIelTy, HCTPaKHBAYH CY IOCTA PAHO YOUMIIH J1a
IIPOMEHE y T'€OMETPHjU eJIeMEeHaTa MalliHA JOBOJE A0 JIOKAHO MOBUINEHUX HAIIOHA.
[IpBo anamuTnuku neduHUCaH M3pa3 (paxTopa KOHIEHTpauuje HamoHa je mao Kirsch

1898 [33]:
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K= 0,0/ 0, (2.3)

VY OBOM HU3Pa3y Oyqr j€ MAKCUMAJIAH €J1aCTHYaH JIOKAJIHU HATIOH a 0, MPENCTaB/ba
HA3WBHU HAIIOH. KirSCh-OBI/I pe3yiaTaT HUCIHUTHUBAbAa Ha IMJIOYHU Ca LHUIUHAPUYHUM
OTBOPOM Cy TIOKa3aiu na je 3a oBaj ciay4a] K; = 3. OBa ucTpakuBama je KacHH]e

npomupuo Inglis-ou [34] 3a ciyuaj enmuntagHOr oTBOpa TokOM 1913 roaune, u TO Kao:
K,=1+2(D/p)”* (2.4)

rre je 2D npeunuk Behe oce a p MOJYNPEYHUK KOpeHa 3ape3a, ciauka 2.1.

titffaddt o

X

§338888 088

Cnuka 2.1: EnuntiyHu OTBOP HA IJIOYHU Y YCIOBUMA 3aTe3ama [2.22]

Kwupmose pesynrare je name paspaauo Preul3 [35] tokom 1913. romqune. Toxom
1937. rogune, Neuber je o0jaBuo cBojy kmury [36, 37] "Kerbspannungslehre" xoja je
npeBeneHa Ha eHryiecku je3uk [38] monx HacmoBom - Theory of Notch Stresses". V oBoj
KIBH3H Cy MPENCTAaB/beHA aHAIMTHUYKA PEIleha KOHIICHTPAIU]e HAMOHA 32 BEeJTUKU Opoj
Pa3IUYUTHX Clly4YajeBa THIOBA KOHLIEHTPATOpA HAMOHA Y CIy4ajeBUMa PasUuUTHX
BpcTa ontepehema. Y pamoBuma koje je kacauje odjasuo [39, 40] Neuber je mpeniioxxuo
penauujy u3mel)y KoHLeHTpaTropa HamoHa K u HeelacTHYHUX KOMIIOHEHTH 3a HATOH U

nepopmannjy K,u K, :

(K)’ =K, K, (2.5)
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Hoswuje [41, 42] nyOnukanuje notphyjy 3aBucHoct (2.5). Aujarpamu, Tadmuue
U Ta4yHU M3pa3u BpenHocTH K 3a cTaHmapnHe KOHLEHTPAaTOpe HaBeleHe Of CTpaHe

Kirsch-a, Inglis-a u Neuber-a ce KOHTUHYHpPaHO HAHOMy Y]y [43].

2.1.3. 3amop u ghakmopu konyenmpamopa HanoHa

UcnutuBama 00aBbeHA TPUIECETUX T'OAMHA [IBAIECETOr BEKa Cy IMOKas3ana Jia
yTHLA] KOHLEHTPATOpa HANOHA NPU 3aMOPHUM HCIWUTHBAKBLUMA CaMO MPHONMKHO
onromapajy (dakropy KoHUeHTpanuje HamoHa. Thum je mnpsm yseo ¢akrop
KOHLIEHTpauuje HamoHa Ha 3amop, Ky , 1932 romune [44], noBesaBmu TpajHY
OUHAMUYKY YBpPCTONy TJyaTke empyseTre, Acy Ca TPajHOM AMHAMHUYOM uBpcTOhOM

eMpyBeTE Ca KOHIIEHTPATOPOM HaroHa, Aoy,

Kf: AO'()/AO'(),, (26)

Vtunaj ¢akropa Ky y 3aBHCHOCTH Off HCIUTHBAHOT MaTepyjana, ycjioBa
onrepehema U reoMeTpHje KOHLIEHTPATOPa HAIIOHA j€ HaBeIeH Y MHOTUM PafoBUMa TOT
BpeMeHa [45, 46]. OcTtanu yTUIajHU YMHHMOLU HAa BpeOHOCT Kr Kao INTO Cy CpenmH
HATIOHA M MOBPIIMHCKA XPaNaBoCT Cy Takohe nzydasanu [47 - 51].

O6uMHO u3y4aBame HaBENEHUX YTHUIQJHUX YHHMWIana je obasuo Ilerepcen [52,
53]. Jeman on 3Ha4ajHUjUX W7E|ja, TaAa YTBPhHEHUX, HABOAU YMILEHUIYy Ja j& CaMo 3a
MHHULHAPAkhE 3aMOPHE MPCIMHE BAKAH MAKCUMAJIHU HAIMOH y OJM3MHM KOHIIEHTPATOpA,
OJTHOCHO HAIIOH OIa/ia ca y1ajbemheM O] KOHIIEHTPATOpa HAIoHa, ciuka 2.2.

IIpema pany Knecnuna u Jlykama [54] mpcnmHa pacTe M3 KOHLIEHTPATOpa
HATIOHA YIPAaBHO Ha CMep HajBeher cpenmer HaroHA W y TpaBly HajBeher rpaaujeHTa
HamoHa. Y UWiby y3Mama y o03up rpaaujeHta Hamona, HojOep je mpermocTaBuo
MOCTOjarbe Majie 3alpeMUHE MaTepujalia y Ta4dld MaKCHUMAJIHOT HArloHa y OJM3UHU
KOHIIEHTpaTopa HamoHa. Takolje je mpeTmocTaBMO Ja Ta BEIWYMHA HMa CBOjY
KapaKTePUCTHUHY NYXKHHY, p, Ka0 M Ja Ta Ay)XHHA NPEACTAB/bA KAPAKTEPHCTHKY
matepujana [36]. Hpyru mokymaju fga ce ycmocrasu Besa umehy Ky u K, [55, 56]
KopucTehu KapaKTEepUCTUKE rPayjeHTa HATIOHA WJIM OATOBapajyhe KpUTUYHE BETHYNHE

*
HamnoHa a cy npenjioxkeHu of crpase Ilerepcona [57].
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Cmuka 2.2: ChepryHn KOHIEHTPATOP HAMTOHA Y OECKOHAYHO] 3aTErHYTO] TUIOYH.

KoHuenTpanuja HarmoHa 1 rpanujeHT HanoHa [57]

@akTOp OCETIHHBOCTH 3ape3a Kao KOHLEHTpaTopa HaroHa je npemioxkuo Thum

1932. roune [44, 45] y obnuky:

q = (K- 1)/ (Ki- 1) 2.7

Thum je pasymeo na BpenHocT K, Huje KapakTepUCTHuYaH (aKTOp Marepujaia
HUTH KOHKPETHOT MAIIWHCKOT ejJeMeHTa wiu enpysere. [leprox pasBoja 3Hamwa |
pasymeBambe eHOMEHa 3aMOopa 10 APYTOT CBETCKOT paTa je onucao Schiitz y usyzerHom
nperjenHoM paay ca npeko 550 pedepennn [58].

JlomoBH ca kaTacTpodaTHUM MoceauamMma KOju Cy Ce IeCeNn NeNecTHX roINHa
MPOIIJIOT BeKa KOJ MOMOPCKHX IUJIOBWIIA, Ba3AyXOIJIOBA U y HYKJIEAPHO] MHAYCTPHjH,
CTHMYJIUCAJIU Cy Pa3BOj] MEXAHHKE JIOMA.

OTtka3 Opuranckor aBuoHa tuma Komera [59] ycnen pacta 3aMOpHUX MHPCIHHA
WHHUIMPAHUX Ha U3BOPHUMA KOHLEHTPALHj€ HAIMOHA KOJU Cy MPOCTOjalI HAa MPO30pUMa
ZIOBEO j& 0 MPUXBaTalka TEOPH|CKUX MOCTABKH (PakTOopa KOHIICHTPALH]e HAIOHA KOj€e j&
npe Tora nocrasuo Irwin [60]. Jasbe npubnmkaBame KIACUYHOT MPUCTYTIA N3y4aBaba
(beHoMeHa 3aMopa ca MEXaHHKOM JIOMa Ce AOTOINJIO HAKOH NpHxBaTama pana Paris-a n
capanauka [61, 62] mTo je yTpyio MyT O30MIPHO] MHXKEHEPCKO] NMPUMEHU KOHLEINTa

pacrta 3amopHe mipciuHe. [IpucTyn TIoKaaHOT HATlOHA HA U3BOPY KOHIIEHTPAIIH]e KOJH je
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nocraBro Neuber [63] je moBe3ao JOKaJHE TUIACTUYHE HAMoOHe u AedopMaiuje ca
€NaCTUYHUM KOHIIEHTPaIlHjaMa HaIloHa.

Cenmampecerux roguHa npouuior Beka Pearson [64] u Kitagawa [65] nokazanu
cy na xparke npciune (kpahe ox 0,5 MMm) pacTy MHOTo Opske HEro ayrade mpciivHe Kaaa
ce MOoBexKy ca orcerom (akropa KOHLeHTpaluje HarmoHa. O TUX CeaMIeCeTUX roauHa
na 70 AeBeAeCeTHX TOJMHA MPOLLIOr BeKa, 3aBPLICH je MpoLec u3yvyaBamwa (peHoMeHa
3aMopa KOjU j& HEOIBOJUB OIl MEeXaHUKe Jioma. MICTOpHujcKU Tperyie]] Crajarba TOKOBA

KJIACHYHOT M3y4aBama (peHOMeHa 3aMOpa U MEXaHHKE JIOMA JIaT j€ y TPErJICAHOM pany

Newman [66].

2.2. UHuumMpame 3aMOPHHUX NPCJAHHA

Benepos nujarpam (mnmm S - N kpuBa) ce noduja ucnurusamwem 15-20 enpysera
TaKO ILITO C€ MOCTENEHO CMambyje aMIINTyAa 33 CBaKy HCIUTUBAHY EMpPYBETY U OeNeKu
ce Bpeme a0 Jyoma, ciuka 2.3a). Kama ce mocrturHe amrummryna (WTo ce mOTBphyje
UCTIUTHBAbEM BHIIIE €IIPYBETA) MPU KOjOj HE I0JIa3U 0 JIOMA, CPeIbH HaloH yBehaH 3a

Ty aMIUIUTYy ce neduHHUIIe Kao TpajHa nuHaMudka uspcroha [67], ciuka 2.30).

2od
= 250
2 g
:
E 200 z
x g
© g
=150 by | g \
E' i 4=~ ——— b _ 5 """"""""""""""""""" ¥
B Hykneauuja owrehetba i
E 100l TPpaKe Knusaka : I I N I AN e wswsmss s S S e =00
100 104 10 10° 107 10°
Bpoj uuknyca, N Bpoj uMknyca go noma
a) 6)

Cnuka 2.3. a) Be3za usmel)y Beneposor aujarpama v BpeAHOCTH HAIOHA TP KOJ O]
HACTajy TPajHE Tpake Kin3ama, 0) CMameme BpeIHOCTH aMILIUTY 1€ HallOHAa 0

BPEIHOCTH TpajHEe AMHAMHUYKE YBpCTOhE
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JloMy Ha MCIHTHUM emnpyBeTaMa yclie[l MPOMEHJbUBOT omnTepehema, Koju ce
JeliaBa Ha TOpeM Jeny Beneposor nujarpama, mperxone crienehe ¢ase, cnuka 2.4a):
e (CrTBapame WK HHUIHPAKE 3aMOPHE NPCIIHHE,
e Pacr 3amopHe npciuHe
e @Da3a 3aBPLIHOT JIOMA
U3 cnuke 2.40) jacHo je na je 3amop (eHOMEH KOjU MMa y mojenuHuM (azama
3HAYajHO pacuname. HHunupame (CTBapame) 3aMOPHHUX TPCIAMHA CE€ jaBjba Ha
XETEPOreHUM MECTHMAa y MaTepHujaly Koja Cy MOrojaHa 3a o0pa3oBame Kiula (rperke,
M3BOPH KOHLIEHTPALIMj€ HAMOHA), HE3aBUCHO O] TOra J1a JIK Cy OHA MPUMAPHO MOCTOjaia
y MaTepujajy yclien HaYyuHa MPOU3BOIE (KO METAIHUX Marepujajia TO Cy Hajuerihe
yKJbY4YLIM, TacHe TMope, CeKyHaapHe (ase) WM Cy HacTaja TOKOM JeJioBama
NepUOANYHO MPOMEHJbHBOr onTepehema. YKiamame WIH CMambemne 0poja MpUMapHO
HEMOBOJPHUX MeCTa M3 MHKPOCTPYKTYpe MO)Ke 3HAa4ajHO 1a yTude Ha mnoseharbe

3aMOpPHOI" BEKaA.

b O6nacT mexaHuKke noMa 2
g 2
g e ; 2
S | Mwmumpss: _ Pact N\ »KoHauaH nom o
§ [~ npcnuH ‘\q?cnvme : g
© . ©
! <
E 2
g s
£ =
3 s
< : -
Bpoj umknyca go noma - log N Bpoj uMknyca Ao noma - log N
a) 0)

Cnuka 2.4. Tpu dase va Beneposom nujarpamy: a) o3HadaBame ¢asza;, 0) cTaTUCTHYKA
pacrozena BpeIHOCTH JOOU]j€HUX HCITUTUBAKEM 110 (ha3ama — BEJIUKO PACHUITAEE OKO

BPEIHOCTH TPajHE AMHAMHYKE YBpCTOhE
[Moverak MHHULIM]jATHUX MPCIUHA Y TPAHUIIAMA |€THOT 3pHA Y OCHOBH j€ Pe3yaTaT

KpeTara JUCIOKAlMja U Mpa3HUHA Ka FpaHWIaMa 3pHA. bp3uHa mupema MpcivuHe je

MPOMOPLMOHANIHA BEJIMYMHH HAMOHA U TeMmIepatype. AKyMyJaludja npa3HuHA AOBOAM

11
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10 cialibera KpHUCTaJHe CTPYKType, oOpa3oBama MHUKPOIOpa M, HAj3al, OO0 I0jaBe
MOYETHUX MPCIIHHA.

3a Bpeme HHTepBaja y KOjHMa C€ MOMEPajy Yy CYNPOTHOM CMepy, a Kao
pe3ysTaT Tora, HaKylmHHE C€ MOCTENeHO pearncopOyjy U paBHOMEpPHO pacrnopehyjy y
MHKpO3anpeMruHamMa 3pHa. Y ciiy4ajy npOay»KeHOT [ejCTBa HAIoHa, JOJIa3| [0 IpoLeca
akymyjauuje Mukpoointehema. HMcrToBpemeHo, ngosiasu W A0 KIH3ama YK
KpucTanorpacKix paBHHU YHyTap 3pHA, KAKO jé CXeMAaTCKH MPUKa3aHO Ha ciauiu 2.5.
Caku 1eo IUKIyca, MPHUKA3aHOr HA CIULU 2.5. y4ecTByje y CTBapamy IOYETHUX
omrehema Ha CIOOOAHO] MOBPIIMHH MaTepHjalia, yClaen HUKIMYHOT OjayaBarba WM
oMekinaBama. OIHOCHO, MOYETaK CTBapama MPCIMHA y TPAHULAMA JEJHOT 3pHa je y
OCHOBHU pe3yJjiTaT KpeTarma MUCIOKalMja U Mpa3HUHA YCMEPEHOr Ka rpaHuliaMa 3pHa.
Cnobonna MOBpIIMHA MaTepujaia je Mo MpaBHJIy 30HA HAcCTajama omTehema ycien
3aMopa, jep HaBeIeHe MOjaBe HUCY OMETeHe CYCEOHHM 3pHUMa (KOJ MOJUKPHUCTAIa —
MeTaja) WM KOI JIPYrux mpenpeka (rpaHuma usmelhy ojadaBada W MaTpHUIE — KOX
koMmmo3uta). Ocum Tora, Ha cJIOOOTHO] MOBPIIMHU U MHOTH APYry (aKTOPH TOMPHHOCE
JaKIIeM CTBapamy MPCIHHA HEero y 3almpeMUHH Marepujana. Tako ToMe JAOMPHUHOCH U
cama reoMeTpHja, OJHOCHO MOCTOjarbe Pa3IMYMTHX H3BOPA KOHLEHTpALMje HAaIloHa,

KBAJIUTET 3aBPIIHE 00paie MOBPIINHE, KOpo3uja u ci1 [68-64].

TN
\
G
™
cnobogHa |
noEpLWKHA .
MmaTepujana (
1
\ .\1 ..I'\ I“‘\
\ \ \
\_\I \\
| | )
P A A
L B = / S /’/

Cnuka 2.5. ®aze wHUIMpPakba MUKPOTIPCIUHE U IbUXOBA Be3a Ca

LUKJIycuMa ornrepehema [75, 76]
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Kanma je Mukpo mpcimnHa JOBOJBHO MaJia a Ce Haja3u y MOAPYY]y JeIHOT 3pHa
OJHOCHO YHYTap XOMOTEHOI' €JaCTHYHOI MaTrepujajia, MPUMapHU MEXaHH3aM HEHOT
pacta je kiu3ame 1o kpucranorpadckuM paBHuUMA. [[upekTaH MOKa3 3a OBY TBPIOBY
NpPeACTaB/ba YMIEHUIA Ja Cy HHHULWjaNHA yAayOsbema (MHTPY3Hj€) U HCIyMUeHa
(excTpy3uje) koje ce jaBJba)y Ha TOBPIIMHW MaTepujajia mpeMa ciaumu 2.5,
opujenTucane mox yrnom ox 45° y 0IHOCY Ha IpaBall 1eNoBamba CIABHHX HAMOHA, LITO
OAroBapa yrjiy KPUTHYHOI PAa3JIOKEHOT CMHL@jHOTr Hampesawa (138 IlImMumosom
Hanpe3awy). Ha oOBOj cCkajgu BeNWYMHE, HAa MHUKPOCKOIICKOM HHBOY, CMHIQjHO
Hampe3ame HUje PABHOMEPHO pacropeheHo U 3aBUCH O] HU3a METAIypLIKUX (akTopa,
Ka0 IITO Cy BeJIWYMHA W OOMMK 3pHA, Kpuctanorpadcka OpHjeHTaluje 3pHa |
AaHU30TPOIHja MaTepHujaa.

Kako mpcnuHa pacte u yna3u cBe aAyO/be y Marepujaji, HbeH PacT CBe BHUILE
OrpaHN4aBajy OKOJHH MaTepHjajl TOr 3pHa U CyCeOHMX 3pHa. 30or Tora ce mosehasa
BepoBaTHOhA akTHUBHpama BHIIE KJIW3HUX paBHU. 300r Te MOjaBe, HAKOH IOYETHOT
pacTa MUKpPO MpCJIMHE, PacT MPCIHHE Ce BHUILE HE OBHja Y CMePy IMOYETHOr KJIH3amba
(xoje omrosapa yriy ox 45°) Beli OMHHAHTAH TOCTaje CMep MPONATALje MPCIHHE
ylpaBaH Ha TpaBall ejoBarka [NIABHUX HAMOHA, CAMKa 2.6., a MPCIMHA MOYHIbEe /2
NOKa3yje TeHACHLN]y LINpermba Kpo3 3pHa Marepujania. [15, 68, 69].

IIpu pacTy MHUKPOCKOICKHX TMPCIHHA, PACT MPCIMHE HUj€ KOHCTAHTAH HEro
Hajmipe yOp3aBa, a 3aToM, Kaja Hauhe Ha IPaHULly 3pHA, YCIIOpaBa pacT Ma j€ BHIJbUBO
7la TpaHUIIEe 3pHA MPeNCcTaBba]y Oapujepy 3a maby mpomnarauujy MUkpo mpciune [70].
Kana mpcianHa 1OBOJBHO HapacTe, OJHOCHO Kaga Ce HheHa Jy)KuHa rmoseha Kpo3 BHUILE
3pHa, ocuwianuje y OpsmHM pacrta he mpecratm u movehe crajmHM pacT 3aMOpHE
npcaune. Ilpecranak ocuwinanmja he ce gecuTH Kajga OTIOPHOCT MaTepujaja Ha
KJIU3akbe YCIIen NMPOMEeHbHBOr onTepehema M epeKkTH NOBPIIMHE NpecTaHy OuTH
orpann4asajyhu (akTtop 3a mupewme MpciuHe, Te ce yrpydo cMaTpa Ja Taj TPEHyTaK
npeacTaBiba Kpaj haze MHULMpPama MUKPO MPCIUHE U odyeTak pacra [71 - 73]

OBakBa nepuHMLMja BpeMEHAa WHHUIMpama NPCIMHE 3anpaBO yKaszyje Ha
YHILEHHLY 7la OBO BpeMe 3aBHUCH O] MHOTO YMHWJIALA. JenaH o7 3Ha4YajHUX YMHHUIIALA je
U MUKPOCTPYKTYypa Marepujaia, jep y MHUKPOCTPYKTYPH TOCTOjU BULIe Oapujepa Koje
UHHULMjAJTHE MPCIMHE MOpPajy [a CaBlanajy [0 BpeMeHa NMOYeTKa HBHXOBOT CTaOMITHOT

pacta, cmuka 2.7. YKIbY4IM TPENCTaB/bajy MPUMEP OIJIUKE MHKPOCTPYKTYpe Koja

13
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3Ha4YajHO YTUYy Ha HACTAHAK MHMIIM]AJHUX MPCIMHA jep MPENCTaBIba]y JIOKAIHE U3BOpE
KOHIIEHTpaluje HaroHa [ 74].

be3 063up Ha BpcTy Marepujana u oOaMK KOHCTpyKuuje, Oyayhu na je Op3uHa
pacTta MHUKpO TPCIMHA y MOAPYYJY MHHULHMjalHje YBEK BPJIO Majia, BPeMe MHULUPAHA

NPCIMHE YMHHU 3Ha4ajaH €0 YKYIHOT JKMBOTHOT BeKa KOHCTPYKIIH] €.

UMENHYHO

ﬂn‘l‘apahe&a
rpaMuye 3pHa © ‘
I
£
Q
Q.
| =
@ ycnopasare
MECTO HHHUMPAILA WHTEpaKuWja eMwe % / paCTa anﬂMHe
npcnHe Ha / MEXAHHWIAMA KNW3atba o / np” Ha"naCKy
cno6oaHoj NoBpLUHHE g / Ha rpaHuvue
MeTana =
> /  3pHa
& y
0o
[me—
OyXuHa npcrnvHe
UHMKAWYHO
onTepehere
Cnuxka 2.6. I[Ipena3 o MHUIIH] ATHUX Cnuka 2.7. CaBianaBame Oapujepa
MUKPOTIPCIIMHA 10 CTAOMITHE MaKpOIPCIUHE — rpaHULIE 3pHA IPU PACTy KPaTKUX
[75] npcnuHa [76 |

U3 cBera Hampen HaBENEHOT, MOXE CE 3aK/bYUUTH J1a HA MHULUPAKE U PacT
NPCIIMHE 3Ha4YajaH yTHL] MMajy, u3Mel)y OCTajor, M YHHHUOLM TOBE3aHH Ca KBAIUTETOM
NOBpPILIMHE MaTepujaja W yTUIA] pagHe cpenuHe. Kako moBpimHAa Martepwjana uma
3HaYajaH YTHIA] HA HACTAHAK U PACT MPCJIFHE OWTHO j& pa3yMeBambe CBAKOT YMHUOLIA KOjU
MMa YTHUL[3ja HA MOBPLIMHY. UNHHOLM KOjU YyTHYY HA KBAJIUTET MOBPLIMHE CY Y AUPEKTHO]
BE3H Ca HAYMHOM IPOU3BOImE. [ pyda mMammHcka oOpasia mpencraBba npuMep MOBPIINHE
ca BeNMKUM OpojeM MOBPIIMHCKUX M3BOPa KOHLIEHTPALMj€ HAIOHA, INTO TOTOAYje JIAKOM
WHULIMPaY MPCIIHHA. Y CllydajeBUMa Kafa ce rpyda moBpuInHa He Moyke m30ehu, Tama ce
U3BOAM JIOJaTHA XEMHjCKa, MEXaHW4YKa Wwim TOomioTHa oOpama. TakBa pmomatHa
MOBPIIMHCKA 00Opajia HemMa caMo yTHI) Ha roehame OTIOPHOCTH Ha 3aMop Beh yecTo nma
yTula] W Ha mnoBehame OTIOPHOCTH HA KOPO3H]y, MOOOJbIIAkE TPUOOJOMIKUX

KapaKTepUCTHUKA UTH.

14
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VTuiaj paaHe cpeuHe Ha HACTAHAK M PACT 3aMOPHHUX MPCIIUHA j& BEOMa CJIOJKEeH
13a30B O03UPOM [a YKJbydyje TMOpel MEXaHWYKUX W Pa3JIMYUTe EIEeKTPOXEMH|jCKEe |
(u3MUKe Tpolece Ka0 U MHTEPAKIM]y CBUX HaBeAeHUX yrtuiaja. Hajuemrhe ucrpaxuBanu
YTHUILQj j€ YTHLA] HCTOBPEMEHOr JEJI0OBamka 3aMopa Marepujaia ca Koposujom, 6e3 od3upa
Ia JIU Ce paau O XeMH|CKO arpecUBHO| WM HearpecuBHO| cpenuuu. OBa KoMOWHAaIwja
ZIOBOIM IO CTBaparba HEMPAaBWIHOCTA HA KOHTYPU MarepHjajia KOHCTPYKLHje M TaKo
JOMPUHOCH JIaKineM U OpikeM HACTaHKy M PacTy MmpciuHe. Y MPUCYCTBY arpecHBHE paHe
CpeMHe, Kao IUTO je Ba3AyX MOBHILEHE BIAKHOCTH, HACTAjambe U PacT 3aMOPHHX MPCIIHHA
ce jomn Buie yOp3asa, cimka 2.8, Yormre pa3MaTpaHo, MOXKe ¢e CMaTpaTH Ja j& Tepuos
HACTAHKa MPCJMHE 3aBpLIEH Kaja je€ pacT MHKPOMPCIUHE He 3aBHCH Of YCJIOBa Ha
NOBPILIMHHA MatepHjana [76].

3ajeqHO ca yTHIAjeM KOpO3Wje 3HadajaH je W yThla] (QpexBeHmurje u oOivKa

¢byHnkyje npomene onrepehema, ciuka 2.9.
2.3. OcTaju napamMeTpu KOjH yTHYy HA TPAjHY AHHAMHYKY YBpPCTOhY

YTuuaj ocrajgux, OCHOBHHX MapaMmerapa Ha TpajHy AWHAMHYKY 4YBpCTOhy je
npukaszad Ha ciuom 2.10. Ha cmumum 2.11. je mpukasaH yTuia kBajautera obOpanie
MOBPIIMHE HA 3aT€3Hy YBPCTONY M ca CIIMKE Ce BUIU Aa j€ OBa] YTHLaj Behn KOJ uennka
Buine yBpcrohe. OBo ce ofjammaBa TUME INTO ce ca moBehameMm 4YBpCcTOhe CMamyje
OyKTWIHOCT Marepujana [76, 77].

Ao, (N/mm2) Ac (Nfmm?), R = -1
. 400

w
a0 LIS \\ 6e3 jamuua s

=

PE3YNTATH
3A ONWTH
KOHCTPYKLUWJCKK

YENHK

42 Hz, BAZAYX
: R 42 Hz
~ 12 Hz |BOAA

T1]1] A —

200 s
KOpPO3uOHa ;
jamuua cpegmser

npe4yHuka 0,33MM +—— A 1% NaCl
100 —— i — - - . , o
10 100 1000 1 | |l[|la 1 1 Jl-ll!7 1
N, (x103%) 10° 10 1w N
Cnuka 2.8. YTuiaj kopo3uje Ha TpajHy Cnuka 2.9. Y1unaj ¢ppekBeHuyje Ha
IUHAMUYKY YBpCTONY [78] TpajHy IUHAMHYKY uBpcTohy [78]
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a)

yBpcToha

thpekBeHUMja

6)

f

cpeatsyU HanoH

log AMITTIATYQA HAINTOHA

\caumapeme
\

yTuuaj 3apesa

Kopo3uja

log BPOJ LIMKITYCA

Crmuka 2.10 YTHIaj) OCHOBHHX YMHHIJIALA HA TPajHY IUHAMHYKY uBpcTohy a) moBeharme

TpajHe nuHaAMU4Ke uBpcTohe ca moBehamem 3aresHe uBpcrohe 0) mosehame TpajHe

nuHaMudke uyBpcrohe ca mosehameM (ppeKBEHLIE B) CMAbEHE TPAjHE THHAMHYKE

yBpcTohe ca moBehameM cpeber HaroHa T) mosehamwe TpajHe AuHaMu4dKe YBpcTohe

HAKOH CauMapema /1) CMambehe TPajHe TUHAMHUYKE YBPCTONE yCIea MpUCycTBa 3apesa

) npomena TpajHe muHaMHUYKe yBpcTOohe yeyen koposuje u nopehama GpexBeHIe
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Cmuka 2.11. YTHuaj KkBanuTeTa MOBPIIMHE HA 3aTe3HY YBpCcTONy uBpcTOhy [78]

3arezHa uBpctoha . MPa

2.4. CaBpeMeHH NPUCTYN H3y4YaBamwy (peHOMEHA 3amMopa

I'pana Hayke koOja mpoydaBa IMOHAINAKE MaTepujaia W KOHCTPYKOHja Y

NPUCYCTBY IpPCIWHA C€ HAa3MBa MEXAaHWKA JoMa. Pa3BHjame MEXaHHWKE JIOMa M HEHO
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3ama’keHu| e ITUPEHe MOYNIbe HAKOH 2. CBETCKOT paTa, OMHOCHO paaoBuma Irwin-a [79],
Inglis-a [80] u Griffith-a [81].

OBHU pasoBU YHMHE OCHOBY JIMHEAPHO-EIACTHYHE MEXaHHKe JIOMa, a 1a Ou Ta
TEOpHja yCIeLHN]je€ OroBapaia creapHuM noganuma, Irwin [82] u Dugdale [83] cy pan
notpebaH 3a MIaCTUYHY AeopMalIijy MOBe3ald ¢a BEJIMYUHOM IUIACTUYHE 30He. [rwin
je TPeTHoCTaBuO KpyXHM OONHK riacTudHe 30He, a Dugdale je mpernocraBmo 30HY
IUTACTUYHOCTH Y OOJIMKY Tpake HCIIpe]] BpXa MPCIUHE.

3aMax y TEXHOJIOLUTKOM pa3Bojy 60-tux u 70-THX TOIMHA MPOLLUIOT BEKa, KOJH Ce
OCIIarba0 Ha PA3BOj EHEpPreTHWKe, JOJATHO je YTUIAo Ha moBehame cBeCTH O moTpebu
nosehaHe CHUTYpHOCTH HOBHMX KOHCTpyknuja. Taj TpeHa, OgHOCHO moTrpeba 3a HOBUM
3HaKbUMa U TOOOBINAKY MOCTOjehMX MeToha 3a MpOopadyH, ca achekTa 3aMopa
MaTepHjajia ¥ KOHCTPYKIIH]a, TPaje jOII YBeK.

JlmHeapHO-eNacTUYHA MEXaHWKa JIoOMa ce KOpUCTH 3a oxapehuBame pacra
NpCIMHE Y MaTepujally y3 OCHOBHY MPETHOCTABKY Ja j€ Hampe3ame y MaTepwjary
JMHEAPHO-EJIACTUYHO TOKOM pacTa MPCIMHE ONHOCHO [a j€ IUIATHYHOCT Ha BPXY
NPCIIMHE JIOKAIU30BaHA TOKOM LIEJIOT TpoLieca pacTa.

Tpu ocHOBHA 00JIMKa OTBapara MPCIINHE, IPUKa3aHa Ha ciuka 2.12, ¢y

o Jlom nenamwem, T3B Mon I
e Jlom cmunameM y paBHH, T3B Moq II; u

e Jlom cMunameM BaH paBHH, T3B Mop 111

Cnuka 2.12. OcHOBHHU OOJHMIM OTBapama MPCIHHE,

a) oTBapameM, 0) CMULIAEEM Y PABHU U B) CHUIIAKEM BaH paBHU [84]
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Y wmomy I, cuna orBapama MNPCIHUHE NEjIyje YNPaBHO HAa paBaH MeENama |
pa3aBaja MOBPIIMHE MpCiuHe, Aok ce kox monmosa Il u III moBpiivMHe mpciavHe Kin3e
jenHa mpeko npyre. Mpsun [79, 82] je kpo3 KOHIIENTE MEXaHWKE JIOMa yBEO IMOjaM
(akTOpa MHTEH3WTETA HAIIOHA, [0 AHAJOTHjH ca (PAKTOPOM KOHIIEHTpAIlMje HAroHA, U
o3Hauno ra ca K. Y 3aBUCHOCTH On OOJIMK OTBapama, OAHOCHO Mona, UpBUH je OBaj
dakrop o3naumo K, Ky K, a 6e3 o03upa Ha Mox, (aKTOKTOpP MHTEH3UTETa HAIOHA je,

3a mon I

K, =ovrm-a (2.8)

Ynorpeba BpenHoctn K 3axTeBa oapehBambe HEroBe BPEIHOCTH, KOja 3aBUCH
on ¢axTopa kao mTo Cy reomerpuja u ontepeheme. Jlo cana Cy W3BeAeHN HEKH H3pa3u

3a nedunHncame BpenHoctu K [85-88], a mpumep je nart y jenHauunu (2.9), 3a mon I:

K, =foNrm-a = Y(%j-ow/; (2.9)

npu 4yemy je S pyHKUMja KOja 3aBHUCH O T€OMETPHj€ KOHCTPYKLIH]j€, THUIA U BPCTH
onrepehema (OMHOC @/Ww MpencTaBba OAHOC AYKUHE 3ape3a W IIUPHUHE ernpysere).. Y
TEOpUju JIMHEApHO-ejlacTudHe MexaHuke yoma (JIEMJI) 3anemapyje ce 4YumbeHHIA
MOCTOjama TUIacTUYHe nedopmaiinje, Koja MPeTxoau pacTy MPCIuHe, OTHOCHO CMaTpa
ce 1A je BeJMYMHA [IACTHMYHE 30HE Ha BPXY NPCIMHE JOBOJBHO Maja y mopehemy ca
NPCJIMHOM U 1e0JbHHOM eJIeMEHTa Y KOMe Ce MpCirHa Hanasu. [lodyeTHa mpermnocTaBka
JIEMJI je Ouna na miactuyHa nedopmanmja He yTHYe 3HAYaJHO HA TPOIEC pacta
npcnuHe. MelyTrm, TOKOM BpeMeHa, IOKa3ajo ce [a MacTuyHa Aedopmaiija Ha BpXY
NpPCJIMHE, y BEJIMKOM Opojy ciy4aja, He Moxe Outu 3anemapeHa. OmnHocHO, 6e3 003mupa
7a JI1 Ce pa3MaTtpa KPTU WM AYKTHIHH JIOM, T10jaBa MJIACTHYHE 30HE HA BPXY je mojaBa
KOoja yTude Ha JioMm. lIpernocTaBKy mojaBe MJIACTUYHE 30HE J€ TMOCTABHO COBjETCKH
¢usnuap AA Ilasios, koju je 1920 ronune nmpouutor Beka AeUHNUCAO 1a CBAKOM JIOMY,
na ¥ KPTOM IPeTXonu mactuyaa aedopmaryja [89, 90],

Benmuuuny u o0uK miuacTUYHE 30HE MOryhe je M3padyHaTH, aju Ce y MPaKCu
KOpUCTE TOjE€AHOCTAB/bEHH MOJAEIM BeJIMYMHE 30HE IUIacTHYHe aedopmarmje.

Hajmosnatuju monenu, Ha 6a3u Teopuje Bon Muceca, cy Hpsunos u [larnejnos [82,
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83], n ako ce moryena TakaB ynpolmheH MOXEN BUIU C€ Ja je 30Ha PaBHOI CTama

HaTIOHA 3Ha4ajHO Beha o7 30He PaBHOT CTama Aedopmarnyja, ciuka 2.13.

PaBHO CTak€
.~ nedhopmaumje

\ paBHO cTake
HanoHa
Cnuka 2.13. O6nuk muacTuyHe 30He OKO BpXa MpCuHE 1Mo Teopuju Bon Muceca 3a

pPaBHO CTame HAMOHA U PaBHO cTame nedopmanmje [84, 85]

HpBrHOBa MpBa MPOIEHA 3a BENMYKMHY IJIACTHYHE 30HE, 32 MPETIIOCTABILEHU
KPY)KHH OOJIMK TMJIACTHYHE 30HE M Y3 PABHO CTAE HAMOHA J1aj€ BEeJIMYMHY MPEYHHKA
IIJIACTUYHE 30HE .

1(K,Y

I

P (2.10)
P2\ o,

3a paBHO CTame HAIMOHA, MPOLIEHA j& Ja j€ MPEYHHK TUIACTUYHE 30HEe TPU IMyTa

MamH, OTHOCHO:

2
g A 2.11)
P 6rx\ o,

Kputnunu ¢akTop MHTEH3UTETAa HAMIOHA € OHA BPEOHOCT (aKkTOpa MHTEH3UTETA
HAIlOHA TIpH KOJO] Jnojasu 10 HecrabmimHOr pacra mnpciauHe, a 0Oe3 mnosehama

onrepehema. [Ipema jeqHaunnu (2.9) Moke Ce HAIMUCATH:

K,=Y ”W .o, \Ja, (2.12)

IIpu uemy je:
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K. — xputnuHH (paKTOp MHTEH3UTETA HATIOHA,
0. — HOMUHAJTHU HAIOH NPU HeCTaOUITHOM pacTy MPCIIUHE,

d; — KpUTU4YHA AYyKWHA NMPCIUHE 3a HOMHWHAJIHU HAIIOH O .

IToTpebHO je HAarnacUTH Aa MHTEH3MTET HANOHA 3aBHCHU OJl BPCTE Marepwujaa,
pamHUX YCIIOBA cpefuHe, NeOJbHUHU IJIoUe, a Y KPaj’heM CIy4ajy W O Ny KUHE MPCIIIHE.
Kako ce kputnuHM (HaKTOp MHTEH3UTETa Mema ca NeOpUHOM IUIoYe, MOAaTaK Kaaa
BPEIHOCT MHTEH3UTETA HAIOHA, [T0CTaj€ KOHCTaHTHA, ciuka 2.14, je Beoma BakaH. To
ce noraha kanga cTame HaNOHA HA BPXY mpciuHe npehe y paBHO cTrame aedopmanuje. Y
naboparopuju, Taj Ce 3axXTeB HCHyHaMa MNpeko oxarosapajyhe neOsbuHe wuCIUTHE
enpysete. Ta BpeqHOCT MpeAcTaB/ba MUHUMAIIHY BpPEeOHOCT K. U Ha3HMBa CE JKUJIABOCT
aoma (eng. plane-strain fracture foughness), n o3na4daBa ce ca K, . )KunaBoct noma
NPEACTaB/ba CBOJCTBO MaTepHjasia Koje Ne(UHHIIE HEroBy OTIIOPHOCT Ka HECTAOMIHOM

pacTy mpciuHe.

A paBHO | npenazHo paBHo

cTame nogpydje cTakme
HarnoHa- aedopmauuje

Kkk

KpUT numm dukT @ uireruTeTa ama K,

—
—

AebrsuHa nnove

Crnuxka 2.14. 3aBucHOCT pakTOpa MHTEH3UTETA HAMIOHA O AeOsbrHE TuIoUe [86]

[TorpebHO je HamOMEeHyYTH [1a JKUJIABOCT JIOMa 3aBUCH OXf Mofa onrephema 1) , 1a
BPEIHOCTH KHJIABOCTH JIOMA MPHU PA3JIMUUTUM CITy4ajeBruMa HUCY MehycoOHO jemHake

u3mely cebe [91, 92]:

K, #K; #Kp. (2.13)

Cotrell je nepunrmcao na je HajyCreniHWja MPUMEHa MEXaHUKE JIOMa 3aIpaBo

kon 3amopa wmarepujana [93]. CemampeceTMx TronMHA TPOILJIOr BEKa, Y MHOTHM
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oOyactuma, MoceOHO y €HEepPreTHIH U Ba3AyXOIUIOBCTBY, j€ CBE BHIIE MPEOBIAABAO
IU33jH Ha 3aMOpP KOJH j€ Y CBOJUM MPETIOCTABKaMa YKJbYYHBAO TOCTOjarbe MPCIIHHE U
BeHO npaheme N0 KPUTHYHE BEJIMYMHE NPU KOJO] IMOCTOjU OMACHOCT OJf HArJIOT H
HectabuyHOT Ioma. Temesbe 3a Takas mpuctyn je mocrasuo [lapuc [94] pagom koju je
OO Be3aH 3a pa3BOj BOJHOT BA3MyXOIUIOBCTBA. Y HaBeaeHoM pany [lapuc je mao momen
npopavyHa MyKOTHHE 3aMOPOM KOjH j€ 3a MpopadyH Op3uHe pacta MPCIUHE KOPUCTHO
napaMmerap MexXaHUKe JIoMa, orcer mHTeHsuTeTa HarnoHa 4K, jen. (2.14). Besa usmehy

oricera HarioHa TPU 3aMOPY U OTICera MHTEH3UTETa HATMIOHA j€ AaTa Ha ciuiu 2.15.

da__ A (2.14)
dN

I'ne cy C u m eMmupujCKe KOHCTAHTE NOOH]€HE eKCIIEPUMEHTATHUM UCTTUTUBAEM.

G K

BPEME

(b)

BPEME

Cnuxka 2.15. Beza usmely oncera HamoHa mpy 3aMOpPY U OINCEra MHTEH3UTETa HAMOHA a)

nedununmja cumodbona, 6) mopact BpeaHoctu K ca myxuHoM npciune [87]
Panu onpehuBama Op3unHe pacta npcimuHe da/dN motpeOHO je moBe3aTH Ty

BEJIMYMHY C OTceroM mHTeH3uTera Hanmona AK. Omncer ¢akTopa MHTEH3UTETA C& MOXKE

u3pavyHaTH, peMa ciuiy 2.15a), kao:
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AK=K, -K,. (2.15)

max min

AK = O inax Y(%j\/; ~ O 1in Y[%j\/; = (O-max O i )Y[i)\/; (2 16)

w

bp3una pacra npcianHe mpencTaBiba Harud KpUBE pacta mpciuHe 3a onpehenn
Opoj umkiyca, ciuka 2.16, OMHOCHO, HeHa Ce BPEIHOCT MOYKe OJPEIUTH KOpPHUIIhemeM
eKCIIePUMEHTAJTHUX T[Oo/laTaka O MPHUPACTy TpciivHe 3a oapeheHm Opoj HUKITyCa.
Jennauuna 2.14, ogrocHo Ilapucos 3akoH, npencTaBiba JuHeapaH neo pyHkuuje da/dN
= f(4K) na gujarpamy npukazanoM Ha ciuim 2.17. [Tapucosa penanuja je mocieambux

neieceT TOAHA MOTBPANIIA BPEAHOCT 3a BEIUKHU OpO] Pa3IMdUTHX MAaTEpH]asa.

—
|

Y

h N K,

=2

log (da/dN)

Ayxuna npcnuse, a

tga =dadN AK,, OB/IACT
j ! BAXEHA !
Aa ! TAPUCOBE!
\WJEQHAYUHE,
a AN - i :
y » I IR
Bpoj yuknyca, N log AK, Linknuuxu cpakrop

MHTEH3UTETa HanoHa'

Cnuka 2.17. CxeMaTcKy npuUKka3 TUITMYHOT
Cnmka 2.16. IlopacT ay»KMHE NPCIUHE ‘ ‘ ‘
aujarpaMa Koju ce 100uja HCITUTHBAKEM

y 3aBUCHOCTH 011 Opoja ukiyca [88]
Op3une pacrta mpciuHe [88]

Kao mro ce ca ciuke 2.17 Bunu, moapydje | je monpydje y KOMe NpCIrHA BPJIO
CIIOPO pacTe, a Ha HEroBOj OHO] TPAHUIIM CE€ Ta] PacT MOTIYHO 3ayCTaBiba. BpemHocT
y KOME Ce KPHBa aCHMMIITOTCKU MPHOIMKaBa BPEIHOCTH HCIOA KOj€ HE MOCTOjH PacT
OyTUX MPCIIMHA Ce Ha3MBa Mpar pacra 3amopHux npciuHa 4Ky, Honpyyje 2 je monpyyje
cTabuiTHOT pacTa, OAHOCHO oOnacT Baxkemwa [lapucose jemnaunne (2.8), a mompyyje 3 je
noapyyje HecTaOWJIHOT pacra MpCIHHE TI7e Ce KPHBa aCUMITOTCKU MpHOIMKaBa

KPUTUYHO] BPEIHOCTH MHTEH3UTETA Harlpe3ama K.
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ITopen HaBeneHUX YMEHEHHLIA, HEOXOJHO j€ UMATH Ha YMYy U Ha KOJU HAYUH Ce
BEIMYMHA IUIACTHYHE 30HE HCIpeN BpXa MNPCIUHE, NPU NPOMarauyjyu, Mema ca
BpenHoInhy y HUKIIYCy, IITO j€ nmpuka3aHo Ha cauiu 2.18. Ha ciumm ce Buam na je npu
IOCTH3amy HajBeher HamoHa y IHKIJIYCy, BEJIWYMHA IUIACTUYHE 30HE HajBeha a mpwu
HaJMamb0] BPEAHOCTH HAIIOHA Y LIUKJYCY, BEIMYMHA TUTACTHYHE 30HE € HajMamba.

BennunHa Tako Hactaje IUTACTHYHE 30HE yCJe[ LHUKINYHOr ontepehema, Moxe

CC MPUKA34aTH Kao:

2

' K
2r, = BN PaBHO CTame HAMOHA (2.17)
iz \ o,
OnnocHO
2
: 1 (K, :
2r — paBHO cTame nedopmariyje (2.18)

o

i

NPCAUHA 11T
S 7| CTATUYKA

o MNACTUYHA
~r 30HA
Omax

T | S — J“n’."a

or

Tenin '
s mﬁ;
NPCIMHA ——— '
—_— | LUMKITUYHA
MAACTUYHA
30HA

Crnuka 2.18. BennunHa ruracTHuHe 30HE Y 3aBUCHOCTH OJ1 TOJIOXKaja y LUUKIyCy [95]
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OnnocHo, noOujeHa 30Ha TUIACTHYHOCTH YCIIe IUKJINYHOT onrepehema je Mamba
OJl OHE KOja ce jaBJba mpu ctaTudkoM onrepehemy. OBo jacHO Mokasyje aa ce JluaeapHo
enactuyHa Mexanuka joma (JIEMJI) moske mpumeHUTH Ha npobieme 3amopa [87, 88].
Forman [96], u MHOTH ApyrH HCTPAKUBAYN CY MPEIIIOKUIIN CBOj€ MOJIENe KOjU Cy Omn
3acHOBaHU Ha [lapucoBOM Mozeny ajiu Cy YKJbyYHBAJIU Pa3HuUTe YTHLA]HE YUHHUOLE.
Tako je Forman-oB Momen yk/byunBao edekTe Cpedmer HaloHA Ma je MOIAEIUPao
yop3anu pact npciune. Elber [97] je npemnoxuo mojam edexkTuBHOT omncera (akropa
unTeHsurera HanoHa 4K (eng. effective stress intensity factor range) n npBu 00jaCHHUO
eekar 3arBaparma npcinne, cin.2.19.

VYTHuaj Moayja e1acTHYHOCTH, Y CMHCIY BPCTe MaTepHjajia, Ha BPEOHOCTH Ha
aujarpamy Koju ce noduja UCTTUTHUBakbEeM OpHHE pacTa 3aMOpHE MPCIIHHE, j& MPUKa3aH

Ha ciuy, 2.20.

K
Il "l 1}
- T
Kmax r I[[ / S /
AKesr : Z / /£
om0 [ Y AK § . "
VRVAVINIE B
K _. ! ) -,
L K_. 3ATBOPEHA _ ,
ey MPCMUHA (1),
BPEME
AK,
Cnuka 2.19. EdexruBnau daxtop Cnuxka 2.20. IToBehame npara pacra
KOHIIeHTpauuje HapoHa AKz pu 3aMOpHE NPCIIMHE ca
ukImgHOM onrepehemy [97] nosehameM MOAyJIa €1acTUIHOCTH [98]

YTuuaj pamHe cpenwiHe, y CMUCITY KOpo3uje, je mpukasaH Ha ciumu 2.21. Kao
IITO C€ BHAHW, YTHULA] KOPO3HMj€ ]€ BEIHKH, IOCEOHO Yy TMPHCYCTBY TPCIIHHA.
UctpaskuBama koja OU yKJbydusia KOpO3Wjy y mpoOJjieM HaCTaHKa M PacTa 3aMOPHHUX
NpCJIMHA j€ BeOMa aKkTyejaH. Pas3yior 0BOj aKTYeJIHOCTH je y YHHEHUIM IITO je Beoma
TEIIKO pEeMpOAyKOBaTH, Yy Ja0OpaTOPHjCKUM YCJIOBMMA, CTBapHE YCJIOBE U3
eKCIUIoaTalrje, OMHOCHO Vv nodujamy ymoTpeOJbUBHX IMONaTaka KOju OW yCHemHuje

HEro 10 cana, kBaHTupukoBanu ytuiaj gakropa cpenune [98, 99, 100].
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Omncesxan npukas peHoMeHa 3aMopa y ycyioBuMa koposuje je nao Milella [101],

a TOCIeNbUX TOMHA MoceOHa Maxkma ce mocBelyje n3ydaBamwy yTHLAja MUTHHTA HA

HACTAHAK M pacT NpCiIMHE y yciaoBuMa 3amopa u koposuje [102, 103]. IToceOHO

WHTEPECAHTH 34 HCTPAXKHUBAKE Cy MPErjiequ OTKa3a CTBAPHUX KOHCTPYKLHU|A YCIen

3amopa u koposuje [104 - 108].

BpanHa pacTa | da/dN (m/cycle)

10—10

10—11

Oncer dakTo

Cnmka 2.21. VTHuaj BpcTe KOPO3UOHE CpeArHE Ha Op3uHy pacta npciuse [109],

Q
(s}
8
.M"V’FQ
A
“‘MG o
ad 00 ©
OD

£ 8 + 05MNaCl
: A Bopa

O Basgyx

* — Mogen

LR LLLL AL AL L R

TTTTII

raasd A v 1l I L

1 10

pa UHTEH3UTeTa HanoHa, AK (MPa\."m)

YMecTo 3aKk/bydKa, y LWJbY CyMHUpPama U CAXKETOI MCKa3MBambha KOMILIEKCHOCTH

¢deHomMeHa 3amopa, Ha ciaunu 2.22. IPUKA3aHU Cy CBH YTHIIAjHU YNHUOLIM 38 HACTAHAK U

pacT MmpcirHa y yCJIOBUMA 3aMOp

a.

HA HACTAHAK

Ha uHuuMpar-e:

Ha pacr:

YTULUAJ OCHOBHUX YMHUNALIA

N PACT NPCJZIVHA YCNE[ 3AMOPA:

YTuLaj kBanuTeTa XpanaBsocT

NOBPLUIWHES Owrehemwa
O6papa
noBpLUUHEe

YTulaj pagHe cpeguHe-= MutTuHr
Kopos3uja

Keanutet maTtepujana

YTuuaj pagHe cpeauHe

Crnuka 2.22. YuHMOIM KOJM yTHYY Ha HACTaHAK U PacT 3aMOpHUX npciuHa [108, 110]
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3. KOHHEHTPALIMJA HAITIOHA

3.1. YBoa

3amop maTepujana je peHOMEH KOjU ce JaBJba NPH PEJIATHBHO HUCKIUM HUBOWMA
HAMoOHa Ma Ce TeOpHja eJACTHYHOCTU MOXKE y3€TH Ka0 OCHOBA 32 Pa3MaTpare OBOT
(eHomena. MakpOCKOIICKO MOHAIIAE U30TPOITHOT MaTepHjajia ce KapaKTepulle MpeKo
TPHU KOHCTAHTE €TACTUYHOCTH a TO CYy: MOnyJ ejactudHocTH (£), monyn cmunama () u

Poisson-oB koedunujent (v). [Toznara penanmja usmely koncrantu je [111, 112]:

E=2G(1 +v) (3.1)

Kox cBHX MaIIMHCKHX ejleMeHaTa W KOHCTPYKIMja H3BOPU KOHLEHTpALWje
HamoHa Ccy decto Hen3OexHW. KoHLeHTpanmja HamoHa je MojaBa HEpaBHOMEpHE
pacrnozesie HaroHa 1o MOMPEYHOM MPECEeKy MALTHHCKOT JieJia Ha MECTy Harjie MpOMeHe
npeceka. Y OOHOCY Ha pacrofeNly HOMHHAJHUX HamoHa, ¢i. 3.1, y jeaHo] 30Hu
MOMPEYHOT Mpeceka HamoH ce nosehaBa, a y MPEocTaloM ey IMpeceka ce CMambyje.
YkynHa cyma (MHTErpall) HarmoHa 1O MOBPLIMHM MONPEYHOr Mpeceka jeHaKa je U 3a
pacmozeny ca KOHIIEHTpalMjoM H 0e3 KOHLEHTpauuje HamoHa. HamoH je camo
apyrauduje pacrnopeleH Tj. KOHIEHTPUCAH j€ V HEKHM JeJIOBHUMa Tpeceka, Ha padyH
IeTMMUYHOT MJIH TIOTIYHOT pacTepehema Ipyrux AejoBa mpeceka.

Teopujcku akTop KOHIEHTpalyje HartoHa K, ce neduHHIIe Kao OIHOC n3Mehy
HajBeher HamoHa y KOpPEeHy H3BOpa KOHIIEHTpAIMjeé HAalOHa M HA3MBHOI HAIOHA Y

ejeMeHTy 0e3 M3BOpa KOHIICHTPALH]je HAMoHa, ciuka 3. 1.

K= G450 (3.2)

WUHTeH3uTeT KOHLEHTpalWje HaloHa 3aBUCH O TeoMeTpuje  M3Bopa
KOHIIEHTpAIM]e, OJJHOCHO OOJIHMKa 3ape3a. Y MPakCH ce MPUIIUKOM TPOjEeKTOBAbA YBEK
TEXH CMambelmy YTHLAja y by n3berasama MOryhux mpolOieMa yclien 3aMOpHOT

onrepehema. Hajsehn MakcUMamHU HANOH J€ HEMOCPENHO TOpen H3BOpa
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KOHIEHTpauuje HaroHa. To cy >x1e0OBH Ha MAIIMHCKUM [EJIOBHMA, Harja MpoMeHa

npeyHnka uim aedspune, orBopu U ap [113,114] , cnuka 3.2.

1ttt aval <fi>
SV =

A e % o

Cnuka 3.1. JlokanHO Cmuka 3.2. MecTa mojaBe KOHLEHTpaLMj€ HAMoOHA Ha

noBehamwe HaMOHA y ONIM3WHN ~ MAIIWHCKAM €JIEMEHTHMa a) kopeH 3yba 0) pammjyc
M3BOpa KOHLIEHTpAIMje HAMmoOHa >kjieda B) KOpeH HaBoja T') Mpeia3Hu pagujyc 1) pyre

3a 3akoBule b)) 3aBapenu croj [111]

AHaNMUTHYKO u3padyHaBame (aKTopa KOHIEHTpAllWje HaloHa W OCHOBHU
yTHLIAJHU YHHUOLHN Cy IeTalbHO Mpuka3anu y pedeperun [115, 116]. OHo mTo je Baxko
3a pa3MaTpame HM3BOpPA KOHIIEHTPALMj€ HAloOHA Kao IOTO je€ 3ape3 je€ JeIHO3HAYHO
onucuBamwe 3ape3a. Kao mwro ce Ha cauuum 3.3. BUAM 3ape3 C€ MOXKE OAPEAUTH Ca TPHU

BeNIM4MHe. NyOMHOM 3ape3a [, paaujycoM y KOpeHy 3apesa p U YIJIOM O 3ape3a.

Crnuka 3.3. BenmuunHe koje ONMUCyjy U3BOP KOHLIEHTPALH] € HATIOHA THIIA 3ape3a
ITpunukoM mpoy4aBama yTHIAja W3BOpAa KOHLHTpALWje HAMOHA 3ape3H ce

Hajuemhe pasMaTpajy Jep Ce peNaTUBHO JIAKO  HCTOBPEMEHO  HCIHUTY)Y

eKCIIEPUMEHTATHO U pa3Marpajy Teopujcku. Jla Ou ce pasymeo yTulla] CTBAPHHUX H3BOpA
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KOHIIEHTpALMj€ HAllOHA Kao MITO Cy TOpe U YKJbYYLH, CI1. 3.4, HEOIXOIHO j€ PasyMeTH
YTHLIA] j€THOCTAaBHUX OOJIMKA M3BOPA KOHLIEHTPALIM]€ HAITOHA U IPOMEHE BEITMYHHA KOje

ux Kapakrepuuy, D u p.

* ..... b.obd * R S e He & =
NS T RS
IDEOE Xt

R 4 /
s = T = N

e B 1
a) 0)

Crnuka 3.4. Metanypiuke KapakTepUCTHKE Ka0 H3BOPH KOHLIEHTPALIM] € HAIIOHA &)

OpHjeHTalMja yKkJby4aka, 0) yTHIa] OpHjeHTAlH]je 3pHA Ha paCTofeTy HaroHa [76]
3a KOHKpEeTaH Clly4a] MpUKa3aH Ha cuiu 3.3. je;

K,=1+2{D/p"” (3.3)

Ykonuko p — 0, K; — o0 OGHOCHO pe3ynTaT 3a () kao (PyHKIIH]j€ O PacTojama
Ol BpXa NPCIUHE, 3a CiIy4aj NMpoJia3He IPCINHE OECKOHAYHOr Tela IMOABPIHYTOM

3are3HuM onrepehemem [117], je:

O-(r): 172

1_( a jz (3.4)
a+r

I'ne je o(r) HamoH 3aTe3ama yrpaBaH Ha MPOJIA3HY MPCIIMHY, IITO YTHYE J1a Ce Ce

OBa] HAIOH Y€CTO HA3WBA HAIIOH OTBapama MPCIMHE U MPEICTaBiba IJIABHU HAMO HKOJH
yruue Ha mmpewme npeiune [118]. 3a ciyda) tauke Onmu3y Bpxa mpciuHe (7 << a)

NPETXOAHA jeTHAYNHA Ce CBOIU HA j€AHOCTABHU] U OOJIHUK:

28



Konyenmpayuja nanona - I'JIABA 3

= 35
o(r) 0'\/; (3.3)

Kapma mocroju Manm 3ape3 momaT Ha MecTy HajBehux Hamona Beh mocrojeher

3ape3a, mohu he nmo cynmeprosunuje u3BOpa KOHIEHTpaunwje HarmoHa. OOHOCHO, Y
ClIy4ajy MOCTOjama MaJIOT MOJYKPYKHOT 3apesa ca ro/F; << [ Ha ey Te ¢e OYeKyjy
HajBehn HAMoOHM, KOA TUIOYE Ca MOJYKPYKHHM OTBOPOM OJIHOCHO TIAe je HajBeha
BpenHocT K; ; - 0 (3a ciIy4aj OTBOpa ca r1), MOXe Ce OUeKHBATH Ja je HajBehu HamoH

yCJIe MaJIor 3apesa ca o, ciauka 3.5:

1ttt Ko
Y

@y

§dd

§38483

Cnuxka 3.5. IIpukas periaBama rnpodiema Cynepro3ulinje U3Bopa y U3BOpy

KOHIIEHTpaII1je HaroHa [76]
Omax =Ki1 - Ki2 - 0, onaocno K; =Ky - Kip
Hako oBa jenHaunHa 1aje 1OCTa BUCOKE BpenHOCTH K; Beoma moOpo miycTpyje

BEJIMKM 3Ha4Ya] M3BOpa KOHIICHTpAIlMje HAIOHA YHyTap 3ape3a, mocedHO kana je y

nuTamwy 3amop [118].

3.2. Metoae oapehuBama yTHIIaja H3BOPa KOHIEHTPAallHje HATIOHA

Bpennoctu (akTopa KOHILIEHTpalmje HaroHa K; ce MOry JOOUTH Ha BUIIIe HAYMHA!
- pavyHHIIOM, Kao IMTO je Beh MOMeHyTO, aHAMTUYKAM METONaMa U HYMEPHUYKUM

MeTonama, Kao mTo je Merona koHauHux einemeHarara (MKE).
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- Mepemem, moMolly MEPHHUX Tpaka, METOAaMa 3aCHOBAHMM Ha (DOTOETACTUYHOCTH U

CPOAHHM MeTOaMa.

ITopeheme Bpemnoctu K; mobujermx meromom koHauHumx enemeHata (MKE) u
(oToenacTHIHOM MeTOIOM fata je Ha ciuiu 3.6. OCHOBHH mpobieM y pasyMeBamy U
NPUMEHN Pa3IMINTUX METOJA j€ YWIbeHWIAa Ja Cy 3ampaBo Merone usMely cebe
KOMILJIEMEHTapHEe OIHOCHO 1a HAIONyHYjy jeAHa APYry W Aa HUCTOBPEMEHO CIy)Ke 3a

mehycoOHy Bepudpukaumjy [119 — 125].

27 40 40 54
8 8 n 18
QO [®) /6;3
11 p=2 p=4| | p=1
Cnyuaj @ @
KT go6ujeHo 2 3 4
¢oroenactnu. 1,8 25 31 4,5
MKE 2,0 2,5 3,6 5,2
Mpouexa 1,8 2,51 3,47 5,36

Cmuxa 3.6. Ilopeheme paznmuuTtux 0o0mKa H3BOpPa KOHLEHTPALH] € HAIOHA U BbUXOBUX

(dakTOpa KOHIIEHTpalHje HaroHa [76]

IMocnenmwe aBe AereHM]je, 3aXBajbyjyhy MOPACTy CHAare MepCOHATHUX padyHapa,
BUIIE HUCTPaXKWBada e VyTBPOWIO J1a pasnuka wusMmely BpemHocTu akTopa
KOHIIeHTpauuje Harmona mo Petersen-y u MKE wmsnocu u no 30% xonm Bpatmia ca
npenasHuM paaujycom [126 - 129]. TIpobnem HUje caMo y pas3niuiy, Beh U y YHEBEHUIN
7a 3a TOjeAMHU CJIy4ajeBU W OJHOCH AMMEH3Wja Hucy oOyxsaheHu Petersen-oBum

nujarpamuma [ 130].

3.3. KoHnienTpamuja HanmoHa nmpu 3amMopy

HUmajyhu nedpununmjy TpajHe IWHAMHYKE YBPCTONE Kao BPEOHOCT HAIIOHA

ucrion kora Hehe mohm m0 pasapama TOKOM JEJIOBamka OUHAMUYKHX onTepehema,
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MOKEMO NMPUMECHUTH MPUHOUIT CIUYIHOCTH nopenehI/I HUCIIUTHE CIIPYBETE 34 3aMOp Ca
3ape3oM ca emnpyBerama 0e3 3apesa, ciuka 3.7.
OBo ykasyje na je moTpeOHO TpajHy AMHAMHUYKY YBPCTONy enpysere Oe3 3apesa

nonenutu ca K; 1a Ou ce nobuia TpajHa TUHAMHUYKA YBPCTONA €MPYBETE Ca 3aPE30M.

ittt ot

K |

A

a) 6)

Cnuka 3.7. IIpuHIUO CIMYHOCTHU: UCTA BPEIHOCT aMILJIUTYAE HAalloHa

IPU 3aMOpY a) enpyBeTa a H3BOPOM KOHIIEHTpaLMje HartoHa U 0) enpysera [76].

AKO je UHMKJIyC Ca aMIUIMTYIAOM Oy 3a IUIOYY Ca PYMOM U Oy, BPEIHOCT
aMIUTUTYZI€ Ha eNpyBETH, OJHOCHO BpPENHOCT HajBeher HamoHa, ciuka 3.7., mobuja ce

(hbaKTOp KOHIIEHTPALIH]€ HATIOHA!

o) = O-m%t onnocHo K, = Gm% 3 (3.7)

Melhytum OpojHIM HCIUTHUBAKBIMA j€ TIOTBPHEHO Aa je (PakTop yMamema Mambu

on K,. OnHocHO 11a je (pakTop KOHIIEHTpaLHje HAaIlOHa MpH 3aMapamy K :

Kr<K, (3.8)

Mepy oceTsbHBOCT Ha 3apes je aedunucao Peterson [57] kao :

q = (Kr— D/(K:— 1) (3.9)
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IIpBu excriepuMeHTH cy mokasanu aa je Ky < K, , moceOHO 3a Mane y3opke ca
BUCOKMM BpenHocTMMa K, ¥ 3a Marepujajie HIKe 4YBpPCTOhe Kao ITO je
HHICKOYIJbeHIYHH 4YennK. Ao je Kr < K; TO ykasyje 1a je MaTepujan Mame OCETJbUB Ha
3ape3 Haro wWro je To 3a ciny4aj K=K, .

Bucoka ocetsbuBocT Ha 3ape3 ce noduja kana je Kr = K, onHOCHO kaga q = 1,
onHOCHO Kaja je Ky= 1 u ¢ = 0 uMaMo HUCKy OCeT/bHBOCT Ha 3ape3 [117]. V cymruny,
Peterson je mpemnoxno kopuinheme (akTopa ¢ Kako OM UCTOBPEMEHO MITYCTPOBAO
yTHL] uBpCcTOhe MaTepujaia U BEIMYHHE NCITUTHBAHOT €JIEMEHTA.

Kanma ce pasmarpa yrunaj ¢aktopa KOHLIEHTpaluje MpH 3aMOpy, HE MOXKE Ce
3a0buhu Frost-oB gujarpam [131] kxoju nmaje Be3sy wusMmelly amIuiuTye HamoHa U
BpenHocTH (pakropa K, 3a pasnuky on HaBe#eHOr y Tauku 2.2. rne je neuHHCaHO
MOCTOjarbe Hempomarupajyhux npciauHa, Frost-oB nmjarpaM naje mperjienHo o0acTy,
6e3 omrehema, Hempomarupajyhux npciavHa M 30HY MOTHYHOT JIOMa, Kao INTO je

MIPUKA3aHO Ha cauLu 3.16.

Tynu OwTtpu
B 3apes| 3apes Mnoua ca 3ape3om
?140 - || = MoTnyHu nom 0
£ 1 @ Wunka ca 3apesom
5120 - !
;: : Henponarupajyhe O Mnova ca 3ape3som
g e r : 2l 0 Lmnka ca 3apezom
= 1 cl:/ Kt
< 80 |
< ! MoTnyHu nom
60 I
- W RN -
E w0 F Henponarupajyhe
< Enpygete Ge3 QO [ Mpennue 0
20 I owTtehema O
0 | | | | | | | | ] | | | | |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Cmuxka 3.16. Frost-oB aujarpam, Be3a u3Mel)y aMIuiuTyie HaroHa ¥ BPEOHOCTU (haKkTopa

KOHIIeHTpaIyje HaroHa. [ 131]

3a pasymeBame yTHLaja CBake mojenuHavyHe Bpennoctu K ca nujarpama 3.16.
notpebHO je morjienatu ciuky 3.17. ca nBe BpCTe rpaaujeHara y ONM3WHH U3BOpa

KOHIIEHTpALIHj€ HAIIOHA.
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NISKA VREDNOST K,

ISOKA VREDNOST K,

MATEPUJAI HA

MATEPUJAIT HA
BPXY 3APE3A

BPXY 3APE3A

a) 6)

Cnuxka 3.17. a) I'pagujeHt ko HUCKUX BpemHOCTH K n

0) I'pagujent ko Bucoknx BpemHocTH K [132]

OCHOBHE KapaKTepPUCTHKE 3a HUCKE BpenHocTH K
e HeomnxonHe cy BUCOKE BPEIHOCTH HAIOHA KaKo OU Ce JOCTUTA0 HAIIOH
HEOITXO/IaH 33 WHUIU]alH]y TIPCITHE,
e Bucoke BpeHOCTH Cpeer HATTOHA UCIIPE U3BOPa KOHLIEHTpPAIIH]€ HATIOHA, U

e DBp3u pacT 3aMOpHE NPCIIUHE Y arpeCUBHO] CPEIUHU.

OCHOBHE KapakTepUCTHKE 3a BUCOKE BpenHocTH Ki:
e JIoBOJBHE CY U HIDKE BPEAHOCTH HAIIOHA KaKo OM C€ TOCTUTa0 HAIMIOH HEOIIXOAaH
3a MHULHM]alHjy TIPCIUHE;
e Hucke BpegHOCTH Cpeaber HaIoOHa UCIIPE N3BOPa KOHLIEHTPALM] € HAMIOHA, U

e Cropuju pact 3aMOpHE MPCIIUHA Y arPECUBHO] CPEIHHU.

AHannsa npukazaHa Ha ciouud 3.17. mpencraBiba jemaH O HajCBEXKH]HX
aprymeHara aa ce mpoOJieM HM3BOpa KOHLEHTpALMje HAloHA HE MOXKE MOCMAaTpaTH
jenHozHayHo. OOHOCHO, M3BOP KOHLIEHTPALMj€ HAIMOHA, ONMMCAH MPEeKO OArosapajyher
rpajvjeHTa U OA3UB MaTepujaia y onpeheHoj 3anpeMHHH UCTIPEN W3BOPA, MPENCTaBIba
CMep UCTpaKUBama BpelaH 3a pasMarpame. Zheng je y ceoMm pany [133] kao jenan ox
OCHOBHHMX TpaBana Oynyher pasBoja HMCTpaXMBama BE3aHUX 3a (EHOMEH 3amopa

Jouupao y obaacTu MHAULKPawka NPCINHA TIPH 3aMOpYy.
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4. AHAJIM3A NU3BOPA KOHUEHTPAIIUJE HAITIOHA Y
YCJIIOBUMA 3AMOPA

4.1. YBoa

[ToHainame MAIIMHCKUX €eMeHaTa, KOjU Capike CIOXKEeHEe TPOAMMEH3HOHATHE
(3D) reomerpmjcke H3BOpE KOHLIEHTpALMj€é HAINOHA j€ O BEJIHKOr HHTepeca 3a
caBpeMeHy wuHAycTpujy. OBa TeMa He TMpPUBIAYM Y JOBOJbHO] MEpH TMaXKiby
UCTpaXKuBa4a, mpe cBera 300r cioxkeHocTtu. JemuHu mnpumep roe ce 3D wmsBopu
KOHIICHTpALlM] € HAlTOHA MHTEH3UBHO M3y4aBajy Cy 3aBapeHu cnojesu [ 134,135].

Kaxo je HaBenmeHO y moriaBiby 2 OBOT pana, o ocamueceTnx roguHa 20. Beka
u3ydaBama (PEHOMEHa 3amMopa Cy HEOJBOjUBA O MEXaHHWKE JIOMa, OJHOCHO Kaia je
3aMop MaTepHjaia U KOHCTPYKIHja y TUTakby, MEXaHHUKA JIOMA j& TIOCTajia PaBHOIPABaH
anat ca Beh yCTaHOBJBEHHM MeTonama ucTpakmsama [136, 137]. Ilrasume, OpojHH
yIHOEHUIM U3 MALTHHCKHX eJieMeHaTa y mocienmux 20 roguHa caapike MmoriaBba Koja
o0pal)yjy mpopadyH ca acriekTa MexaHuke jioma [138 - 141].

Y nHacraBky he Outm mar Kparak mperiief AOCafalllbuX Ca3Hama U METona
MpoLIeHe 3aMOPHOI Beka u 4BpcTohe efeMeHara ca M3BOpPHMA KOHLCHTpALHje HAMOHA.
OCHOBHHU IIWJb OBOT TIperyiefia je CyMHpame CBUX MOCTOjehnx merona, Koje 3a IHJb
UMajy Moy3aaHo mpeaBubame BPeIHOCTH 3aMopHe uBpcTohe nedHHHCAaHE Kao ocrer
HamoHa TOTpeOHOr 3a HACTaHAK TMPCIMHA 3a JaTd Opoj I[UKiIyca, Mpu
BUCOKOLIMKJIMYHOM 3amopy. Kao mro je mokasano y Ilormasmy 3, 3a nedunucame
U3BOpa KOHLEHTPALMje HAIOHA TUIA 3ape3a HEeOMXOAHe Cy TPH BenuuuHe, D - nyOuHa
3apesa, ay El Haddad-os mapamertap [136], u p panujyc Bpxa 3ape3a, ciuka 3.3. 3apesu
cy Hajuernhy M3BOPHU KOHLIEHTPALHj€ HAIIOHA U Y 3aBUCHOCTH OJ] MPETXOJHO HABEICHE

TPH BEeIMYUHE, AeUHUITY ce Kao Ha cauiu 4.1.
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OwTtpu
D/p(| KpaTtku | 3ape3u
3ape3u Tynm
~0,25|- 3apes3u
~3 D/a, —

Cmmka 4.1 CxemaTcka uiycTpanyja TP peKIMa MOHAIIamka 3ape3a y QyHKIUjH O

BennuuHe 3apesa (D / ap) u obnuka 3apesa (D / p) [137]

4.1.1. Ilpuctyn 3aCHOBAaH Ha HAMOHY

Kon oBor mpucryma, mpeTnocraBiba Ce Oa A0 OTKasa nojia3u Kaja Hajsehwu,
(MakcMMaJIHM), OTNCEr HAllOHA Ha BpXy 3ape3a mnpelhe AMHAMUYKY UYBPCTONYy riaTke
enpysere. OBO ce MOXKe U3pa3UTH NpeKo (PakTopa KOHIEHTpauuje HanoHa (y obiactu

enactuyHocti) Ky Ha cnenehu HauwmH:

Ao
A = ¢
O on t (4.1)

rae je Ao,, TpajHa qUHaMUYKa uBpcToha enpysere ca 3ape3oM u Ao, TpajHa JUHAMUYKA
yBpcToha rnarke enpysere. OBaj IPUCTYN BaXKH CaMO 3a jaKO HUCKE BpPeOHOCTH K; 1 3a

obnacT TUHeapHe eTaCTUIHOCTH.

4.1.2. TpagumoHallaH MPUCTY 3acHOBaH Ha Petersen-oBom u Neuber-oBoMm pany

Petersen-oBa m Neuber-oBa Teopuja ce kopucre 3a aHanm3y 3apesa mnpeko 40
roguHa W 3aCHOBaHA € Ha KOHIeNTy KpuTtuyHe 3ampemune. Neuber [36, 37] je
NPEIVIOKUO Aa TIaBHM mapamerap Oyae cpelma BPEOHOCT €JaCTUYHOI HAaroHa Y
onpeheHo] KPUTHUYHO] 3aNpPeMHHH KOja OKPY)Kyje H3BOpP KOHIICHTpAIMje HaIOHA.
Herosa TBpama je na je U3BECHA KpUTHYHA 3anpeMuHa oOyxBaheHa yTHIajeM H3BOpa
KOHIICHTpALIM] € HAIIOHA, YKOJIOKO j€ MaTepHjal XOMOTeH, JOBOJbHO PEMpPe3eHTaTHBHA 32

pa3Matpame 1enor Matepujana. Ha ocHOBY oBe maeje, kopuinhemeM pagujyca ¥ Kao
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napaMmeTpa 3a KapakTepucame HalOHCKOT MoJba OKO M3BOpa KOHIEHTpaluje HarnoHa. OH
je pa3BuO mM3pa3 koja omoryhasa m3pauyHaBame (akTOpa KOHIEHTpALM]je HAMOHA TPU

3aMopy:

K, -1

P (4.2)

I'me je p* - koHCTaHTa MaTepujaja ca IUMEH3U|OM MOyXKHHE, Koja ce oxpehyje

K,=1+

EKCIIePUMEHTAITHO, a MPHOJIMIKHO je cpa3MepHa 3aTe3Ho] uBpcTohu. Peterson [142] je
KOPUCTHO CITHYaH MPUCTYI, ald je yBeo ympomhema pasmarpajyhu camo HamoH y

TA4YKH UCIIPEI M3BOPa KOHLEHTpPALIMje HAallOHA. Peterson je mpeniokuo na u3pas riacH:

K, -1

Ki=1+—"——
I+a,/p

(4.3)

I'me je a, Heka npyra kapakTepUCTHKa MaTepHjaia. BpegHOCT oceTspHBOCTH HA 3apes je

neduHUCAHA KAO:

_K,-1 4.4
=k, 1 (4.4)
rae 3a:
g=0—>K.=1 HE TIOCTOJ U OCETJPUBOCT 32 3ape3; U
g=1->K, =K, NPHUCYTHA j€ TIOTITyHA OCETIJHBHBOCT Ha 3ape3

4.1.3. Tanaka — Taylor-oBo KpUTUYHO PACTO]jarHE

Taylor [143] u He3zaBucHO on mwera Tanaka [144] cy mokasamu na KPUTHYHH
napaMeTpu IUMEH3Hje Ay)KHHE MOry OHWTH eKCIUIMLHUTHO H3padyHaTH 3a Ciyd4aj
MpCIuHE, aju Aajy noOpe pesysrare u 3a ClydajeBe OCTaINX H3BOpA KOHIIEHTpAIlH]e
HAroHa, HIp. Tma 3apesa. [lojenHOCTaBibEHE, CIMIHO OHOM KOje Cy IepUuHHCAIH
Neuber [37] u Iletepcon [142], ce Moke yCBOJUTH U 3a OBaj ciy4aj. OMHOCHO, METON

MO’KE Ja Ce MPUMEHH y3uMajyhu y o03up camo OICer HAaloOHA Yy jeIHO] Ta4dlly UCTpPeN
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u3Bopa koHneHTpauyje (Taukacra merona - PM) nnn kopumthemeM cpeame BpeaHOCTH
HATOHA Iy JIMHH]j€ UCTIPe N3BOpa KOHIEHTpauyje Hanona (JIuanjcka meroga — LM).
OBaj mpucTyn Moxe Takohe OMTH NMpUMemeH pazaMarpajyhu cpenmy HAmoH y
3alpeMUHN KOja OKPYXKYj€ M3BOpP KOHIIEHTpALMj€ HAllOHA - 3alMpeMHHCKa MeTona VM.
BakHO je HamOMeHyTH Ja c€ KPUTHYHO PacTOjame M3pakaBa y TEPMHUHUMA Iapamerpa

L, xoju je pyHKIIMja npara 3aMopa MaTepyujasia 1 TpajHe AUHAMUYKE YBpCTOheE:

2
oL [AKy (4.5)

7 \ Ao,

3a TaukacTy METONy, KPUTHYHO pacTojame je L/2, MoK je 3a TUHUjCKY 2L.
4.1.4. Merona Mopenupama npciarHa

Smith u Miller [145] cy moka3anu 1a omTpH 3ape3r MOTy OUTH MOETUPAHU Kao
NpCIMHE TPUMEHOM JIMHeapHo-enacTuuHe Mexanmke soma (JIEMJI). Ha ocHoBy
BUXOBOI pasa 3aMopHa uBpcroha ce MOke OApPEeANTH Ha OCHOBY AyOuHeE 3apesa D
npara pacta 3amopHe mnpciuHe AKy; u oxroeapajyher reomerpujckor (akTopa 3a

€KBUBAJIEHTHY MPCIUHY /-

Ao, = ARy (4.6)
F~rn-D
rae je Ao,, oncer HamoHa NMPH TPajHO] YBPCTONM NOOWj€ UCIIUTUBAIEM EIpPYBETE Ca
3ape3oM. CyYLITHHCKH, OBa METONa C€ KOPUCTH 3a J00ujame Orcera HAmoHa Yy
HerocpenHo] Onu3uHU 3ape3a. Buine nerasba 0 0BOj Merona aato je y pedepeHnama
[146 — 152], v kojuMa je TIOKa3aHO Ja OBa METOJAa Kaja Ce KOPUCTH 3ajelHO Ca
MPUCTYNOM 3aCHOBAHOM Ha HATIOHY, [1aje BPJIO Mpeuu3Ha npeaBubara 3a BPJIO LIHPOK
Olcer Marepujana, reoMeTpHja 3ape3a M CTBAPHUX KOMIIOHEHTH YKJbyuyjyhu u

3aBapeHe CIOjeBe.
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4.1.5. Merozna 3acHOBHA Ha edopManuju

Merona 3aHoBaHa Ha nedopMalUju Koja Ce Takohe 30Be W METOJa JIOKAJTHOT
NPUCTYMa 4YeCTO C€ KOPHCTH y PasHUM MpoOLeHaMa 3aMOPHOT BeKa Kala Ce jaBiba
JIOKaJlHA T[JlacThuHa Jedopmandja y ONM3HMHM HM3BOpa KOHIIEHTpAIMje HAroHa.
INo3HaBamwe HAMOHCKO-Ie(POPMAIIMOHO CTamba MaTepHujaia CIy»KU Kao OCHOBA 3a eJ1acTo-
IJIAaCTUYHY aHaNIU3y KOHauHUM eneMeHTuMa [153]. Ilopen Tora, xom oBe aHanuze ce
KOPUCTH ¥ [MKJIMYHA KpUBa HamoH-medopManyja Kao M 3aBUCHOCT wu3Melhy
nedopmManje U pagHor Beka. Neuber-oBo NpaBHIIO ce YeCTO KOPUCTH 3a TPOICHY

tacTuuHe nedopmanmje y onmsunu 3apesa [153, 154, 155] :

K, =K_K (4.7)

I7Ie j€ 3a HUKIMYHO onTepeheme

Ao Ag
K_ =—n= K —=—"max
? Ao, " ° Ag, “48)

rre ¢y AGyux W A&y, JOKATHU MaKCUMAJIHU OTICET HaroHa U nedopmaiimja Ha 3apesy.
Ykouko je miactudHa nedopmainnja OMETeHa OKO M3BOpa KOHIICHTpAIlMje HAMOHA U

HA3WBHU HAIOH OCTaje y 00JIaCTH eJTaCTHYHOCTH Taja je:

2
Ao _Ae — w (4,9)

max max
E

Ha oBaj HauuH, Be3a usmel)y (akTopa KOHIEHTPALIN]j€ HATIOHA, IPUMEHEHOT HA3UBHOT
OTicera HaroHa U MOAYJIa €JAaCTUYHOCTH je JeqHo3HayHo nedunucana. Takohe, Topper
ca capannuumuma [155] je mpemnoxkuno na ce ymecro K; y jennaunny (4.9) yHece dakrop
KOHIIEHTpaluje HamoHa mnpu 3amopy Ky jep je youuo Oojbe crarame ca

CKCIICPUMEHTAJIHUM PEIYITATUMA.
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K Ao ?
AO'maxASmax — ( I Enom)

(4.10)

Bpennoct Ag,,: ce MOke Hahm IPEKO KpHBE LUKINYHU HAIOH — aedopMariyja,
civka 4.2. U KOHa4yHO, OpOj HHKIIyca A0 MOjaBe MPCINHE Ce MOKe MPOICHUTU MPEKO
onrosapajyhe kpuse koja naje 3aBucHocT usmely nedopmarmje u Opoja LUKITyca, CIIHKA

4.3.
4.1.6. Pluvinage-oB MeTO

Pluvinage-oB mpuctyn [156, 157] je y OCHOBU MeTOX 3aCHOBAaH Ha KPUTHYHOM
pacTojamy KOpHUIIhEeHmeM enacTo-IUIaCTHYHe pacronene Hamona. Ha commm 4.2, je
NpUKa3aHa THUIMYHA €NacTO-IUIACTUYHA — paclojesia HAarloHAa HCIOpea  U3BOpa
KOHIIEHTpAIlMje THIA 3ape3a Koja MOke OWTH MONeJbeHa y TPU jaCHO Pas3lBOjeHE 30HE
[158].

VY cywtuHy, oBa MeToAa, o03MpPOM Ha HM3pauyHaBalbe CPEIbe BPEAHOCTH Y
paBHH MCIPER M3BOpPA, KOja je BeoMa cimyHa Tanaka — TejiopoBOj JHMHU)jCKO] METOIU

LM, onmcanoj y Tauku 4.1.3. oBe qucepranmje.

nnacTtuvaH

HEITIDH £ By * £y Cnuka 4.2. 3aBucHoct usmeljy
nnacruval & .
HanoH &, nedopmanuje u Opoja HUKITyca
enacTuyaH
HanoH Gp

Amnnutyaa necdhopmauuje
(log ckana)

Bpoj uuknyca ao otkasa N, (log ckana)

4.1.7. TIlpomupewe Tanaka — Taylor w™eroma Ha ABOINMMEHTHUOHAJIHE U

TPOAUMECH3NOHAJIHE U3BOPE KOHLIeHTpaLII/Ije HaIroHa

Kao mTo je mokazaHo y Tauku 2.5, €JaCTUYHO MOJbE OKO NBOANMEH3HOHATHOT

W3BOpa KOHLIEHTPALMj€ THUIIA TPCIHHE j€ Y MOTIYHOCTH OIMHCAHO eJHAYNHAMA!
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Aoy(r,0)= AK, (icos€+£cosﬁj
V2m\4 24 2

Ao, (r,0)= oK, (icos€+£cosﬁj (4.11)
it 2 4 2

Az, (r,0)= AK, (lsing+£sinﬁj
N2\ 4 2 4 2

I'maBHM orcer HamoOHA MPHU BULIEOCHOM 3aMOpY MPEACTaBIba MPaBall y mpocTopy
Iy KOra ceé MPU BHIIEOCHOM 3aMOpy reHepuIle HajBeha BPEAHOCT rpajujeHTa 3aMopa.
U3 naBenenux jeqHaunHa (4.11) rimaBHU orcer HaNmoOHa MOKe OUTH OmMHcaH 3a OUJIO0 KOjy

Ta4yKy M0Jba HAIMOHA:

Aal(r,ﬁ):%[wsg+1/(cosgsih§)zj (4.12)

[IpermocTaBUMO 1a je MCHpen W3BOpa KOHIIEHTPALMj€ HAIlOHA HAITOHCKO IMOJbe
MONYKPY KHOT o0JnKa, ca pagujycoM, 7. OHIa 3a cpenmwy BPEOHOCT TNIABHOT HAIOHA

AGyyve, MOJKE OIPEANTH HHTETPALIH] OM:

1
Ao, = 1 [Ac,(r,6)da (4.13)

rae je A moBpiInHa nojaykpyra. Pesynrar unrerpauyje je:

1 AK
Ac,, = K .i(ﬁ +—):0,6482 i (4.14)
ch 37 2 ,Irc

VY ycnoBuma Oin3y mpara 3amMopa, Kazua ce He yodaBa pacT MPCIIMHE Tj. Kaja e

AK~=AKy, Baxu:

AK,

T (4.15)

Kputnuna BpegHOCT pajgujyca 3a KOjU je CpeAma BPEOHOCT TIJIABHOT HAIOHA

Ac,,, = 0,6482

jenHaka QUHAMHYKO] uBpcTohu enpysete 0e3 3apesa Ao, je gaTa u3pazom:
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2
r, = 0,4202(%} (4.16)
Oy

[IpernocraBka 3a OBy BPCTy aHAJIM3E j& Ja CE JIMHHja CHMETPHje MONYKPYKHE
o0acTH HCIpea U3BOpa KOHIIEHTPALIHj€ MOoayAapa ca MpaBLeM pacTa MpCiiHe.

Ha counm 4.3 cy npukasana nea Moryha ciydaja KpUTHYHE 3ampeMuHe. Y
MPUKA3aHO] aHamu3u uzadpana je momycdepa, cimka 4.3. 0), y OUby pasMarpama
yTHIIaja TpaaujeHTa y OWIo KoM mpaBiy o u3abpane Tauke. M3pauyHaBame je Beoma
CIMYHO TPETXONHO NMPHUKA3aHOM, anu CEpHH KOOPIWHATHU CHUCTEM j€ KopuimheH u

Cpenma BPeIHOCT HAMOHA j€ U3padyHaTa KOpuInhemeM TPOJHOT HHTeTpaia;

1
Ac v (Ao (r.6,0)av

ave sph =

:é‘m.Aal(rﬁ,Q)rz singdrd¢dd 417

[ITO J1aJbe Jaje:

AK,

i (4.18)

Ao

= 0,699

ave sph

6)

Cnuka 4.3. [IpernocraBibeHr OOJHUIIH 3aIpeMUHA UCTIPE H3BOPA KOHIEHTPAIH]e

HaroHa

41



Ananusa uzeopa xonyenmpayuje nanona ... - 1JIABA 4.

Kao u xox nBOAMMEH3MOHAIHOT HAMOHCKOT MOJba, NPETHOCTaBKA 32 OBY BPCTY
aHaNM3e Je Ja Cce JIMHUja CHUMETpHUje TMOJNYKPyXKHe O0NacTh HUCIpen Hu3BOpa

KOHIIEHTpAI1] e TIoayAapa ca nmpasieM pacta npciune [ 134, 159].

4.2. Kputudku oCBpPT Ha 710 caJia pa3BUjeHe MeTo/e

Ha ocHOBy cBera Hampen HaBEACHOr jaCHO j€ Jla C€ CaBpEMEHe METOHe WU
aJTOPUTMHU 32 TIPOyUaBame (peHOMeHa 3aMopa MOTY MOAEIHUTH Y TPH IPyIIe:
e MeTone 3aHOBaHE Ha HAIOHY,
e Mertoze 3acHOBaHe Ha AepopManuju; u

e Merone KOje KOPUCTE MEXAHUKY JIOMa

Hcropujcku mocMaTpaHo, HajcTapuja rpyna cy MeToAe 3aCHOBaHE Ha HATIOHY
(150 rogmna), 3aTM MeTone 3acHOBaHe Ha nedopmauuju (80 romgwHa), a 3a HUMa
METO/Ie KOje KopucTe MexaHuky jioma (40 roguna) [160]. ['maBHE pasyior 3a BpeMEHCKU
pasmak u3Melly yBohema HOBHX METOHIA JIEKH y HAIMpPETKy TEXHOJOTHje Mepema
onroeapajyhux BenWuWHA BAKHUX 3a UCTPaXKUBamke (PEHOMEHa 3aMopa W Pa3Bojy
Hymepndkux Meroaa (kao mto je MKE) 3a n3yuaBama HalOHCKOT CTama MPHU 3aMOopy.
Hamnpenak y oBe aBe 001acTH HEYMUTHO j€ BOIMO Ka Pa3Bo]y, MPUMEHH U BAJIHIALU]U
anropuramMa KOju Cy pa3BHjaHM y OOJacTH 3aMopa, Kako Ce€ CBaka Ipyna MeTopa
pasBHjana.

On ysohewa y mpruMeHy MeTo/a 3aCHOBAHUX HA HAMOHY, HHXKSHEPU KOJH pajae y
pasnuuuTEM O0JACTUMa UHAYCTPHje M KOjU Cy MOTHULAIU Of Pa3IHYUTHX IIKOJIA CY
Ounu cTaBJbeHU Tpen u300p: KOPUCTHTH WIH jeqHy WK ApPYry rpyny Meroxaa. M mopen
YHIbEHHULIE [a Cy KOHLIENTH MEXaHuKe jomMa Tpebaiu aa JABe crape rpymne Merona
HUHTETPHINY, Pa3BOj MEXaHHKE JIOMa j€ ajbe Mpoayono oBy noxeny. Kako Ou curyarmja
Ouna jacHuja, y Tabenu 4.1. HaBeZeHe Cy MPEAHOCTH U HEIOCTALIM CBAKE O/ HABEIECHUX

rpyna Meroa.
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Tabena 4.1. [IpenHOCTH 1 HEAOCTAIM PA3NTMIUTUX METOAA 3a popadyH [161]

TPYIIA
METOJIA

[IPEJHOCTU

HEJIOCTALIU

I'pyna merosa
3acHOBaHa Ha
HaIroHy

Merojie cy Beoma norojiae 3a 6pse
AHAII3E,

[Toxazare cy ce ka0 BeoMa TavqHE KO
Koporhera o [aka NCIHTHBAFha
JIOOMj€HIX KOHCTAHTHOM
AMIUTATYIOM;, 1

Jlamexo HajBHITIC paCcTIONOKUBIX
TIO/IaTaKa 3a PaIIIUTe KBAUTETE
00pa/ie IOBPITIIHE, PaTHE CPE/THHE,
BpeZHOCTH R UL,

Mertoze cy 1o CBOjO] IPHPO/TH
eMImpujcke, oe3 yOsper pasMaTparmba
(M3IIKIX OCHOBA IPOTIECca 3aMOpa;

Merozie ¢y 3acHOBaHE Ha GECKOHATHOM
PaTHOM BEKY OJTHOCHO TPAjHO] IMHAMUYIKO]
gppcTohn

I'pyna merosa
3acHOBaHa Ha
JTedopmanujun

Mertone BeoMa ipermsHo ofpeljyjy
IIACTHYHY JleopMaryjy Imro je
BAKHO 300T MHUITMPAFHA TIPCIHHE,

MerTo/1e MOTY J1a MOJISIHPa)y 3a0cTale
— KyMyJIaTHBHE HAMIOHE KOJU HAcTajy
Kao TIOCIe/UIa Hetopyje onrepehensa.
ORo je BpII0 BaXKHO 300T MOy 31aHOT
MoJIeTnparha 30MpHOT YTUIaja 3aMopa
ca MPOMEHIBUBOM aMILIUTYJIOM ; 1

MerTo/ie ce TaKo KOPHCTE H KOJT
CIJIOKECHAX TeOMETPHja.

MerTo/ie ce He MOTY KOPHCTHTH 3a
TIpeABHl arse MUpeH-a MPCIIHHE,

MerTo/ie 3aXTeBajy 3HATHO CIOKCHU]Y
AHAIN3Y HETO ITTO je IPUMETHeHa KOJT
METa/1a 3aCHOBaHUX Ha HATIOHY; 1

Kaya ce o6apipa anamsa enemMeHara Ha
GecKOHaYaH pajHy BEK, OBa IpyTia He Hy I
HHKaKBY OCeOHY PETHOCT Y OJTHOCY Ha
METO/I¢ 3aCHOBAHE Ha HAIIOHY.

I'pyna merosna
3acHOBaHa Ha
MEXaHUITH JIOMa

Hsyserno 100po npopadyHaBame
pacra IpcimHe;

3HaTHO OOJBM VBHJT Y MEXaHU3ME KOjH
CY OJ1 BOKHOCTH 3 M3YUaBame 3aMOpa,;
i

KomOuHoBame 0BIX METO/IA ca
MeTo/[aMa HCIUTHBRaR-a 0e3 pasapama
oMoryhyje CUTYPHO U MOy 3/1aHO
KopHIhere MalTHHCKUX elleMeHara i
cHcTEMA O/1 JETHOT JI0 APYTor
WHTEpBaJa UCIIUTHBA, JI0 Kpaja
PajTHOT BeKa eJleMeHTa.

MarpkaBoct y nipe/Buljar-imMa BpeMeHa
WIF BeKa JI0 HHUITUPaH-a IPCIIAHE;

Meroa 3axTeBa porieHy ¢axropa
WHTEH3UTETa HATIOHA ITITO MOKE OUTH
BeOMa CJIOKEH 3aj1aTaK, daK 1 y3 momoh
cappemernx MKE codreepa; u

VY mojeanHNM cIyYajeBIMa TMHEApHO-
SITACTUYHA aHAJI3A 3aCHOBAHA HA
MEXaHHUIM JIOMa MOpa JTa ce 3aMEHH ca
SITACTO-IUTACTUTHOM AHAIH30M, IITO
AHATHRY ¥ JI0OMjarke oAroBapajyhmx
pesyJITara 3HATHO OTEkKABA,

HeonxogHo je jom jemHOM HariacuTd 1a je (eHOMEH 3amMopa jemaH Of

HAJCIOKeHNJ X (eHOMEHa Yy MAaIIMHCTBY M KOJ u3y4daBawma wmarepujama. Osa

KOMIUICKCHOCT HE NOTHYEC Ca CTAHOBUIITA MATEMATUKE W MOJACIHpPArhba TOHAIlda

MaTepujana, Beh on 6poja HEMO3HATHX KOj€ YTU4y Ha OWJIO KOjH TIOKYyIIaj mpenpul)armba

MOHAIIakha MAITUHCKOT eJIeMEeHTa MJIM MAIIHMHCKOT CHCTeMa. JemaH of noxymaja Ja ce

penykyje oBa CJIOXEHOCT je yBoheme (akTopa KOjuU pPeaykyj]y, OOHOCHO CMamyjy,
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BPEIHOCT TpajHE AMHAMUYKE uBpCTOhe KPO3 MPUMEHYy pasHux (akTopa, Kao IITO Cy:
CTame MOBPIIUHE, BeJMYHHA y30pka U ¢j1. OmacHOCT OBAKBOT MM0j€JHOCTABIbEHA JICIKH
y TOME Ja je OBakaB IMOCTyMaK CKJIOH BehuMm rpeuikama, jep ce BeoMa ocliamba Ha
cy0jexTHBaH M300p U MPUMEHy NMOMEHYTHUX (akTopa. Y3 nmomoh caBpemeHux codrepa
3a HYMEPHWYKY aHaJIU3y, CJIOKEHOCT 3aMopa ce JIaKIle pacujiamyje U oiarorapajyhum
yTHIIajMa C€ JIAKIIe JOJeJby]je MpaBa BPEIHOCT.

Ako Ou ce 3axTeBajio CyMUpame W aHATU3Mpame oBe Taberne, Morio Ou ma ce
Kake Ja HUjenHa OJ HaBeIEHHX METOJa He MOXe [a caMa 3aBpLIM KOMILIETaH M0Cao
OKO HOJIe CJIOKEHH]je aHan3e n3a0paHoT MAIIMHCKOT €IEMEHTA WIA CHCTEMA.

Kao jegna ox caBpeMeHuX MeTOMa, KOj€ ce joul yBek yHanpelyjy u Hagorpalyjy,
noceOHO ce uctmue Teopuja kputuunux pacrojama (Theory of Critical Distances —
TCD) umja je OCHOBHa uieja 0a He MOpA C6AKA HPCAUHA Od 006ede 00 OmKA3d
roncmpykyuje [159]. Cama wupaeja HHUje HOBa Haclama ce Ha pamose Hojbepa u
Ilerepcona Koju Cy aHAJIUTUYKHM METOJAaMa IOKYINABAJIM [a OApeNe IOHAIIame
eieMeHaTa ca MU3BOpUMa KOHLeHTpaluje HaroHa. Kopuinhemem caBpeMeHUX anata Kao
wto je MKE 1 mocraBky JMHEpaHO-€aCTUYHE MEXaHUKE JIOMa, UCTPAKUBAYU CY TEK
yHa3aJ HEKOJMKO TOJWHA YCIIeJH [a HalpaBe 3HA4ajHHje UCKOPaKe Yy HCTPaKUBAY
(eHomeHa 3amopa. JenHa O BeOMa 3HAYajHUX KOPUCTH OBE METOJE Y HAYYHOM CMUCITY
je xopuiheme MUPOKO PACTIOIOXKHUBHIX BEIMYNHA 1OOWj€HUX HUCIUTHBABLUMA 3aMOPOM
u unbeHuln aa ce TCD Buine ocinama Ha (U3NKY MPOIEeca 3aMOpa HErO Ha MPEIU3HOCT
HyMepuukux Mozena. ¥ HayuHom cmuciy, TCD Hyau orpomHe MoryhiHOCTH H3yudaBamba
jep je mpoBepeHa y nabOpaTOPHJCKUM YCIOBHMa KOA H3Y3€THO BEIMKOr Opoja
Marepujajia M TpPU CiIydajeBUMa Kajia j€ eKCIIEPUMEHT BeoMa CJIOJKEH, HIpP KOJ
koHTakTHUX (peHOMeHa. Kao ocHOBa 3a pa3Boj MeTona y 0BOj AucepTanuju, nadbpaHa je
OBa TeopHwja W 300r TOra IITO OHA BaXKM 3a CBE NEOMETPH]e M3BOpa KOHIECHTPAIU]je
HanoHa. [Topen Tora, TCD y mpakTH4YHOM acleKkTy UCTOBPEMEHO KOPUCTHU U MepJbUBE
KapakTepucTuke wmarepwjana u rpaaujert, nobmjen MKE, kao KapakTepHCTHKY
reoMeTpHje M3BOpa KOHLEHTpauyje HaroHa. Ha Taj Ha4uH ce, Kpo3 yTHULA] MaTepujaia
U TeOMETpHj€ M3BOpa KOHLIEHTpALHMje, JeHO3HAYHO KBAaHTHU(HUKYje CBAaKa T€OMETPH)a

3apesa y yciaosuma 3amopa [159, 161].

Y7



Ananusa uzeopa xonyenmpayuje nanona ... - 1JIABA 4.

4.3. OcHoBe Teopuje KPpUTHUYHHUX PACTOjarba

4.3.1. lloHamame NPCJAHHA HCIOA [PAra 3aMopa MaTepHjaaa

Teopuje koje mMOKymaBajy Ja ONHMINY YCJIOBE HACTaHKA NPCIMHA, Kao
HajOMacHUjer M3BOpa KOHLIEHTpAlMje HAINOHA, 3aCHOBAHE HA KPUTUYHOM pacTOjamby
[159] (mmm mpoLecHO] 30HU) C€ KOPHCTE Ca Mame WIM BHIIE ycnexa Beh roguHama.
IletepcoH je mpBU MCTPAKUBAO 3aBHCHOCT BPEMEHA 1O HACTAHKA MPCIHHE U BEJHYUHE
3ampeMuHe 3axBalleHOr Marepujajia UCHpel M3BOpa KOHIEHTpAaldje HaroHa.
HUnunmpewe npciuHe Mpu BUCOKOLMKIMYHOM 3aMOpPy Ce He JellaBa YBeK y OJIM3HHU
MUKPOCTPYKTYpPHHUX rpemaka, Beh o omrehema nonasu y objacTUMa Koje UMajy
JIOKaJTHO Behe TpajujeHTe HAMOHA, OJHOCHO JIOKAJTHO Cy M3JIokeHH Behum omcerom
HAaroHa.

[MojennocTaBiben wMexanm3aMm omnrehema je crBapame omrehema ycnen
noMepama Tpaka Kiu3ama, ciuka 2.8 m 2.9, cTBapama MHUKPOCTPYKTYPHO KPATKHX
NPCJIMHA U PacT KPAaTKUX MPCIMHA 70 BeNMUMHEe MakponpcinHe. CBaky MexXaHH3aM je
MOBE3aH Ca CBOjOM KapakTEPUCTHYHOM BEJMYHMHOM M CBaka KapaKTepUCTHUYHA
BEJIMYMHA UMa CBOj OAroBapajyhu HHBO reOMeTpPHjCKE CIOKEHOCTH, XETEPOTre€HOCT H
3akoHe noHamama. Cnuka 4.4. naje jacaH nperyien cBUX ¢asa O MHULNMPAWka MPCIHHA
10 koHayHor joma. OBa CiMKa HEIBOCMHCICHO TOKa3yje Be3y KapaKTepHCTHYHHX

BEJIMYMHA ca CBUM (hazama Jioma.

Cnuka 4.4. Ilpernen

KNACUYAH NPUCTYN MEXAHUKA JTOMA
i e
- - cBUX (haza Ipu 3aMopy
S
LUMKIUYHO HYKNEALIMJA PACT MUKPO PACT MAKPO KOHAYAH | H IPUXOBA BE34 Ca
KNU3AE ™ necnuHE' [™] nPCNUMHE nPCAMHE [™] nom
peneBaHTHUM

N YV aKTOpuMa ca
< NEPUOA UHULIMJALIMJE fg]] TEAELAnAN > rarop

X NPCNUHE

YOKBUPEHOM
K; SALGR Ke HEHCTPAKEHOM
®AKTOP KOHLIEHTPALIMJE wHTEH3MTETA|  [*YTOBOCT
HAMOHA HAMOHA obnamhy — TeMOM OBe
'T' nucepranuje [76]

HeucTpaxeHa obnact
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IIpernen ceux (asza Takohe Moxke OWTHM TpPUKa3aH W Kao Be3a ca Opojem

LUKJyCca, CIuKa 4.5.

* OTKA3
3

I|48

=|<9S PACT AYIUX

ol&a NPCAWUHA

|z PACT

3|S5 | KPATKMX

S NPCAMHA | |

E MOYETAK OTKPUBAHA

om |~=i— MPCJINAHA METOAAMA

WUCMUTUBAILA BE3 PASAPALA

BPEME WUNU BPOJ LIMKITYCA ——

Cnuka 4.5. Ilpernen ceux ¢asa npu 3aMOpy U BIXOBa Be3a ca OpojeM LUKIyca

ITo meduHUIM]K, KpaTKe MPCIUHE CYy CBE MPCIIMHE, KOje HACTa]y HMCIOA Ipara
pacTa 3amMopHe mpciuHe, a o Suresh-y [162] kpaTke npciuHe ce Mory kiacu(ukoBaTu
Kao:

e MexaHUYKU KpaTKe NPCIINHE,
e  MUKpPOCTPYKTYPHO KpaTKe MPCIINHE, U

e  Du3NYKU KpaTKe MPCIIMHE.

MexaHWYKH KpaTKe TPCINHE Ce TaKO HA3UBA]y, jep j€ IUXOBA BEIMYMHA MaJia y
OJHOCY Ha KapaKTEPUCTHYHY BEJIUHYMHY, HIP IJIACTUYHY 30HY Ha BPXY 3ape3a, CIIHMKa
4.6. OHO WITO je KAapaKTEPUCTUYHO 32 MEXAHHYKH KpaTKe MPCIMHE je Aa BeIUYHHA
NpCiArHEe MOXKe na OyZe W HEeKOJNMKO MINIMMeTapa W JAa [O0Jla3u [0 TUIACTHYHE
nedopmanmje Ha GPOHTY pacTa MPCIUHE, OAHOCHO Y ONHM3WHHU BpXa MPCIUHE TOCTOjU
obnact y k0joj ce marepujai nedopmuiie u yHyTap koje 3akorun JIEMJI He Baxke.

MUKpPOCTPYKTYPHO KpaTKe NPCIMHE Cy MPCIMHE KOjé Cy MO BETHYHHU
yIOpeauBe ca BEIMYMHOM 3pHa y marepujany, ciuka 4.7. KapakrepuctuuHo 3a oBe
MPCIUHE J€ Jla 3a HUX HUje MPUMEHbUBA MEXaHUKA KOHTHHYYMa YCJIel aHU30TPOIH]e
3pHa, ciauka 3.11, u omerene nmedopmanmje yciaen okomnux 3pHa. Jo pacra oBux
NpCAMHA J0JIa3W MO JUCJIOKAIMOHOM MEXaHW3My CMHLAmka yClen KPUTHYHO

Pa3JIOKEHOT CMUII]HOT Hampe3ama [ 163].
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BAPESMLMKIIMMHA . T e, 3PHO
(MNACTUYHA) 30HA - '

CNnosOAHA
NOBPLUUHA
METANA v

MEXAHWYKM L
KPATKE NPCIIMHE " e
MUKPOCTPYKTYPHO
KPATKA NMPCIIUHA
Cnuxka 4.6. CxeMaTcKu NMpUKa3 MEXaHUUKU Cnuxka 4.7. CxeMaTCKU MIPUKA3
KpaTKUX MPCIUHA MHUKPOCTPYKTYPHO KPaTKUX MPCIUHA

@du3uukn  KpaTke TPCIMHE Cy TMpciuHe Koje cy 3HatHO Behe o
MHUKPOCTPYKTYPHO KpPaTKHX, Ty’KHHE Mpeko 1 mm, 0OJHOCHO MPOCTHPY Ce Ha HEKOJIUKO
3pHA aJI¥ jOII YBEK Mame OJ Ayravke MPCIIMHE KOja MoYnbe ¢Boj ctabmuian pact. [Ipema
pesyaratuma Kitagawa u Takahashi-ja [170], moHamame KpaTKuX NpPCIMHA C€ Y

BEJIMKO] MEPH PA3JINKyje Off MOHAIIamka JyradyKuX MPCIUHA, Crka 4.8.

= i
5 ]
® / K
k-] i~
2 OBNACT 8
= AYIUX
NPCNUHA
‘ OBIACT
\ KPATKHMX
4 oBnACT MNMPCNMUHA OBNACT
KPATKUX AYTUX
NMPCNWUHA ety MNMPCIMUHA
\ \'s '
NEPROPAG. 1
PRSLINE ’
OYXXUHA NPCNUHE AK,, log AK
a) 0)

Cnuka 4.7. llonamame KpaTKuxX MPCIUHA UCTIOA Mpara pacta 3aMOpHE NPCIIUHE:

a) y 3aBUCHOCTH O] AYKUHE MPCIrHe U 0) y 3aBUCHOCTH 011 BpenHocTr AK

[Ipenas ox HacTaHKa MPCIMHE 10 BUXOBOT pacTa je U Jajbe MpPeaMeT pacrpasa,
OITHOCHO 3aBUCH U o1 MOryhHOCTH onpehuBama npciuHa y paHuM ¢daszama. 3Ha4ajHA je
paznuka usmelhy oapehuBama MPCiIHHA y PEATHUM YCJIOBUMA TPEKO OAroBapajyhux

UCTITHBama 0e3 pasapama W yTBphuBama BEIMYMHE U YCJIOBA HACTAHKA MPCIMHA Y

1ab0opaToOpHjCKUM YCIOBUMA.
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Kao mro ce Ha ciunu 4.70) Moxe BUneTH, ca moBehamweM IyKWHE MPCIIUHE,
Moske nohu 1o cMamema Op3uHe pacta npciube (y 00acTH KpaTKUX MPCIUHA) 1Ma | 10
MOTIYHOr 3aycTaBibatba pacta. Cnuka 3.16. OOHOCHO TMpUKa3aHU pPe3yJTaTH
UCTIUTHBAKA, Hy/I€ MOTBP/Y 3a OBY I0jaBy MPCJIMHA KOj€ AaJbe HE PONarupajy.

VY mpaxcu, BpenHoct nedunucana cranmapaom ASTM E647 [164] on da/dN =
4-107"° mM/IUKIYCy, Ce Ha3WBa TPAHHUIIOM Kana AOoJia3u 1O TMpPecTaHKa paja ayre
npciauHe. Jlo Te mojaBe momasu y 30HU | kpuBe pacra 3aMopHe mpciuHe. Ta BpemHOCT
orcera (akTopa WMHTEH3WUTETa HAINOHA, NPU KOjo] je Op3uHa pacra NPAKTHYHO
HEMepJbHBa C€ HA3MBa Tpar pacra 3aMopHe mpciauHe. MelhyTum, 1oka3aHo je 1a KpuBa
pacta mTpCIMHE 3aBUCH O OAHOCAa HamoHa R (decto Ha3BaHMM U (pakTopom
ACHMETPUYHOCTH LMKJIyCa), a Ka0 W Ja W BPENHOCT R MMa yTHIa] Ha mpar pacra

3amopHe npciuHe AKy, [165 — 169], cnuka 4.8.
A

log (da/dN)

=
AR log AKX

Cnuxka 4.8. 3aBUCHOCT BpeIHOCTH Ipara pacta 3aMOpHE MPCJInHE

on daktopa acumerpuje rukiyca R [168]

Omnmre mocmarpaHo, Moxe ce pehu na BpemHoct AKj, omaga ca nosehame
BPEOHOCTH KR, 1OK Cy 3a HeratuBHe BpemHocTH R, Bpegnoctm AKj, rOTOBO
HenpomemeHe. Kako je cBe BpemHOCTH AKj; TpakTHYHO Hemoryhe yTBPAUTH 3a CBE
BPEIHOCTH KOMOHMHALIM]e MaTepujaia U BPEOHOCTH K , MHOTH CYy ayTOPH IMPeIJIOKIIH
eMITUPHJCKEe u3pa3e MOoMOoNy KOjHX Ce, ca JAOBOJbHOM TadHOIINy, MTOOWUTH BPEAHOCTH
AK}, Ha OCHOBY NO3HaBaWba BPEIHOCTH Ipara pacTta 3aMopHe npciune npu R = 0, cinuka

4.9. jennaunHa 4.22.
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Cnuka 4.9. 3aBucnoct BpenHoctu AKy, on pakropa acumeTpuje nukiyca R, [165]

Kana ce ne 3Hajy Bpennoctu 'y u d, nzpasz 4.21. nobuja obnux [165].
AK yygy=7-(1-0,85-R) (4.20)
OBaj u3pa3s Baku 3a MUPOK pacroH MaTepujana [165].

IMopekno yrtumaja R Ha pacT NPCIMHE j€ WACHTU(UKOBAH MPEKO IOjaBe
3arBapama npcimue, [166]. Hcnox onmpehene BpemHocTn mo3uTHBHOr onrtepeherma
J0JIa3u 10 TAKO3BAHOT 3aTBapama M MPCJIMHA OCTaj€ 3aTBOPEHA M TOpEn MPUCYCTBA
3aTe3HMX HamoHa Ha Bpxy. Kao mociemuia, camMo peaykoBaH LMKIMYHU OICET

uHTeH3uTeTa, AK 4 CliMKa 2.19. NONPUHOCH Aa/bEM LINPEHY NPCIUHE:

AK ;= (a+bR)AK (4.21)

Tpu onBojeHa MexaHM3Ma OOBOAE [0 3aTBapama MPCIMHE: IUIACTHYHOCT,
MPUCYCTBO OKcuaa u XpamaBocT [167, 168, 169]. bes y3umama y 003up OBHUX

MeXaHH3aMa Hje Moryhe moTIyHO pa3yMeBame pacTa 3aMOPHHUX MPCIUHA.
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K

Kmax ‘

AK,,
VARVARVE]
K”"" Km," AEO LIMKITYCA I'AE JE
MNPCNUHA 3ATBOPEHA

1

BPEME

Cmuka 4.11. I{uknyc orncera UHTeH3UTETa ca AeIoM AK.4

KOj U IOMIPUHOCH IIUPEHY MPCIUHE

4.3.2. llonamame NpCcJauHA OKO IPAra pacra 3aMopHe npcJanHe

Besa koja moBe3yje BpEeOHOCTH TpajHe OUHAMHYKE YBPCTOhe ca IYKUHOM
npciuHe je nata npeko Kitagawa — Takahashi (KT) nujarpama [170], koju mpeacrasiba
BEOMa PACIPOCTPAEH aJIaT 34 MPOJEKTOBAKE Ca CTAHOBMINTA CUTYPHOCTHU OIl OTKa3a.
KT pmjarpam koMOmHyje mpar pacra 3aMOpHE MPCIWHE Ca TPajHOM AHMHAMHUYKOM
yBpcTONOM TMPEKO jJEAMHCTBEHOr aWjarpamMa wuctoBpeMeHo aedunumyhn obmact
Henpornarupajyhux npcnuna, cnuka 4.12. 3Hayaj] oBOr Amjarpama je y BEJIUKOM Opojy
npumena [171, 172, 173] Ha 3aBapeHe cmojeBe, omTehema On yaapa W KOHTAKTHOT
3amMopa, OIHOCHO BeJIMKe Tpyre mpodiiemMa Koje je BeoMa TEIIKO pasmarparu 0Oe3
pasymeBamwa u npumeHe KT aujarpama.

ITocebHO je uHTEepecaHTHA MPUMEHA KO TeHepan30Baba OBOT AHjarpama Kpo3
mare omrehema ycien 3amopa [174, 175, 176], y kojuma ce npeko Bese u3mehy orcera
HAMoHa U Ay’KWHE TMPCIUHE Mamupa OYeKMBaHU THIT ouiTeherma ycien 3amopa, ClIHKa
4.13.

Jlasbu Hampenak je yuumbeH KopuilnhemeM 3aMHILbeHe MYXKHHE MpPCIUHE, do i,
kojy je npemioxuo El Haddad [177], yume je omoryhena kopekuuja KT nujarpama,

ciuka 4.14. Ta 3amun/beHa 1y KHUHA NPCIUHE CE U3padyHaBa Kao:

2
AK
Aoy = 1 (4.22)
’ T Y' Ao-a
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\\\ A o= AK,J(ra)?
o

rmatka ~
enpyBeTa *

' f log ; N 2a

a, = 1 (AK,JAc)

Ayra npcrnuvHa

.. A o= AK,/(ra)"

log Ac|

a, = 1In (AK,JAcY™

4 \ ‘\ -
log a\
obnacrt ayre
KpaTKuX NpcnuHe
npcnuHa o6nacTt Baxera
MexaHuke rnoma

6)

Cmuka 4.12. Cxemarcku npukasa Kitagawa — Takahashi qujarpama

Cnuka 4.13. Mamna 3amopHuX omrehema 3a anymunanjym 2024-T351,3a R =0, [176]

1000
_ OBINACT FPAHULIE TEYEHA
ST 7
£
‘:’ = H
:2
23 100- ~ =
5 g [ oTxa3 ycnes noma : >~
2 c [I1I11]]] dbaza lll pacta npcnuxe s
= © 5
E. b I;| tba3a lll pacta npcnvHe S D
" | dpasa Il pacTa npcnuHe >
10 /) saycraBmame pacta ///%
10+ 10+ 10% 10+

OYXXuHa npcnuHe (m)

Hacrasmajyhu ce na El Haddad-oBa ucrpakusama, Yates u Brown [178] cy

JOKa3aJiu J1a j€ Ba)KHOCT jemHaunHe 4.24, 1 y TOMe IITO IpeacTaBiba HajBehy moryhy

OyKUHY Herponarupajyhux npcnmHama 3a

Ao, nobujero npu R =-1.
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\"I Ta

=2

R a (log)

Cnuka 4.14. Kopexumja KT nujarpama ysohemem El Haddad-osor mapametpa, [177]

W omcer HamoHa TpW TPAjHO] AWHAMHYKO] YBPCTONW 3aBUCH OJ BEIIHMYUHE

MNPCINHE, OAHOCHO Ipar pacTta 3aMOPHE MPCIUHE CE€ MOXKE U3pavyHATH KaO:

AI(th,lc

AO'th (aa,H): Y. m (4.23)

I'me AKy, . 03Ha4aBa mpar pacra 3aMOpHE mpciuHe, a I reomerpujcku paxkTop

npcaune. Ayropu Yu [179] u Atzori [180] ca cBojuM capagHuiuMa Cy Takohe
KOPUCTHIIM TeoMeTpHjcKU (akTop Y 3a TeHepaju3alujy Tropme JeJHauYnHE 3a CBE
reoMeTpuje.

McEvily u Minakawa [181], Chapetti [182] u Tabernig ca capaguunuma [183].
Cy TMOKa3aJId Ja 3aMOpHA YBpCTOha 32 (PM3MUKMU KpaTKe MPCIIMHE UMa HUXKY BPETHOCT
on one mpensuhene El Haddad-osum mopenom. Takohe, Murakami [184] je jacHo
NOKa3ao fAa Cy MpH BPENHOCTHMA TpajHe AWHAMUYKe uBpcTohe Hempomarmpajyhe
NpPCIMHE OrpaHuueHe ca 1o Tpu 3pHa. [lopen osor, jacHO ce Moke yountn Baxkemwe El

Haddad-oBe kopeknuje, ako ce moriezna orncer Bakermba 32 aCHMIITOTE:

Ao(a/a, > 0)=Ao,
(4.24)
Ac(a/a, - o)=AK, /Nm

Oga kopekiyja je oMoryhuia neTaspbHujy aHAJIN3y KOja j€ JacHH]e pa3rpaHuyuia

pa3nuky m3mely MUKPOCTPYKTYPHO B (PU3NIKH KPATKUX MPCIIHHA.
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3amopHa wuBpcTOha pgoOWjeHa WCNHUTUBAKLUMA HA T[JIATKUM erpyBeTaMa
NpeACTaBba MEPYy OTIOpPa MHUKPOCTPYKTYPHO KpPAaTKHUX MpPCIMHA Ka JajbeéM pacry,
OIHOCHO PAaCT j€& TOJIMKO yCIIOPEH J1a C& MOKE CMaTpaTH Jia Ta HeMa.

3amopHa uBpcToha 100MjeHa HCITUTUBAKBUMA Ha OLITPUM 3ape3uMa MpeacTaBiba
Mepy oTrnopa (pU3NYKU KPAaTKHUX MpPCIMHA Ka najbeM pacty, [185]. Kapakrepucruune

tauke Ha KT nujarpamy, cy npukasane Ha ciaunm 4.15.

‘.\ enpye.
ca3ape3som

\\
N
enpyB. °
6e3p¥;ape3a\ Ao = AO‘O_
@

i of Pl
N

log Ac

/

7 AN i
MWKPOCTPYKTYPHO cbuanukm Iog a
KpaTke NPCNIMHe  KpaTKe NpCcruHe

Cmuka 4.15. KT nujarpam ca jacCHO OrpaHUYE€HNUM BPEIHOCTHMA 32

MHUKPOCTPYKTYPHO U (PU3NYKH KpaTke npciune, [185]

Meranypluiku 10Ka3H 32 HABEAEHO CY:
e IllTo je Mama BeIMYMHA 3pHA BHIIA j€ BPEOHOCT 3aMOpHe uBpcTohe; u

e IlITo je Behe 3pHO, BHIIA j€ BPEOHOCT mpara 3amMopa.

3nauaj KT nujarpama ce orjiena y TOMe IITO j€ y OININTA 3HAKA O 3aMOPY YBEO
KOHIIENT KPUTHYHE IyKWHE, Ka0 TPaHHUIe MPU KOJO] Ce JAellaBa MpPOMEHa CKaje
BEJIMYMHE U YTULQJHUX YMHUIALA [TPU PACTy KPATKUX MPCIIMHA.

PasymeBame pusnke mpoueca 3aMopa MaTepyjaita U CBUX YTHLAJHUX YHHUJIALA
y PEXKUMY KPATKUX NPCIIMHA MPENCTaB/ba OCHOBY pa3syMeBama came IojaBe 3amopa. Y
HAJTIPOCTH]EM CITy4ajy, OF BPEOHOCTH d, U HAMTOHCKOT CTamba 3aBUCH KPajmbH UCXOM: Ja
au he mpciwHa HACTaBUTH Ja pacTe Wiau he pacT OWUTH TOT pena BEIWYWHE Ja Ta
MO’KEMO 3aHEMaPHTH.

Jlaisba uctpakuBama Ha HaBEIEHUM OCHOBaMa ce U jajbe onBHjajy. Kao BakaH

IOOTIPUHOC NOTpeOHO je nctahu Monmudukanujy nocrojehe jenHadnMHE KOHCTPYHCAHEM
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tpogumensnoHor KT numjarpama, rme je Maierhofer u Pipan xao tpehy ocy Haseo
KOHauHy nyOMHY M3BOpa KOHLEHTpauyje Harona [ 186, 187].

Bamunanujy ocnosanx nocrasku Teopuje TCD je m3spumo Banr ca Tejmopom
[188], a Tejmop je mokazao mpumernsbuBocT TCD-a Ha Benwku Opoj pasIHUUTHX
matepujana [189-195]. VYmorpebmuoct Teopuje TCD nHa mpobrneme u3 obnactu
3amopa je cucrematuszoBao Cycmen [196] u HaBeo Kao:

e IlpumenssuBoct TCD-a Ha onpehuBame 3amopHe uBpcTohe enemeHaTta ca

M3BOPOM KOHILIEHTPAIHj€ HaIOHA MPHU BUCOKOLUKIMIHOM 3aMOpY;

e IlpumenssuBoct TCD-a Ha onpehuBame 3amopHe uBpcTohe enemeHaTta ca

M3BOPOM KOHLIEHTPALYj€ HAIIOHA MPU BUIIEOCHOM 3aMOpY;

e IIpumenssuBoct TCD-a KO KOHTAKTHUX Npodiema; u

e Monudukanujy TCD-a 3a npuMery KoJ eacTo-IIacTUIHUX npodiema [197].

3anumibuBa npumena TCD-a je HasemeHa kxon As-a Koju je y CBOjOj

OUCEePTALMjU KOJ ayTOMOOWJICKMX KOMIIOHEHTH KBAaHTH(PUKOBAO YTHIA] KBAJIUTETA
nospiiHe, Mepehn cTBapHy Tomorpadgujy U cUMynupajyhu je Kpo3 eKCIEpUMEHT H
kpo3 MKE [198]. IlocebaH wuckopak y TpaBiy pellaBama CTBApHHUX mpodiema
KOHCTpPYKIIMja BUCOKe TexHojoruje je mao Susmel [199] kpo3 mamorpaamy TCD-a
BE3aHO 3a TmpobyieMe KBaHTH(UKAIMjE YTHIAja W3BOPa KOHIEHTPALM|e€ HAMOHA Y
ClTy4ajeBHUMa BUIIEOCHOT 3aMOpa.

ITocebHO ymaapuBo j€ OACYCTBO AOCANAIIBbUX pa3MaTpama y ABa Cliydaja;

e [Ipobnem KOHLEHTpaTOpa y KOHLEHTPATOPY HAIMOHA, OJHOCHO KyMYJATHBHOT

edexTa 1Ba KOHLIEHTPATOPA HATIOHA, U

e IIpumeny TCD-a y ciayuajeBumMa kaja ce yBOAM NpodJeM pagHUX yCIOBa, HATP

TeMIepaTypa u Kopo3uja.

YmpaBo y OBOM feNly Cy CMEIITeHa MCTPakKMBama Koja Cy Ouia mpeaMer oBe
ouceprauvje. Y HapeOHMM TOrJIaB/bUMa [aT j€ MpHUKa3 Aajber pa3Boja MeToia
3aCHOBaHMX Ha Teopuju KPUTHYHHX pacrojama y3 Kopuinheme CaBpeMEHHX
HYMEpUYKHUX MeTOoAa 3a onpehuBame HAMOHCKOr CTama MAIIWHCKUX eJleMeHaTa U
CaBpPEMEHHX EKCIePHMMEHTAIHUX MeTona 3a onpehuBame 3aMOPHHX KapaKTEPUCTHKA

MaTepHjana.
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S. IPUKA3 U BEPUO®UKAILINJA PASBUJEHUX METOJA 1N
METOAOJIOI'NJE 3A ITPOLNEHY HACTAHKA N INPEIHA
INPCJIMHA KO MAHIMHCKHUX EJIEMEHATA U CUCTEMA ¥
YCJIOBUMA 3AMOPA

5.1. YBoa

IToBehame pamHOr BeKa M MOY3AAHOCTH MAIIMHCKUX €JI€MEHaTa M CHUCTEMa Y
yCIOBHMA 3aMOpa YCJIOBBEHO Je moBehameM TAauyHOCTH M IOY3JAHOCTH IIPOLEHE
HACTAaHKa W IIMpema MpCinHA. 300r TOra jé OCHOBHHM LIWJb y OKBHPY HCTPAKHBAHA
MOHAIIAKka MAIIWHCKUX €JIEMEHATa Y PeaHUM YCJIOBHMMA MPHU 3aMOpPHOM omntepehemy
pasBHjame METONAa 3a IPOLEHy HAaCcTaHKa M mIupema npciauHa. Jla Om 3amoBosbuie
3aXTeBE CaBpEMEHe NPHMEHE, METOle MOpajy OuTH pasBHjeHEe KOpHUIIhemeM
UHTEPANCLUILUTMHAPHUX NPUCTYIA pellaBamy KJbYUYHUX npobsieMa y oBoj obmactu. Ca
TUM LUJBEM j€ Yy OKBHPY pa3BHjama METOJa NMPE3EHTOBAHUX Yy IUCEPTALHjH, MmoceOaH
HArJacak CTaB/b€H HAa KOpPUINNEHmEe TeopHja Koje Cy CI0] eKCIePUMEHTATHUX,

HYMEPHUYKHUX U AHAJTUTHYKHUX MCTOA.

5.2. Pa3Bujame MeT0J0JI0THje 3a MNPOLEHY HACTAHKA U NIHPEHAa

NpC/JinHa KOA MAIIIMHCKHUX €JIEMCHATA y YyCJI0BHMMA 3aMOpa

CrannapnHa HMHXKEHEPCKAa METOAOJIOTHja 3a NPOLEHY HACTaHKAa M IIHPEHAa
MpCIIMHA KOJ MAaIlTWHCKUX €JIeMEeHATa y YCJIOBMMAa 3aMopa mpukasaHa je Ha c¢in5.1. Y
OKBHPY OB€ METOAOJIOIHj€ KOPUCTE C€ CTAHAAPAHE U AHAINTUYKE METOJIE KOj€ Cy BHUIIIE
JeleHja IPUCYTHE Y UHXKEHEPCKO] MPAKCH. 3a MPOPAYyH HAMOHCKOT CTakha CIOKEHUX
MAIIMHCKUX eJIeMeHaTa M CHCTeMa JOII YBEK C€ Y BEJIMKO] MEPH Yy HHKEHEPCKO)
Mpakcy, Ia 4YaKk U y OKBUPY HAyUYHOUCTPaKUBAUKOI pana KOPHUCTE YCTabeHE

cTaHaapaHe MeTozae npopadyHa. OBe aHAIUTHYKE METO/E 3aCHOBAHE CY HA TEOPHUjCKUM
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MOCTaBKaMa MEXaHWKE W TEeOpHUje eJaCTHYHOCTH, Al MOAPA3YMEBA]y U BEIHUKH Opoj
KOpEeKUMOHUX (akTopa M KoeduLMjeHaTa KOjM Cy eMnupujcku pobujeHu. 3a
U3pavyHaBambe HATOHCKOT CTaka Ha MECTUMA KOHLIEHTPALHje€ HAIIOHA YCIIeN MMOCTO]jaba
npenasHux 3a00Jpema Kopucte ce [leTepcoHoBU (hakTOpH KOHIEHTpALM]e HarmoHa [52],
KOJU Cy Takohe eMIMpHjCKOr KapakTepa. 3a MpopadyH HACTaHKA U IIUPEHA MPCIHHE
KOl MAIIMHCKUX €JleMEeHaTa M CHUCTeMa y JaTUM pagHUM YCIOBHMa KOPHUCTE cCe
yCTaJbeHe METO/Ee MeEeXaHHWKE JIOMa, KOje TMOApa3yMeBajy II03HABakHE 3aMOPHUX
KapaKkTePUCTHKA MaTePHjajia U HATIOHCKOT CTamba HA MECTY KOHIICHTPAaTOpa HAIIOHA.

OBa, YyYCIOBHO peuYeHO  CTaHAAapAHA, METOMNOJIOTHja  3a  IPOIECHY
HACTaHKa/IIMPemha MPCIMHA KO MAIIMHCKUX €JIeMEeHaTa y yCJIOBUMA 3aMOpa JIOBela je
70 BEJNMKOr Opoja MUCKYTAOWJIHHWX MpOopadyHa HOCHUBOCTH W TMPOLIEHA PaIHOT BeKa
MAIINHCKUX €JIEMEHATa U CUCTEMa y MPAKCH, IITO j€ MPOYy3POKOBAJIO JIOMOBE M XaBapH]e
ca BENMKUM MarepujamHuM ryourmma, [200, 201]. 36or Tora oBa MeTOOJIOTH]a
Hen30eKHO MOpa y HapeIHUM roJiHaMa OMTH MOTITYHO HAIyINTeHA U 3aMEHEHa HOBOM
METOAOJIOTH]OM KOja MHKOPTIOpPHpa CaBPEMEHEe M HOBE METONE MPOpavyHa HAMOHCKOT
CTama MAIIMHCKUX €JIEMEHATa U CUCTEMa U HOBE METOJIE MPOLIEHEe HACTAHKA U LINPEHha
NPCIIMHA.

HoBa meTtomonormja 3a mpoLeHy HacTaHKa/IIMPerma NPCINHA KO MAIIUHCKUX
eJeMeHaTa M CHCTEMa Yy YCJIOBHMa 3aMOpa pa3BHje€HAa j€ Y OKBHUPY HCTPaKHBaHA
¢eHOMeHa 3aMopa y OBOj JOKTOPCKO] TE€3M M MpHUKa3aHa ajJropurMoM Ha ci.5.2. Ona
npensuha u ojennmaBa MPUMEHY CBUX PACIIOJNIOKUBUX W HOBHUX METOJA WM MOCTYIIaKa
KOJ y CaBPEMEHOM HWH)XEHEPCKOM MPUCTYNY [ajy TadyHHje pe3yiTare y3 IMpHMEHY
HOBHX €KCIiepUMeHTaTHUX ypehaja u codreepa. l{eHa ekcriepuMEeHTATHUX UCTIUTUBAA
U COPTBEPCKUX pellemha MHOTOCTPYKO j& Mama y KOHAa4YHOM H3HOCY O Moryhux
ryOuTaka ycien HeTayHUX MpopadyHa W MPOLIEHA PaIHOT BEKa U HOCHBOCTH, IMOCEOHO Y
yCclioBUMa moBehaHWX 3axTeBa KOpPUCHHWKA 3a moBehameM epuKacHOCTH U
pacIioNIOKUBOCTH  O€3 HapyluaBamba TMOY3MaHOCTH BHUTAJTHHUX JEJIOBA  BEJIMKUX

MalllMHCKHX CHUCTEMA.
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Mabop malwmWHCKOr eNemMeHTa — recMmeTpuja,

mMarepujan, pagHu ycnosu

!

MaenTudmnkauwja KoHUeHTpaTopa HanoHa
(reomeTpuja, cTake marepujana, ontepehetse)

'

AHANUTUYKA NPOPaYYyH HaNOHCKOr CTaHa MalluWHCKor

Aena \unv cucTtema

'

QOuunTtasare NPUBNINKHMX OCHOBHUX

KapakTepucTika martepujana

[Topeferke HanoHCKOr CTaka Ha MECTY
KOHLEHTpaTopa HanoHa ca KapakTepucTUKkama

MaTepujana

Aa

a nv nocToje ycnosu

k

3a HﬂCTaHEIIdLLIMPEI-bE
npcrvHe

ExcnepumenTanHo ogpefueare
3aMOPHUX KapakTepucTuka
Marepujana

HE

[a nwn ce ovekyje
HacTaHak/wuperse
npcnuHe
(MexaHvka noma)

F

MpopauyH cTeneHa CUrypHOCTH, PagHOr Beka,

HedmHucarse pagHux ycnoea

noyaaaHocTH

Cnuka 5.1. CrannapaHa HHXeBEPCKa METOJO0JIOTH]a 3a MIPOLIEHY HACTaHKA/IIUPEma

MpCiIMHa KOJ MAlIMHCKHUX €JIeMEHaTa y yClIOBUMa 3aMopa

57



Ipuras u eepupuxayuja pazsujenux memooa

... - IVIABA 5.

Mabop mawmKHCKOr eNemMeHTa — reaMeTpuja,
Matepujan, pagHu ycnosu

!

MaeHTdukauvja kKoHUEHTpaTopa HanoHa
(reomeTpuja, cTake mMarepujana, ontepeherse)

'

MpopayyH HAaNOHCKOr CTakka MaLLWHCKOr Aena unu
cuctema — Metoga Konaunmx Enemenarta (MKE)

'

EkcnepyumeHTanHo oapehuBarse OCHOBHWX
KapaKTepucTHKa martepujana

[Topefetke HanoHCKOr CTaka Ha MecTy
KOHLEHTpaTopa HanoHa ca KapakTepucThKkama

MaTepujana

aa a nw nocroje ycrnoeu

|

3a HacTaHak/Wupetbe
npcnuHe

(MKE)

WMapadyHaBarse rpagujeHTa HanoHa
Ha MECTY KOHLEHTpaLUuje HanoHa —
MeTtopa Konaynux Enemenata

HE

:

marepujana

EkcnepumeHTanHo oapehusatse
3AMOPHUX KApaKTEpUCTHUKA

WapauyHapBatbe KpUTHUYHOr
pactojarea — Teopuja KpUTudHMK
Pacrtojara (TCD)

npcnvHe

a N ce oYekyje
HacTaHak/Wupere

He

F

HedmHucarse pagHux ycnoea
MpopaqyH CTeNeHa CUIYPHOCTH, PALHOr BEKa,
noyaaaHocTH

Cn.5.2. HoBa meTomonoryja 3a npoLeHy HaCTaHKa/IIHPea MPCINHA

KOJI MALIIMHCKUX eJIeMeHaTa y yCJIOBHMA 3aMopa
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Merononoryja pa3BijeHa y OKBUPY OBE JUCEpTalldje KOPUCTH HOBE METONE 3a
NpPOLIEHY HACTaHKAa M INUpPEHha MNPCIMHA KO MAIIMHCKUX eJeMeHaTa y YCJIOBHMa
3aMopHoOr ontepeherma (pa3BUjambe MeToAa W Bepu(UKalUja OMHCAHU CYy Y ciaeaehem
JieJTy OBOT TOTJIaBJba). 3HAYAJHO je ucTahu 1a OBa METOAOJIOTH]a UMa [IUPY TPUMEHY O
NpUMEHe y TPOjeKTOBakbY W MPOPAdYyHy HOBUX MAITHHCKHX elleMeHaTa W CHCTeMa
ontepeheHnX BUCOKOLMKJINYHUM TpoMeHsbUBUM onTepehemem. Ta mpumena ce oriezna
y mMoryhHocTiMa oxpeljuBamba y3poka HaCTaHKA OTKa3a eJIeMeHaTa KOjU Cy Paauin y
yCcJIOBHMMa 3aMOpHOr onrepeliera M MpopadyyHa MPENoOpydYeHUX pPagHUX YCJIOBA 3a
HACTaBaK pafa omreheHNX MAIIMHCKUX ejleMeHaTta. Takohe, moceOHO je 3HadvajHa
MOTryRHOCT peBep3udmIHOT KOpHUInhema MPUKa3aHOT aJITOPUTMa METOIOJIOTH|E Y LIUIbY
npensuhama OYEKMBAHOT PAJHOr BeKa MOCTOjehNX MAIIWHCKHUX eJieMeHaTa MpH
nepuHMCAaHNM pagHUM onTepehemrMa.

Hosa merononoruja Takohe KOPUCTU CaBPEMEHY METOIy KOHAYHUX ejeMeHaTa
3a MpOpavyyH HANOHCKOr CTarkba MALIMHCKOr [ejla WM CHCTeMa Yy YCJIOBUMA
KOHLEHTpauuje HanoHa. [IpemHOCT OBe MeTo[e Haja CTaHAApAHO KOpHUINNeHUM
AHAJMTHYKUM MeToJaMa je y MOryhHOCTHMa mpopavyHa HAMOHCKOT CTarka Ha MECTUMa
KOHIIEHTPATOpa HAIOHA, Y3 3a0BOJBeHE onpeheHux ycioma, 0e3 yBohema (akropa
KOHLIEHTPALIMj€ HAMOHA KOjM MOJKE HEraTUBHO yTHULATH HAa TAYHOCT pesynrara. Takobe,
noceOHO je MOroAHa 3a MPOpavYyHe KO MALIMHCKUX €IEMEHATa U CUCTeMa Ca CJIOKEHOM
reOMETPHjOM M KOHTAKTHHUM Hampe3amuMa, Kao U y yCJIOBHUMA MOCTOjamba CIOKEHUX
onrepehema kama je mMoceOHO BAXKHO Yy JENHOM MPOpPadYyHy y3eTH y oO3up cBa
CrioJballmba onrepeherma.

OnpehuBarmbe OCHOBHHX M 3aMOPHHX KapakTepUCTHKA MaTepujajia y OKBUPY OBE
METOJOJIOTHje  mojpasyMeBa O0aBe3HO  eKCIIEPUMEHTANHO ofpehuBambe  OBUX
KapaKTEepPUCTHKA Ha y30pLMMa KOHKPETHOT Marepujayia. Ha oBaj Ha4WH, UCKIbYUY]Y Ce
moryhe rpeuike y mnpoLeHH MOryhHOCTH HAacTaHKa M pacta MNpCiMHA Y YCIOBHUMA
NpOpavyHATHX HATIOHCKMX CTalba Ha MECTHMA KOHIIEHTPATOpa HaIlOHa.

Merona konaunux enemeHara (MKE) je caBpemeHa Hymepuyka MeTOma Koja
Haja3u cBe Belly MPUMEHY Yy MpOjeKTOBakY M MPOpayyHUMa MAIIMHCKUX [eJI0Ba U
KOHCTPYKLIMja y3 MPUMEHY padyHapa. 3a pasjiuky OX APYruX HyMEpUYKHX METOma Koje

Ce 3aCHUBAJy HA MaTEMAaTHYKO] TUCKPETU3ALUjH jeTHAYNHA TpaHnYHIX npodnema, MKE

59



Ipuxasz u sepuurayuja paseujenux memooa.... - IJIABA 5.

ce 3acHMBAa Ha (PU3MYKO] AUCKPETH3ALMJHU pa3MaTPaHOr KOHTHHyyMa [eJIOBHMa
KOHAYHUX TUMEH3H]ja U JeTHOCTABHOT OOJIMKA KOjU C€ HA3MBAa]y KOHAYHU EJIEMEHTH.

Y ¢msuukom cmucny, npumeHom MKE npoyuaBano nedopmabuiaHo Teno Tj.
KOHTHUHYYM ca OeCKOHa4YHO MHOIO CTeleHH ciodome 3aMemyje ce IUCKPETHUM
mozenoM MelycoOHO MOBe3aHMX KOHAYHHX eJIeMEHAaTa ca KOHaYHUM OpojeM CTeneHd
cinobonme kperama. MaTeMaTHYKH T[JIEIAHO, YMECTO CcUcTeMa Iu(epeHInjaTHuX
jeqHauYMHA KOje AepUHHINY CTame PaBHOTEXKE LEJOKymHOr mopaena, mpumeHom MKE
nobuja ce cucteM OOMYHHX anredapcKuX jeaHaAYNHA.

[lpu guckpeTusalMju KOHTHHYyMa MOJKE C€ KOPUCTUTH je[aH THI KOHAYHUX
eJeMeHaTa MJIM KOMOWHALIM]a BHIIE THUIOBA (ILITO j€ CJIy4aj Y MOAETUMA Pa3BHj€HUM Y
OBOj IUCEPTALMjU), Kaa Ce MOpa BOAWTH pavyyHa O BUXOBOM ciaraky. CBU KOHAYHH
€JIEMEHTH Cy T[OBE3aHH 3aJ€JHHYKUM YBOPOBHMA, TAaKO Ja YHHE NPBOOHUTHY
KOHCTPYKLH]Y. YClIea MOCTOjamka BEIUKE Pa3HOBPCHOCTH MPoOJeMa, KOHCTPYKTUBHUX
00JIMKa, TeOMETPH]CKUX BEIUYMHA M YTHIja KOJ MAIIMHCKUX KOHCTPYKLHMja, A0 JaHac
je pa3BHjeH BeJUKH Opo] TUIOBa (BPCTAa) KOHAYHUX eJieMeHara. Pa3muuuTi TUIIOBU
KOHAYHUX €JIEMEHATa Pa3JIUKy]y ce MehycoOHO mo o0uKy u mo ¢yHKIHjaMa OOIMKa
(“shape function”), ogHOCHO MHTEPHONALMOHUM (YHKIHjaMa KOJHUMa Ce alpOKCHMHUpPa
NoJb€ MPOMEHJbMBUX y KOHAYHOM eneMeHTy. lIpm ToMe ce Kao crmenmjajHa BpCTa
U3/IBajajy M30MapaMeTapcKu KOHAYHH eJleMeHTH (KOpUIINeHH y U3pail MOZIeNia Y OBOM
pany), KOI KOJMX C€ KOPHUCT€ HCTH YBOPOBH M HCTE HMHTEPIIONALMOHE (PyHKLHU]je 32
ATPOKCUMALIH]y TEOMETPHj€ €JIEMEHTa M 3a aNmpOKCHUMAL]y OCHOBHHX HETO3HATHX Y
N0JbY KOHAYHOT €JIEMEHTA.

IIpu npoyuaBamwy Hekor aedopMabHIIHOT TeJa METOJOM KOHaYHUX €JIeMEeHaTa,
OCHOBHHM 3aJlaTak je M300p IUCKPETHOr Moneia KOJH HajO0osbe ampOKCHMHpa CTambe
nedopmanyje u HarmoHa U rpaHudHEe ycioe. M300p OUCKpETHOr Mozesa CacToju ce y
u300py THUIA KOHAYHHMX eJIEMEeHaTa KOJH C€ KOpHUCTe (jemaH WIIM BHUINE PA3THYNUTHX),
n300py BHUXOBHX TNOCEOHMX oOcoOuHa (ako mocToje) M y H300py TYCTHHE Mpexke
KOHAYHUX eJeMeHara. [IpakTHMYHO, He TOCTOjU €r3aKTHH KpPHUTEpUjyM 3a wu300p
HajOoJber TUCKPETHOT MoJesa Koju obe30ehyje HajBehy TauHOCT MpHU periaBamby Ta4HO
nepuHUCAHOr 3a7aTKa. 3aTO je, TOped TO3HaBamka TEOpUje KOHAYHWX eJIeMEHATa,
noTpeOHO U ITHUPOKO HMHIKEHEPCKO UCKYCTBO U KBAJIMTATUBHO MO3HABAKE CTaba HAIIOHA

U cTama aedopmariija Ko pa3MaTpaHOT MALIHHCKOT €JIEMEHTa WIH KOHCTPYKLIH]e.
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Ha ocHOBy mn3a0paHOr THIa KOHAaYHHUX €JIeMEHAaTa, CBOJCTaBa MaTepujayia U
APYyTUX BEJIMYMHA MPOJeKTOBAHOT TmpodjiemMa, y METOAM KOHAYHUX eJIeMeHara
NOCTaBJba]y c€ Be3e u3Mel)y OCHOBHHMX BeNWYMHA M (OpMHpa Ce OCHOBHA jEeIHAYMHA
KOHAYHOTI eJieMeHTa. [ pynHucameM OCHOBHUX JeqHAauWHa, [o0uja ce jeaHadnHa
KOHCTPYKIIM]j€ KOja J1aje CUCTEeM JIMHEAPHHUX |eHAYMHA 3a U3PadyyHaBake HEMO3HATUX
BEJINYHHA.

Metona KOHAYHUX eneMeHaTa 0a3upa ce Ha MOCTaBKaMa MEXaHUKE KOHTUHYYMa
(MexaHuke HempekunHux cpeanna). OCHOBHE MOCTaBKE MEXAHHWKE KOHTHHYyMa CY
OMIITENIO3HaTe, MOTy ce Hahu y pasnuuuro)] jureparypu, [202 - 210], u np., u

HETOTPeOHO j€ MOHABIbATH UX Y OKBUPY OBOT OTJIABIbA.

5.3. Pa3Boj MeToaa 3a nporieHy HACTAHKA M IIHPemha MPCJIUHA

Kako je BHCOKOIMKIMYHU 3aMOp AOMUHAHTaH (paKTOp KOjU AOBOIU 1O OTKa3a U
KaKO MAIIMHCKHM €JIEMEHTH M CHUCTEMH YBEK CaJpiKe M3BOPE KOHLEHTpAlHje HAroHa,
npensuhame yTHUIAja H3BOpAa KOHIEHTPAIMj€ HAMOHA HA 3aMOPHH BEK U 3aMOPHY
YBpCTONy TpeACTaB/ba MMIIEPATUB CABPEMEHE HAyKe W TEXHOJOTrHje. YTPKOC TOME,
Kako je mokaszaHo y Tabemu 4.1, jom yBeK He IOCTOje, Y HAy4yHO] 3ajeIHULH,
ycarjamieHe MeTone 3a npeaBubame yTHIQja CBHX BpPCTa H3BOpPa KOHIEHTpALH]e
HaroHa. OBa HeycarjameHOCT HHUje TOCIeAUIa MamKa Pa3IMdUTHX TEepPOoHja WIH
METOOJIOTH]a, jep Y JIUTEepaTypH 3arpaBo MMa BeOMa MyHO NpemiokeHnx mMerona. Osa
HEyCarjaleHoCT ¢ OYNTaBa M Ka0 HEOMIYYHOCT MpH U300py METOone W/WIIN METONA U
OKOJJHOCTH IIPU KOjuMa Tpeba mpUMEHUTH n3abpaHo.

Benmuku uckopak je modeo mpe oko 20 rommHa ca mupom npumeHom MKE u
APYruX HYMEPHUYKUX MeToAa. Y3 YCJIOB A0OpOr NO3HaBama MEXAaHHKE, TEOPETCKHX
nocraBku MKE wu mnomroBawa mnpaBuina wmonenupama (HOp QopMmupama Mpexe
eJeMeHaTa), aHaC BUIIE HEro MKaJ MCTPAKUBAYM MOTY 1A OYEKY]y IMOY3IaHy CIHKY
HATIOHCKOT CTama eJIEMEHATa KOjU C€ KOPUCTE MOJ IO3HATUM YCIIOBHMA.

3ampaBo, OCHOBHO OTpaHMYEHE y A00Wjalmy TNOy3/laHe CIHMKE NPEeACTaBba
TAYHOCT yJIa3HUX noaaraka. OHO MITO MPeACTaBba BEJIUKU MPOOJIEM Y CMHUCITY YIIa3HHUX
NoJaTaka, Kao HIIP HCTOPHUja U CIIEKTap HAIOHA Ha €JIeMEHTHMa, Y APYTUM CllydajeBUMa

j€ jako jemHOCTAaBHO, HNOpP KOJ TOCyna IOA MPUTHUCKOM. Jpyrum peduma, Kama cy
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npUMembeHa onTepehiea U rPaHUYHU YCJIOBU J00PO Ne(UHUCAHU, MOTY C€ OYEKHBATH
BEOMa TAYHU PE3YJITATH U HHUXOBA JeTa/bHA CJIMKA KAKO HA KOHTYPH TAKO U 10 AyOHUHH
matepujaia. IlocebaH m3a30B mpencTaBjba Kako ymnorpebutu oOuibe wHOpManmja
IOCTYyMHUX 3a mpensubame OTKa3a WM 32 PEKOHCTPYKLH]Y y Clyd4ajeBUMa aHaInu3e
OTKa3a.

JlokaJHO MOJbe HAMOHA OKO 3apes3a, WJIM HEKOT APYror M3BOpa KOHLIEHTpAaLHje
HATIOHA, MOKe OWTH TpUKa3aHO y OOJMUKY HAmoHA y (YHKIMJU OX pacTojama OJ BpXa

MPCIKHE, MPUKA3aHOM Ha Ciuiu 5.3.

L2 PACTOJAKE
2L

\ / OICEI HAMOHA, Ac

Cnuxka 5.3. Haron y ¢yHKIIUj U O pacTojama O BpXa 3apesa

VY namoj ananu3u Ouhe MpeTnoCTaB/bEHO Ja j€ aHaJN3a HANoOHA M3BPIIEHA V3
NPETIOCTABKY JIMHEPAHE €JIaCTUYHOCTU U Ha CE€ HajBehI/I rIaHW HalmOHU YHOCE Ha
mujarpaM. Jlobpo je mo3HaTo na ce Ko mpensubama 3aMOpPHOT Beka Ha 0as3m orcera
HAIlOHA y KOpEeHy 3apes3a, T Ha pacrojamy JeJHAKOM HYJIHM, MOXKE OYEKHBATH Maja
Ta4HOCT pesyarata. OBa MeTOa, 3aCHOBAHA HA HAIOHY, MPEACTaBJba CTAHAAPIAH J€0
MHOTHX Komepuujataux codreepa 3a MKE aHamu3y, anu 4ecTo BOAM Ka BEJIHKHM
rperkamMa y BpeIHOCTHMa 3aMOpHE YBpCTOhe 10 Te Mepe Aa cy noOujeHr pe3ysiTaTh 3a
U3BOpE KOHLICHTpAIMje€ HAMOHA HEymoTpeOJbUBH, TOCEOHO y ciydajeBuMa kanma je Ky
Behe ox 3. YoOuuajeHa anTepHATHBA y TAaKBUM CIy4ajeBHMa je KOopuInheme orcera
MIaCTUYHUX Aedopmannja yMEeCTO HAIMOHA, IITO HUj€ TIOTOJHO, jep j€ Y TOM Cly4ajy
HEOIMXOMIaH eKCIIEPUMEHT KOjU 00yXBaTa elacTo-IJIACTHYHY aHAJN3y. Y KOJHKO TO HHje
moryhe u3BpIINTH, YeCTO ce Ha 0a3u PacHoOKUBUX MOJATAKA M3BOAE arnpOKCHMALH]e

mto noBehaBa rPerky aHaI3e.
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Hneja xoja je mpemocTriia oBe rpodiiemMe ce 3ampaBo Kpuje y pagosuma Neuber-a
u Peterson-a u cBomu ce Ha TO Aa je HajBehW HAMOH Ha BPXy pamujyca MPCIUHE
HeonroBapajyhu mapamerap, 3a ciiydajeBe Kazia je IpaJdjeHT HaloHa JOBOJBHO BHCOK.
OnHOCHO, 12 HalOH CTPMO OMaia y BEIUYHMHE KOja j€ YIIOpennuBa ca MUKPOCTPYKTYPHUM
KapaKTepUCTUKaMa, HIp ca TpaHuloM 3pHa. HojOep je mpemnokuo kKopekuu)y momohy
MHKPOCTPYKTYpHE IYKMHE KOjy JaHAC MO3HAjeMO Kao KPUTHUYHO pactojame. Hberosa
uneja je Owna na je onromapajyhu HaroH, nmotpedaH 3a Jaby aHAIHU3Y 3aMPaBO CPEdrha
BPEIHOCT HAIOHA Iy T€ MHUKPOCTPYKTypHE nyskuHe. [leTepcoH je ympocTHO KOHLENT
kopumihemeM HarioHa oapeheHor y oapehenoj Tauku ucnpen 3apesa. Ose uneje je Omno
jako Temko nposeputu SO-Tux 1 60-THX TOIMHA MPOLLIOT BeKa 300r Tora mTo padyHapH
HUCY OWJIM TOJIMKO PaCTpOCTPAHCHH.

Cnenehu uckopak y pasymeBamy MOCTaBKe mpobdyeMa ca ciiuke 5.3, je yUUmbeH

panom Klusnil-a u Lukéa$-a[54], koju je xoepuunjenre K; u Krnosesao ca ag, (5.2):

K,= K,

P
J1+45% G
r

3nauaj paga Klesnil-a u Lukés-a [54] je y TomMe 1mTO je mpBH HyT mapamerap
IMCTAHLE, UCKAa3aH MPEKO dy, YBENEH y MexaHuky joma. McTtoBpemeHo, moTpebHo je
MIOZICETUTH ce J1a cy Petersen-oBu 1 Neuber-oBu mapamMeTpu Moy eMITHPH] CKH.
CaBpeMeHH OJrOBOP Ha MPAKTHYHO pellaBame npodsemMa CI0KEHHX reoOMeTpHja
U3BOpa KOHLEHTpALMje HAIOHA Y YCJIOBMMA 3aMopa je aar kpo3 Teopujy KpUTHYHHX
pacrojama. McTpaxkuBad Koju je GOpMYyIIHCA0 UEjy CABPEMEHOT MPUCTYIA PellaBamby
KPUTHYHUX pacTojarmba U mpodiieMa KOHCTPYKIMja Ca W3BOPUMA KOHIICHTpAIHje, je
npod. David Taylor, koju je cabOpao cBoja HCTpaKMBamka KpPO3 BHIIE IMPHUCTYIIA.
CyITHHCKH, TeOpHja KPUTHYHUX PacTojarma HUje jenHa Beh rpymna on BHIIE TEOPH)CKUX
MeToJa U TO:
e Taukacre merone PM;
e Jlunujcke merone LM;
e [loBpmnHcKe MeTone AM; u

e 3anpeMmuHcke MeToae VM,

63



Ipuxasz u sepuurayuja paseujenux memooa.... - IJIABA 5.

KOj€ WMa]y JelHy 3ajeMHUYKY OUIUKY — KOpHIINeHme KaPaKTePUCTHYHOr MapameTpa
MaTepHjasia, KpUTUIHOT pacrojama L. Hacrasmajyhu ce Ha pan Peterson-a u Neuber-a,
Taylor je xopuctno HaBeneHe merone (mpe csera PM u LM) nupekTHO, Npeko
noOujama KPUBHUX HAIMOH — PAcTOjame, Ha OCHOBY pe3ysiTaTa MEXaHWKe Jioma, ¢ 5.3.
Ako ce mpernoctaBu na cy PM u LM BanuaHe MmeTone 3a CBe BpCTe 3apesa,
ykIbyayjyhu u omtpe 3apese, 7oOHjaMo pe3yiTare Ja j€ KpUTHYHO pacTojame 3a PM =
L2ulM=2L.

OMHOCHO, TOJeNHOCTAaBBEHO U TPaQUUKN MPUKA3aHO HA CIUIU 5.4 KPUTUIHO
pacTojame MpencTaB/ba PacTojarbe KOI KOra Cy 3a70BOJbEHH M MOTpedaH U I0BOJbAH
yCJIOB (OTCer HalmOHa WJTH 3aMOpHA YBpcToha Ha oApeheHOM pacTojamy UCIpen H3BOpa

KOHIIEHTpALIM]€) 32 HACTAHAK M PAacT 3aMOPHE MPCIIMHE.

NNHUJCKA METORA
JIM - AYXKUHA 2L

MOBPLUUHA 3A MM
U 3ANMPEMUHA 3A BM

Crnuxka 5.4. Pazjammeme kapakrepucTnaHux Bennunnaa kog TCD-a [159]
OcHoOBa 32 OBaKBO H3j€IHAYABAKE YTHIIAja 3ape3a U MPCIUHA JIEXKU Y YHBEHULIN

7la je pacmojena HamoHa y o0a ciiydaja, KO BPeaHOCTH OJUCKUM 3aMOpPHO] YBpCTONH,

rOTOBO MIEHTHYHA, CIUKa 5.5.
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S R R A XN

Hajsehu HanoH

y xopeHy 3apesa—a.l

\

\
Ao(ay/2) =Ac, [~ n\\
T T -
_______ s a2

Cnuka 5.5. Pacniofiena HamoHa KO 3ape3a U MpCluHe

Jlo cana je yrimaBHOM KopuinheHa Tadukacta Merona, nedHHICAHA jeTHAYMHAMA

(4.5) u (5.2), nOK cy y UCTpaKMBambUMa JIMHH]CKA METOJIA U MOBPIIMHCKA METO/IA Mambe

KopuiheHe.
2
a, = 1| AKa (52)
z\ Ao,

30upHM mperyien KapakTepUCTHUHUX BeianmuuHa 3a PM, LM u AM je mar Ha
ciuny 5.6. MUHTepecanTHO je HaroMeHyTH na je PM 3anpaBo anpokcumanuja LM u na
BAXKHU 3a OWJIO KOJy BPCTY M3BOpa KOHLIEHTpaluje HamoHa Oe3 o03mpa Ha paaujyc,
nyOuHy U yrao.

IMomaum notpebuu 3a mpumeny Teopuje KpUTUIHUX pacTojama 6e3 o03mpa Kojy
METOAY NPUMEHWIIH, Cy BPEIHOCT OAroBapajyher orcera HarmoHa OZHOCHO 3aMOpPHE
yspcrohe Ao, BpeaHOCT ay, ¥ BPEAHOCT mpara pacta 3amopHe npcnuHe AKy,. [lomaim o
3aMOPHO] YBPCTONMU Cy IIUPOKO PaCIPOCTARESHHU, 0K CY MOJALM BE3aHHU 3a Mpar pacra
3aMOpHEe IpCiuHe, MoceOHO Kox BpenHocTH R < 0, ¢1ado OCTYIHU Y TUTEPATypPH.

Taylor je moka3ao [188] ma ykiamamwe rpelmaka y MaTepujany Wi CMambeHe
BEJIMUMHE IPEIlKe He MOpa Hy’KHO Aa noseha OTMOPHOCT KOHCTPYKLMje HAa OTKa3, Kao

71a je BPEAHOCT L. 3ampaBo jeaHaKa BPEIHOCTH dy.
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Aa(a,/2)=Ac,

2a
Ao, (2ap) =—— [ Ac()dr=2Ag,
2ay 5

2
2a,

) a AK
Ac(r) = fAC, |— =——2
o Fhoy, 2r  «27r

ay .

\ 4 xi2ag

A, (Area.r =ay) =— { J.AG('I'.H)J'CII'CIH ~1.1Ag,
00

Tay

B)
Cruxa 5.6. I'padudxu nprkasa TEOPHjCKUX METO/IA

Teopuje kpurnusOT pacrojama, PM (a), LM (6) u AM (B)
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Taxohe, Harnacamena je BakHOCT mopel)erma BPenHOCTH L. ca panujycoM U3BOpa
KOHIIEHTpALUj€ HAMIOHA L y KOJO] j€ MO0 10 MHULUpPakha MPCIHHA KOje Cy AOBeJe 10
3amopa. AHaju3a CIPOBEACHa y MPETXOAHOM JeNly je IMokas3aja Aa Ce HCIOJ Heke
KPUTHYHE BPEIHOCTH, MOKE TOCMATpaTH Kao OLITpa MPCIMHA U Taga Ce 3axTeBa
u3padyHaBambe (PakTopa MHTEH3UTETa HAMOHA 34 MPCIMHY UCTE AyXKuHe. Y ciy4ajy
KaJa je BPeIHOCT pajujyca U3BOpa KOHIIEHTpAIHje HalmoHa MHOTO Beha o1 BpemHOCTH L,
HEOMXOJHA ]€ aHajliM3a Koja Cce 3acHMBa Ha kopuimhemwy craHgapaHux ¢Gakropa
KOHIIEHTpaIyje HaroHa, K .

Kako je HamoMeHyTO, y CBaKO] aHAJM3U j€ HEOMXOAHO TOPEAUTH BEIHMYUHY
aHAJM3MPAHOT elieMeHTa ca BpenHocTH L. IIpBM mMOKyliaju aHamM3Mparma eleMeHaTa
KOjU Cy MO BEJMYMHU Majd U M3Jla3e M3 OICera ycjioBa AUMEH3Hja CTaHIapAHUX
(dakTOpa KOHLIEHTpALIH]j€ HATIOHA JOBEJU Cy 10 Pe3yJITaTta KOju Cy HEJIOTHYHHU. 3aTo je
u3BpieHa nocedbHa mogudukannja TCD kox koje BpeaHOCTH L BUIlle HUCY KOHCTAHTHE
Beh 3aBuce on BenuunHe Tena. OBaj mpasan passoja TCD je moceOHO UHTEpeCaHTaH jep
je TpeHI KOHCTpPyHCama MHKPOEJIEKTPOMEXaHMYKHX CKJIOMOBA BPJO H3Pa)KeH, Kao U
KOJI MEAMLIMHCKUX UMILIAHTAaTa, HIIp. cTeHToBa. Takohe, Benuky npumeny TCD he nahu
U KOI Marepujana rae /. WMa BeNHMKe BPEOHOCTH, Kao kon OeroHa U OETOHCKUX
koHcTpyKuuja [188 - 189]. I[Ipumep npennoctu TCD y omHOCY Ha 10 cajalimky Mpakcy

kopumhemeM (pakTopa KOHLEHTPALH] € HallOHA ITPH 3aMOpY j€ MPUKa3aHa Ha ciuuu 5.7.

nonynpevHKK 3apesa =0
A
: i
! 5+, [P o
| -1
i - F——
-1
HomuHanyu Hanow = 77 K=o, qsl
ltr =77 H, =99
Y - f/
| % [ a2 L y-BOEM) l
| | P, ¥ S, S
¥ \ F e .,
a2 \ 7~
Hamu-Ea YBpcToha b
E:IPMF A s Owxamuyka yepctoha .ﬁ’/
i d A (PM) = Aol

Cnuxa 5.7. Ilopehemwe npobnema HepemmBux kopuihemeM dakropa Krca

onrosapajyhum pernemuma momohy TCD-a, [211]
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Ipuras u eepugpuxayuja pazeujenux memooa....

Ha ocHOBY ucrnpes onucaHor, pa3ByjeHe Cy HOBE METO/E 3a MPOLIEHY HACTAHKa

U IMUPECHA 3aMOPHUX MPCJIMHA KOA MAIIMHCKHX €JIEMCHATA, MPHUKa3aHa aJIrTOPUTMOM Ha

ci. 5.8.
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Cnuxka 5.8. AnropuraMcku IpuKa3 HOBUX METOAA 3a MPOLIEHY HACTAHKA U IIUPEHha

3aMOPHUX MPCJIUHA
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5.4. llpumena u BepuduKanuja pa3BijeHux MeToAa

3a Bepudukaiujy y nadopaToOpujCKUM yCIOBUMA METONA PA3BUJEHUX Y OKBHPY
OBe AHCepTalyje, a 3aCHOBaHMX Ha TeopujckuM mocraskama TCD-a, uzabpaH je ciy4aj
ernpyBeTe ca W3BOPOM KOHLIEHTpAllMje HAllOHA Y HM3BOPY KOHLEHTpALMje HamoHa. 3a
Matepujan emnpyeere uzabpan je marepmjan 20 I'CJI, 3a xoju mocrtoje monmauu y
auTepatypu kopuimmheHn 3a BepuUKaLMj)y METOnE, M O KOjer je u3pahieH MaimmHCKH
€JIEMEHT — BPaTWIO XUApOTypOuHe, kopuiihen kao npumep [201, 212] Ha kome je y
cnenehiem neny aucepTanyje NprUKa3aHa IPUMeHa HOBE MEeTO0JI0rHje (OMUCcaHe y TauKu
5.2). 3a peHoMEH KOjU je MPETIOCTaB/bEH KAO Y3POK MMOjaBe WU3BOPAa KOHLICHTpALW]e
HAIOHA y W3BOPY KOHLEHTpAIHje HaroHa n3abpaH je (eHOMEeH KOpPO3HOHOT omTehema
y o0nmKy jamuia, ¢ o03upoMm na 3a omrehema OBOr OONHMKA W BENUYHHE TMOCTOje
onroapajyhu nurepapHu pesynrata notpeduu y Toky Bepudukanuje. OBaj GeHOMEH je
omucaH y neny 5.3.2., a takohe HCTpakWBaH W HA MPUMEPY KOHKPETHOT BpaTHia Y

cneneheM IMoriaBby.

5.4.1. Exchnepumenmaino UCHUMUBAILA KADAKMEPUCIMUKA MAMEPUJa/Ia

Y muby nobujama HEOMXOMHHWX VJIa3HUX [MONATaka 3a H3y4daBame YTHIA]ja
M3BOpa KOHLIEHTPALH]|€ HAIIOHA HACTAIUX KOPO3HJOM, Y YCIOBHUMA 3aMOpa, U3BPLICHA CY
UCTIMTHBAKbA 3aMapameM, Ha MaTepujany o3Hake kBaiurera 20MnS (omHocHo I'OCT
977:20I'CJI, AISI 1020) u to:

% Hcnurusamwa TpajHe AMHAMUYKE YBPCTONE HA IIIATKUM enpyBeTama
% HcnutuBame TpajHe AMHAMUYKE uBpCcTOhie HA T[JIATKUM enpyBeTama ca
MOBPIIUHCKUM Oja4aHUM CJI0j €M

s Hcnurusarme Op3uHe pacTa 3aMOpPHE TPCIIUHE

U3 nocrasweHor y3opka uspaheno je 18 cranmapaHux enpyseTa 3a onpehupame
TpajHe auHamuyke uBpcrohe u u3panay Benepose kpuse. UcnutuBame je H3BEneHO
npema crangapay GOST 25.502/79, na sucokodpexenTHOM nyn3zatopy AMSLER tun
10 HFP 422.

JIMHAMUYKO HCTUTHBAIE EMpPyBETa j€ W3BPIICHO CUMETPUYHO HAW3MEHHYHO

npomensbrBuM onrepehiemem (osp= 0, tj. R = -1) 3a rpanmanu 6poj ox 2 x 10° rukiyca,
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npu cpenmwo] ppexsenumju ox £ =208 Hz. Cxuna mecta u3 kojux cy uzpahene enpysere
je mpuKaszaHa Ha cuiu 5.9, a nuMensuje enpysera Ha ciuiy 5.10. lobujenu pesynraTu
UCTINTUBAA, W3BPIIEHUX HAa COOHOj TeMIeparypu mpHuka3zaHu cy Ha ciaunm S5.11. Ha
OCHOBH J0OHMjeHHMX pe3ynaTara yTeBpheHo je na mpajua ounamuuxa uepcmoha Ry,

usnocu 137.0 MPa.

OSA VRATILA a)

60

vouzanpravac ]

240 20,

6)

Cnuka 5.9. Ckua Mecta y30pKOBama .
Cnuka 5.10. O6nuk 1 TUMEH3H]e enpyBeTa 3a
enpyBeTa 33 UCTTUTHBAE .
UCTIUTUBAE TPajHEe TUHAMHYKE YBPCTOhE
TpajHe IMHAMHIKE BpcTohe

e e :
300 .
£ i
S 200 I
0 N e
g o
£ 150 | ®
S T
R, = 137 Nmm’
| re— s
10 10° 10° 10

Broj ciklusa, N

Cnuka 5.11. Benepos aujarpam nodujen 3a ucriutann yenunanu us 200°CJI [212]
[Tap empysera je AMCKPEIUTOBAHO W BPEOHOCTU AOOHMjE€HE WMCIUTHUBAKEM Ha

BUMa HUCY YHeTe Ha nujarpam Ha cii. 5.11. Pasnor 3a To je HacTaHaK MPCIIMHA Y PAHUM

(1)a3aMa HUCIIUTHUBALA. HaKHaI[Ha HUCIMUTHUBAKA, U3BCACHA METOJOM TCUHUX MECHETPAHATA,
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MoKasaljia je J1a Cy enpyBeTe MMajie CKPHBEHE TpPelIKe THIAa MOPO3HOCTH (Kao IITO je
noka3aHo Ha ciuiu 5.12), a y ciydajeBuMMa Kaga Cy empyBere Oujie 0Oe3 rpermaka,
notepheHo je na ucnuruBaHu Marepujan, dyenuuHu guB 200 CJI, nma 3Ha4ajHYy pe3epBy
IUTACTUYHOCTH, ciiuka 5.13. Pesynrar ucnmrupama npukasad Ha cauid 5.13 je mokaszao
na ucnutuBaHu Marepujai, yenudau jus 200 CJL, uma 3Ha4ajHY pe3epBy IUIACTUYHOCT.
Y uuiby mpoBepe OBE UMICHHIE TIET eNpyBeTa, THUIA NMpuKasaHor Ha ciuud 5.10, je
cauMapeHo y LWbYy MOBPIIMHCKOr OjavaBama. llapamerpu ojauaBama HM3BPLICHOT Y
texHndKkoM LeHTpy JAT-a cy npukaszanu y tabenu 5.1.

HcnuTnBame Tako CauyMapeHHX €NpyBeTa, IMOA HCTUM YCJIOBHMA Kao IITO CY
U3BpIIEHAa W MPETXOnHA HUCHTHBama (osz= 0, tj. R = -1), mokasano je nma je nosehame
Tpajue nuHamMuukKe uBpcrohe Behe ox 40%, cimka 5.14.

UcnutuBamwe y by onpehusama OpsmHe pacra 3amopHe mpciune da/dN u
npara 3amopa AKy, n3BeneHo je Ha crannapaHum [lapnm emyBerama METOJIOM CaBHjamba
enpyBeTe y TPH Tadyke Ha PE3OHAHTHOM BHUCOKO(QPEKBEHTHOM  ITyJI3aTOPY
CRACKTRONIC, cnuka 5.15, Bojao-rexanukor MHctutyTa y beorpany. Ucnutusame
€NpYBETA j& U3BENEHO Y KOHTPOIH CUJIE.

Ha uspabene Ilapnu enpysete (10 x 10 x 55 mm), ca o0e cTpane ce nerne MepHe
Tpake — pormuje PYMVYJI PM® A-5, mepHe ayxuHe S mm, moMoly KOJHX Ce MpaTH pacT
3amMopHe mpciuHe, ciuka 5.16. IIpaheme pacra 3aMopHe MpcivHE ce W3BOAU MoMohy
ypehaja FRACTOMAT uuju je pax 3aCHOBaH Ha MPOMEHH €JIEKTPUYHOT MOTEHLH]aia

Tpaxe.

600

500

400

300 +

o, N/'mm?

200 +

100

0 T T T
0 10 20 30

Al, %

Cmuka 5.12. ITopo3HOCT MaTepHjaa enpyBere
L Cauka 5.13. Jlujarpam HamnoH -
KOl KOJ€ € HacTaja NpCauHa IPU UCITUTUBAKBY . .
nedopmarmja 3a marepujaia 200°CJI
3aMapameM
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Tabena 5.1. ITapametpu caumapema enpysera uspahennx ox matepujana 20I°CJI

Hnmenszumem 0,010 - 0,013A  |[Ipumucax eazoyxa 5 atm
ITpexpusenocm 100% Yeao maaznuye 88°—90°
Beauuuna

C170 Pacmojare 00 enpyseme 100 £ 10 mm
Kyenuye
(Mamepujan Kyznuye YETIHK Yrynno epeme caumapema 3 min.

Ha cinuan HauuH je W3BPIIEHO HCIUTUBAKE HA EMPYBETH Ca CHMYJIUPAHUM
nonycepuum omreheweM ca » = IMM y muby oapehuBama TpajHE AHMHAMHYKE
yBpcTohie empyBeTe ca W3BOPOM KOHLEHTPAlMje€ HAOHA Yy KOHLIEHTPALMjH HAIOHA.
UcnutuBana enpyseta je npuka3ana Ha ci. 5.10. 6). Ha ocHoBu mobujeHux pesynrarta

yTBpheHoO je na mpajua ounamuuka wepcmoha Ry, uznocu 125.0 MPa.

OnpehuBame 3aBUCHOCTH Op3WHE pacTa 3aMOpHE mpciuHe 1o uukiaycy da/dN u
orcera (pakropa nHTeH3UTeTa Harona AK ce ceoau Ha onpehuBame koedurmjenta C u
excrionenTa m y IlapucoBoj jegnaumnu. bp3uHa pacra 3amopHe mpciuHe Tpeda 3a
TPEHYTHY MY>KUHY TPCIIMHE, a, JOACIUTH oricer akTopa nHTeH3uTeTa HaroHa AK, koju
3aBUCH Ol TEOMETPH]j€ eNPyBeTe, NyKUHE MPCIIMHE U OJ1 OTcera MPOMEHIbUBE CHJIE,

AP =Pg - Pq.

3a onpehuBame orncera MHTEH3UTETA HATIOHA KOPUCTH ce popmya:

AP-L

=W'f(a/W) (5.3)

Ine je:

3.1

2
fla/W)= : LA [1,99—%(1—%){2,15—3,93%”,7(%) J] (5.4
{rvzp i)
w

a
I——
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o L,y - PacroH OCJIOHALa, mm,;
e B - nebJpHHA enpyBeTe, mm;
e W - IUPHUHA (BUCHHA) CIIPYBETE, MM, U
e A - Iy’KUHA TIPCITUHE
300 [ \ \ ®2uick [ Roell Arreler HE zﬁ
280 1 4
o R, sacmareno = 196 N'mnv’ :
in
240 N[ .
220 i \ .
”E 200 - -
2 1803 =
17 \ ]
> 1603
= =
8_ E - \ .I t
th 140 \ SRS
1203 -

= Vrednost trajne dinamicke cvrstoce materijala vratila
A Vrednost trajne dinamicke cvrstoce materijala vratila
poboljsane otpornosti na zamor
T T T T T

100 1 ———
10* 10° 10° 10" 2x10°
N, Broj ciklusa

a) 6)

Cnuka 5.14. a) Ilopeheme BpeqHOCTH TpajHE AMHAMUYKE YBpCTOhE 32 HECAUMAPEH U
cauMapeH Marepujaj Beauke npupyOnune - yennyau jgus 201°CJI; 6) U3rnen nynsaropa

ZWICK HB 250 [213]

Ha ocHOBY TOKa mcuTHBaba H3padyHaTe Cy M HaupTaHe 3aBucHocTH log da/dN -
log AK. Tunuunu nujarpamu 3asucaoctu da/dN on AK, 3a omnoc R = 0,1, ¢y natu Ha
cmuuu 5.17. 3a enpyseTe y30pKOBaHe W3 IMOAYXKHOI MpaBLa WM Ha ciauou 5.18 3a
ernpyBeTe y3eTy u3 mornpeuHor npasia. OBakBO O3HAYaBambe, Y3AYKHOT M MOMPEYHHOT
mpaBia je apOuTpapHO, y MIJbY MPOBEPE MOCTO]aba €BEHTYAJTHE aHU30TPOIIH|€ y30paKa.

Pesynratu onpehusama koHcrantn C u m y IlapucoBoj jenHaumHM Cy natu y
tabemama 5.2 m 5.3. Kako ce ouekyje ma je MCIUTHBAHW MaTepujay, Kao M BehuHa
JMBEHUX MaTepujana, OCeTJbUB HAa BEJIMYMHY OJHOCHO [WMEH3Hje eIpyBerTe,
UCMUTHBaba Op3MHE pacTa 3aMopHe mpciuHe u onpehuBama koHcTaHTH C ¥ m y
ITapucoBoj] jenHayMHHW, Cy TOHOBJBEHM HAa MammaCcKOM (akynTery, KaTeapu 3a

KOHCTpyHUcame, Y HuBep3utera y Mapubopy. Kopuinhena onpema je uaeHTH4Ha OIpeMy Ha
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KOJO] Cy MCIMTaHe MPETXOAHe empyseTe, ciuka 5.15, camo mro omoryhasa 30or Beher

kanauutera, 160 Nm, 1 uCiuTHBamkbe €mpyBeTa Koje Cy 3HaTHO Behe Mo AMMEH3HjaMa Of

cranpapanux Ilapnu enpysera.

Q)

Cmuka 5.15. BucokopekBeHTHH MyJI3aTop

CRACKTRONIC

Crnuka 5.16. a) Cxema mMepHe ¢omnuje u

HAa4YMHA PETUCTPOBAA PACTa MPCIIUHE

0) Usrien nmpunpeMibeHe enpyBeTe 3a
UCITUTHBAKE NapaMeTapa pacta 3aMOpHe

NpCIIVHE

Tabena 5.2. Koedunujentu y [lapucoBoj jeqHauMHN 32 Y3AYKHU MPaBall

IIpar 3amopa : ;
3o0Ha par saMop Koedpummjent | Koedpuryjent
OsHaxa emnpysere veperba C m
¥ AKq,, MPa m'?
A 3.3-10" 3.02
H3 nopyxHOr npasna 8,7
B 3.0-10" 3.14

Tabena 5.3. Koedpuuunjenrn y IlaprucoBoj jenHaunHU 32 TONMPEYHH MTPABAL]

o IIpar 3amopa Foedumi C Koedums
3HAKa erpyBeTe oe(pHULIHjeHT oe(pHULHjeHT m
Py AKy, MPa m"? uj yj
U3 nonpeuHor 7,4 3.2-101 3.1
npasiia
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10° 3 10°
| Poprecno | 1| Uzduzno |
102; 10°4
10 ; 10' H
3 %) :
3 ] =2 ] H
X ] 4 0
5 1005 o o
® 10°4 2 ® 1074 .
O E : © 3 'l
N’
) , |
10 10
10+ e —— 10+ . —
10° 10' 10 10° 10' - 10
AK, MPa m'” AK, MPam
Cmuxa 5.17. Jlujarpam 3aBucHoctu da/dN  Comka 5.18. [{ujarpam 3aBucHoctu da/dN
- AK 3a enpyBeTe y30pKOBaHE U3 - AK 3a enpyBeTe y30pKOBaHE U3
MOMPEYHOT IIpaBLa Y34y KHOT IIpaBLa

Enpysere koje cy kopuurhene npruiinkoM UCITUTHBaka Ha MalmmHCKOM (akynTeTy
Yuusep3urera y Mapubopy cy Oune numensmja 20 x 40 x 120 mm. M3rnen omnpeme 3a
UCTTUTHBAKE j€ TIpUKa3aH Ha ciuim 5.19, a usrien 3amopeHe enpysere Ha ciunu 5.20.
Pesynratn m3Bpennx ucnutuBama Ha Behum emnpyserama, mpu R = 0,1 u R = - 1,

NpUKa3aHu cy Ha ciamuy 5.21. u Tabenapuo, Tabena 5.4.

Cnuxka 5.19. Usrnen onpeme Cnuxka 5.20. M3rien enpyseTa UCIIUTHBAHUX Ha
MamuHckor ¢akynrera onpemu MamuHckor akynrera
YHusepsutera y Mapubopy YHusepsutera y Mapubopy
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1E-03

1E-04

1E-05

1E-06 ==

1E-07 &

da/dN [m/cycle[

1E-08

1E-09

1E-10

+0000

1E-11

1E-12 *
1 10 100

DK, MPam®?

Cnuka 5.21. Pesyntatn ucnutuBama Ha onpeMu MammHckor (akynrera

YHusep3utera y Mapubopy

Tabena 5.4. Koepuuujentn y Ilapucosoj jennaunman npu R =0,1u R =-1

9] Umiog IIpar 3amopa
sHaka HaroHa o | Koedummjent C|Koedpuuujent m
CIpyBETE R AKin, MPam
1 0,1 4,13 245.10" 3.584
2 -1 7,99 2.05. 10" 2.168

5.4.2. Owmehera na nospuunu mamepujaia yciied Koposuje

Koposnja je usudko-xeMujcku mpouec OKcuUaamuje moBpiuHe Metana. [lon
OOMYHUM yCJIOBMMa C€ OfBHMja TOJ YTHLAjéeM KHCEOHWKa, BOJEHE IMape, YyribeH-
OMOKCUAA. 3a pa3iuKy o reokha, Tie ce Ha NMOBPIIMHU cTBapa pha Koja mpencrasiba
okcua TBOKhA, HEKM MeTand Kao aJIYMHUHU]YM U Kajaj, c€ NpeBiade KOMITAKTHUM

CJI0jeM OKCHIa KOjH INTUTH MeTaja of koposuje. Jlutepatypa o ¢(yHmaMeHTaIHIM
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acmeKTuMa Koposuje je naHac BeoMa noctynna [214 - 218] u nehe 6utn npeamer naper
pa3marpama.

Jeman oOmuK KOpO3Wje, MUTHUHT KOPO3HWja, Y YCJIOBHMAa 3amMoOpa MpPencTaBba
BeOMa 030WJbaH M3BOP KOHLEHTpauuje HamoHa. IIpema jenno] cryamju, [219] ykyman
NpPOIIEHAT OTKa3a yClie[ 3aMopa W KOpo3uje mpencraBiba Bume ox 80% y3poka CBUX
OTKa3a y Ba3AyXOIUIOBCTBY, a mpema Apyroj crynuju [220] yKymHM TPOIIKOBH HACTAJIH
yClie]] ITETe KOJy j& u3a3Bajia KOpo3uje U3HOCE:

e 1950 ropune y CA/L: 2.1% Bbpyro Haumonanuor Ipuxona (BHIT);

e 1970 ronune y Benukoj bpuranuju: 3.5% BHIL; u

e 1974 ronune y Janany: 1.2% BHIIL

IIpema crynuju [221] u3 1995, xoposuja je y CAJl nampasuna mpouemeHux 296
MUTHjapau nonapa, ogHocHO 3,1% BHIL, a npema cryamju [222] TPpOIIKOBU KOPO3Hje CY
y CAJl mpemamuan xwbany Mmundjapaud ponapa. KomOuHammja koposwje U 3aMopa
NpeacTaB/ba H3y3€THO KOMIUlekcaH (eHomeH [223], koju oOyxBara cBe obmactu
TexHuke [224], mTo moapasMena Aa CBAKH HANpPEIaK y pa3yMeBamwy OBUX (hEHOMEHa,
Ka0 M Pa3BOj MeToaa koje nosehasajy Mpelu3HOCT U NOY3JaHOCT y oapehuBamy yCciaoBa
HACTAaHKa OTKa3a, IPE/ICTaBJba 3HAYA]aH HATIPENIaK.

ITutHHr KOpO3Hja MpeacTaBba OONMMK omTehema Ha TOBPIIUHU KO 0] eAUHUX
Jerypa aJyMUHHjyMa W Hephajyher deimnka Koje TMOCeAy]y OCETJbUBOCT Ka HACTAHKY
MUTHHT Kopo3uje [224], ciuka 5.22. Ctyauje koje ¢y ce 0aBuiie KOPO3SHOHUM 3aMOPOM
HA OCHOBY HCIHUTHBama Ha KOPOAWPAHUM Yy30pLHMa MM aHAJIN3€ OTKa3a CTBAPHUX
eJIeMeHaTa Cy HeJIBOCMHCIIEHO IMOKa3aja 1a MUTUH3U WIN KOPO3UOHE JaMHULIE MPETXOAe
HacTaHKy mpcnuHa [225, 226]. Kopo3uone jamuie Koje HACTA]y HA MOBPIIMHU y30pKa
7enyjy Kao O30MJpHM HM3BOPH JIOKAJHE KOHLEHTpAalLlMje HalmoHa M THME 3HA4ajHO
CMamy]y HOCHMBOCT eJleMeHTa Ha kome Hactajy [227, 228]. Oo nokamHO yBehame
HAIOHA C€ 10 Caja U3pa’kaBaio MpeKo (axTopa KoHLeHTpanuje Hamona K,. OuexuBaHo

j€ Ia yTUIa] KOPO3UOHE jaMHUIIe 3aBUCU Ol AyOUHE, BeTU4YnHe U 00uKa [229].
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1. 2 3 4.

HGPO3IHOHM
OMIUTA MMTHHE HAMGHC K o
KOPOIHJA xopaanja saMop

HHISPT R, TpaECT P

AN
%%W{é@ﬁ" /s Cnuka 5.22. OcHOBHM 10jaBHH OOIULIA

R |
N5

OmniuTa KOpo3Wja M MUTHHT KOPO3Hja HEMA]y CIIMYaH XeMH3aM HaCTaHKa, CIIMKA
5.23, anm mOKa3yjy BeOMa CIMYHE T€OMETPHjCKE KapaKTEPUCTHKE ITOBPIINHCKUX

omrehemwa y modyerHuM ¢aszama, kako je nokazao Cerit [230], cnuka 5.24.

Og obnuk aeduHMLMja
-L PEA jamuue reomMeTpuje e
iy e 7 p—
. : nonyenentuuad & i
MATUHM = A KATOOA i 2c %
= D +2HL 0 + 4
AHOMA pu s p¥unee "’z*?_“;ﬁ;;: M AV % W/,
e 1, 17T » | (ar2¢) : 0,025 - 10
Cnuka 5.23. OCHOBHU XeMH3aM Cnuxa 5.24. Ilonpeunu npecek MoJyenunTHIHe
HACTaHKA KOPO3HOHUX jaMHUIIA jaMuIIe ca OTMCeroM BpemHocTH 3a a/2¢ [230]

Ieput je jacHO moOKa3ao 1a KOPO3UOHE jamuIle Majy BpenHocTu K, Behe ox 3, a
y CIy4ajy HaCTaHKa MUTUHra YHyTap MUTUHra BpeqHocT Ky Moxke na mopacte u mpeko 5
[230]. V ekcTpeMHMM TOjaBHUM OONHMIIMMAa TUTHHT KOposuje, ciuka 5.25, Cxujse je
nokasao aa BpeaHoct K moxke Ourn u 8, cnuka 5.26 [76]. bpoj nuteparypHux pedepeHim
Koje ce OaBe OBOM TEMAaTHKOM j€ jakO Malli U KOHTPAOUKTOPaH, jep BEeOMa YCKO
MOCMAaTPajy HU3 MaTepuja] — pajHa CpearuHa — BPCTa U HUBO onrepehema, ciamka 5.25,
TaKO J1a CBAKO JONATHO UCTPAKMUBAKE TPEICTaB/ba MIOMAK y U3y4aBarby YTHLAja TIUTHHIA
Ka0 M3BOpa KOHLEHTpauuje HamoHa. MCToBpeMeHO, y MHOIMM Cily4ajeBUMa Kaja
matepujai, cTporo (GOpMaTHO HE 3a70BOJbABA YCJOBE 3a HACTAHAK TUTHHI KOPO3H]e,
Moryh je HacraHak Koposuje Koja Beoma monceha Ha WHULIMjAJTHE KOPO3HOHE jaMHIIE.
VY3pok oBe TojaBe Hajuerhe JeKH Y HAUMHY U3paie KOHKPETHOT MAIIMHCKOT €JIEMEHTa,

OIHOCHO HEXOMOT€HOCTH MarepHjaia O Kora je uzpahen enement, ciuka 5.27.
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PAHA
CPEOVHA

N4/

HAMOHCKO
CTAKE

H.K. - HAMOHCKA KOPO3UJA

a)

Cnuka 5.25. a) [Ipecek yrumaja Matepujaia, pagHe cpeauHe u Bpcte onrepehema

KOPO3WOHU
3AMOP
K.3.

NMPOMEHE
BPEOHOCTU R
N ®PEKBEHLIE

BOAOHWYHA NPEKUA KOP.
KPTOCT OUNMA
HK. HK.
H.K. - HAMOHCKA KOPO3UJA
K.3. - KOPO3UOHU 3AMOP

6)

0) monupuKoBaH qujarpam mox a) 3a ciuy4daj 3amopa [101, ]

EEEREN

¥ piD=0.1

K=8

Fryyvovy
0)

Cnuka 5.26. a) Koposuone jamurie Ha nospiuunu Al nerype; 6) Bpennoct dakropa

KOHIIeHTpanyje HaroHa K 3a nybuny jamure ox 0.15 mm [76]

_|_ __elektroni _|_ ‘ _

Peakmnuja va anoqu: Fe — Fe'™ +2¢

Peakmnuja va xatoau: O, + 2H,O + 4e” — 40H"

36upHa peakmuja: 4Fe + 30, + 2H,0 = 2Fe,05.H,0

Cmuxka 5.27. HacTaHak OBPIIMHCKU HEPABHOMEPHE KOPO3Hje
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3Ha4aj KOPO3MOHUX jaMHIIA JISKU U Y TOME IITO C€ YeCTO jaBJba]y HAa MECTHMA
KOja Cy WJIM HEJOCTYITHA HJIM TELIKO JOCTYIHA 3a MepPHOAUYHE mperiene, mTo ysehasa
Opoj mecra rue je Moryh HacTaHak KOPO3WjOM HMHAYKOBAaHMX 3aMOpHHUX npcimHa [231 -
236]. OBaj acmeKkT WHCTpaXMBama, H3ydaBamba KOPO3HOHHX jaMHUIAa Kao MecTa
MHHIMpakba MPCIHHA, je MPerno3HaT Kao BeoMa BpPEAaH MpaBall KOjU je 3aXTeBao
JoJaTHa pasjammema [237], jep mojaBa KOPO3MOHHMX jaMWIA 3HAYAjHO YTHYE HaA

ckpaheme BpeMeHa 10 UHUL]alHje.

5.4.3.IIpopauyn enpyeeme Menooom KOHAUHUX e/leMeHama

VY nwby npoBepe Bakema BPeIHOCTH U3 pejanuje (5.2), y cMucny npeasuhama
Opoja HmKITyca 10 TojaBe mpciuHe (Taa Orcera HarmoHa MNPy UCTIUTHBAKY ), U3BPIICHO e
eKCIIEPUMEHTATHO UCTIUTHBAKE U HyMEpUYKa CUMYyJIallija enpyBeTa, U TO enpysere 0e3
omrehewa Ha MpeTasHOM pagMjycy W emnpyBeTe ca CUMYJIHMPAHUM KOPO3HOHUM
jamunama obnmka nonycdepe, ci. 5.100), 3a ciaydajeBe nonynpednuka ox 1 mm u 0,52
mm, ciuke 528 u 5.29. Kopumhen je xomepuujanau codreep ANSYS 11, a 3a
MoJepame Cy kopuimheHn 3D KOHAYHU €IEMEHTH ca 8 YBOpOBAa U TPU CTEreHa

cnoborie y CBaKOM YBOpY (TOMepama y CMepy X, V B Z 0ca KOOPAUHATHOT CUCTEMA) .

Crnuka 5.28. M3rnen Mpexe KOHAYHUX €JIeMEHAaTa Ha CUMYJIMPAHO] €NPYBETH ca

noJtyc(hepHOM JaMHIIOM TIONTynpedyHnka 1 mm
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FIET W

Cnmka 5.29. M3rnen Mpexe KOHAUHUX €IeMeHaTa Ha CUMYJIMPAHOj €IPYBETH ca

nonycepHoM jamuiiom nonynpednnka 0.52 mm

Pesynratm pacnomene eKBHUBAJIEHTHMX HamoHa JOOWj€HHM HYMEPHUYKUM
npopaduyHoM npu onrepehema enpysere Ha 3aTe3ame cuiioM o 16.8KN Ha enmpyserama
MPUKa3aHUM Ha ClIMKama, Aath ¢y Ha ¢i.5.30 3a mpopadyH enpysere Oe3 omrehema u
Ha cn.5.31. u ¢1.5.32 3a mpopadyH enpyseTa ca omTehemeM MpUKa3aHUM Ha ClIMKaMma

528 u5.29.

Cmuxka 5.30. JloOujeHe pacrnojene eKBUBAJICHTHOT HarioHa mpumMenoM MKE
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Cmuxka 5.31. lobujene pacnozaene exkpuBaieHTHOr HanoHa mpuMmenoM MKE, 3a r = Imm

Ha ocHOBY BpeqHOCTM MAaKCHMMAJHUX W HOMHHAJIHUX €KBHBAJCHTHHX HAIMOHA
1oOWjeHnX MPOpavyHOM METOJOM KOHAYHMX €JIeMeHaTa M3padyHare Cy BPEIHOCTH 32
(akTope KOHLEHTpanMje HANOHA Ha MECTy H3BOpa KOHIIEHTpPAaTOpa HAaloHa Y
KOHIIEHTpaTopy HamoHa. JloOujeHa BpemHOCT 3a (akTOp KOHIIEHTpalLWje HAMOHA Ha
enpyseru 0e3 omrehema je 1,67. Bpennoctu K; ca omrehemnma cy mnpukasane y

Tabesu 5.5.

Tabena 5.5. BpennocTu pakTopa KOHIIEHTpaIHje HAMOHA 3a enpyBeTe ca omrehemeM

. CI)aKTop KOHLIeHTpaLII/Ije HarioHa o
Pamujyc tiglerop KOMNEETRAH]e omrehema Ha pagujycy enpysere, K
y HanoHa of omrehema, K; P
Kymynamuenu paxmop xonyenmpavuje Hanona
0,52 mm 2,113 3,530
1 mm 2,038 3,404

3a KOHCTpyHCame nujarpaMa TpaJujeHaTa HAlMoOHa HAa MECTYy MaKCHUMAaJTHHX
HAIOHA, KOPUIITNEHU Cy MOAYXKHH TPECeld eNpyBeTa, YUjU Cy AETajbh MPUKA3aHU Ha

cnukama 5.33 u 5.34. JloOujeHn rpaaujeHTH qaTth cy Ha ciaukama 5.35 u 5.36.
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Cnuxka 5.32. JloOujene pacrnozene eKBUBaJIEHTHOT HarioHa mpumenoM MKE,

3ar=0,52 mm

Cnuka 5.33. Ilonyxuu npecek enpysere 3a Cnuka 5.34. IlogyHu npecek enpysere 3a

r=1mm r=0,52 mm

200

i 2004

180 \\ \'\

1704\ | ™%

160 \ \ —um— [pajnjeHT HanoHa 3a za r =1 mm [ N
g 150 \. ‘g 150 ‘4\_—{ —s— [pagujeHT HanoHa 3a r = 0,52 mm |
S 140 i g A
T 130 A i p"
8 5 N
8 120 e = '\

s T

110 . 100 =

100 B - Sl

90 [ i \\,n
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00 01 02 03 04 05 06 07 08 09 10 11 12 13 0.0 05 10 15 20 28
Pactojatee oa nospluHe (mm) PacTojatse o4 nospLunHe (mm)
Crnuka 5.35. I'panujeHT HamoHa 3a €NMPyBETY Cnmka 5.36. I'panujeHT HamoHa 3a
capynoMr =1 mm enpyseTy ca pynom r = 0,52 mm
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5.4.4. H3pauynaesamwe u gepudpuxauyuja peonocmu KpUmMUUHOZ PACHOjara

/2

2

3a excrepuMeHTAIHO nobmjene BpexHocTH 3a AKy = 7,99 MPa m'? npema
Ta0.5.4, n BpegHOCT TpajHe AuHamMuuke uBpctohe on 137 MPa, unje je ompehuBame
ormucaHo y geny 5.4.1, nobwja ce ma je 3a Tadykacty MeTony leopHuje KPUTHUHHX
pactojama, 1o jenHaunan 4.5: L/2 = 541 10* m, ogrocso L = 1,08 -107 m. [ame,
kopumhemeM mpouenype npukasane y pedepennu [171], korcrpyucan je Kurarasa —
Takaxamu aujarpam 3a UCUTHUBAHU Matepujat, ¢i1.5.37. OBaj cnenuduanu gujarpam je
uckopuinher 3a npBy Bepudukay 100HjeHe BPEIHOCTH KPUTUYHOT pacTojama L umja
ce BpemHOCT Mopa HahW Ha JaujarpaMy y NpeceKy IB€ AacCHMIITOTE. ITpBE Koja
NPEeACTaB/ba BPEIHOCT TPAjHE JUHAMUYKE UBPCTONE 3a UCITUTHBAHU MAaTepHjall U IpyTe
KOja TIpeACTaB/ba KapaKTEPUCTHKY MOHAIIama MaTepujana mpu pacry mnpciure. O6e
ACHMIITOTE pe3yJlaTH Cy eKCIePUMEHTAJHOT HWCIUTHBAalkba MaTepHjaja JAeTajbHO

onucaHor y geny 5.4.1.

1000_\1111 T T T T T TTT T T lllllll T — 1]
N - - @+ EKCIIEPUMEHT ]
AN o, = MK, [ (wa)
N ] Pl o Mo, =MK, [ (ma+a)"”?
© I
a ' s '
g/ 100 0—-—-—-‘—-—-—0——0-"0--00.1.-.;_\.\
55 ] N ]
_ L i
10 1T T T T TTTT T T T TTTT T T T
0.1 1 10

a (mm)

Cmuxa 5.37. Kurarasa — Takaxammm aujarpam 3a MaTepujas BpaTuia

Jom jenna Bepudukamja pasBujeHe MeTone ypaheHa je Ha empyserama ca

omrehemeM y obnuky monychepe monynpedrnka r = 1 mm. 3a €KCIIEpUMEHTAIHO
1

2

nobujene BpemHoctr 3a AKy = 7,99 MPa m'?, npema Ta6.5.4, u BpeaHOCT TpajHe

nuHamuuke uBpcrohe on 125 MPa, uuje je oapehuBame onucano y aeny 5.4.1, nobuja
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ce Ja je 3a TayKacTy MeTOJy, Mo jenHauumHu 4.5 3a ciydaj empysere ca omrehemeM
nonynpeyanka 1 mm: L/2 = 6,51 10* m, ogrocro L = 1,3 10° m. Ha OCHOBY METOZE
U3JIOKEHE y neny 5.3, U airoputMa MeToAe MPUKA3aHOT Ha CI.5.8, KOHCTpyHCaHA ]e
ciuka 5.38. AHanmusa OBOT amjarpama mokasyje aa he 1o joMma emnpyBeTe ca OBAKBHM
omrehewem nohm HakoH Opoja LMKIyca KOJU j€é MHOIO MamH OI TpaHHUYHOT Opoja
nuKIIyca npu onpeluBamy TpajHe nuHammuke usperohie (2-10°%). OBo je y carmacHocTH
ca eKCIepUMEHTAJHHM HCIIUTHBAKBEM erpyBeTe MpHukazaHe Ha ci. 5.10 0) Ha
BucokogppexkserTHOM myi3aropy AMSLER tun 10 HFP 422, npu uemy je npuMemeHO
LUKINYHO TPOMEHJbUBO onrtepeheme Ha 3aTe3ame ca ammuuryaoM ox 16.8 KN, a
nobujenu Opoj uukIiyca 10 joma enpysera 6uo je 98.000.

220 ] [ [ [ [ [ [
210 —s— Pagunjyc r =1 mm
—A— Pagujyc r = 0,52 mm
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P
—

>

A L/2 3a BpeaHCT TpajHe AUHaAMUUKe

120 ] s\ | uspcTohe 3a enp. ca pynom =1 mm
] A = 7

90 - LN ;ZA_ .

e | L2 d o —
60

HanoH (MPa)
2
L}

00 02 04 06 08 10 12 14 16 18 20 22 24

Pactojare og noppLumHe (mm)

Cimuxka 5.38. Tlopeheme rpaanjeHTa HAMIOHA 3a pa3MaTpaHe paaujyce u3Bopa y

U3BOPY KOHICHTPALIUjH HAITOHA

OBaj exciepuMeHT UCKOpHILheH je U 3a Tpehy Bepudukanmjy pa3BeHUX METO/a,
a Ha OCHOBY pesyiarara Taylor-a, o6jaBmenux y pedepeniu [159]. OBu uctpakupadu
Cy Ha OCHOBY CepHj€ eKCIIepUMEHATa U3BEICHUX Ha erpyBeTaMa u3pal)eHuX OJl YennkKa
EN3B mpu R = -1, mro je Beoma Onucko kapakrepuctukama uenmuHor jymsa 200 CJI,
no0OWIH 3aBUCHOCT KPUTUYHOT pacTojama Of Opoja IUKIyca IO JIoMa enpyBeTe Y

00Ky
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L(Np = AN;® (5.5)

rae je L xpuruuno pacrojame, A = 67.4 mm u B = - 0.342 cy koHCTaHTe
nobujeHe (UTOBAKEM EKCIIEPUMEHTAJTHUX pe3yiTtara, a Ny Opoj Lukiyca A0 JiomMa
enpyBere. Ha OCHOBy ekcrmepuMeHTaHO noOujeHor Opoja mHKIyca 10 JioMa
ucniutuBaHe ernpysere on 98.000, m jemHaumbe 5.5, nmobujeHa je eKCIEpUMEHTAaHA
BPEIHOCT 32 KPUTHYHO PAacTOjame y ClIy4ajy enpyseTe ca omrehemeM moaynpevHnka 1
mm ox L. = 1.32 mm. OBa BpemHOCT je TOTOBO HAEHTUYHA PAYYHCKH TOOH]E€HO]

BPEIHOCTH Ha OCHOBY MCITUTAHUX KapaKTePUCTHKA MaTepHjaa.
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6. IPUMEHA HOBUX METOJIA U METOJ1OJIOT'JE HA
PEAJIHU MAHINMHCKHU EJIEMEHT

6.1. le¢puuancame npodaema

Kao mto je Beh ucrakHyTo, METOHOJIOTH]a Pa3BUj€HA Y OKBUPY OBE TUCEPTALIH]e
KOPUCTH HOBE METOZe 3a MPOLEHY HACTAHKA M INUpPEHha MPCIMHA KOJ MAIIWHCKHX
elleMeHaTa y ycJIOBMMa 3aMOpHOr ontepehema U MMa LIHUPY MPUMEHY Of MPUMEHE Y
NPOjeKTOBaY M MPOpavYyHy HOBHX MAIIMHCKHX eJeMeHara u cuctema onrtepeheHux
BUCOKOLIMKJIMYHUM MPOMEH/bHBUM onTepehemeM. JenHa BeoMa BakHA TpPUMEHA je
moryhHocTM ofpehuBama y3poka HAacTaHKa OTKa3a ejeMeHaTa KOjH Cy Pamiif y
yCJIOBUMa 3aMOpHOr omnrepeliera W MpopauyHa MPEnopPyvYeHUX PagHUX ycjaoBa 3a
HAacTaBaK pana omTeNeHWX MAIIMHCKUX ejeMeHata. Y /by NpHKasa U MpoBepe
OTHCaHe MeToAoJoTHje, n3abpaH je nodpo nokymentosad [201, 212] npumep HacTaHKA
NpCIMHA HAa JaJHOM THUIy BpaTWila XUAPOTYpOWHE, KOjHM C€ TOjaBUO Ha BUIIE
xuapoenekTpaHa. JlogaTHu pasjor u3bopa BpaTHia je Ta] mTO Cy n3adpaHa BpaTwiia
HECTaHNAPAHUX JUMEH3Uja, 3a Koje Huje wMoryhe w3 Tabmuua [43] nponahu
oxnrosapajyhe ¢akrope KOHLEHTpalyje HamoHa 3a CcBe ycioe onrepehema.
HcTtoBpemeHo, y OKBHPY BepU(UKaLFje HOBUX METO/A Y [Ny S5, UCITUTHBAH |€ YIIPAaBO
MaTepujall O Kora Cy oBa Bparwia uspahena, 30or uera je m3abpaHM MaIIMHCKU

CICMECHT NPECACTABIbA0 UACAJIAH IPUMED 3a HACTABAK UCTPAKUBabA.

6.1.1. Onwimu nooayu o xuopomypounama

Uzabpana BpaTwia Cy €NE€MEHTH MAIIMHCKOI CHCTeMa KOJH C€ KOPHUCTU KO
TAKO3BAHMX KarCyJHUX Xuapo TypOuHa. [locebHOCT OBe BpcTe XUOpoTypOHHA j€ IITO Ce
KOPHUCTE KON XUIPOEJEKTPaHA Ca MAJIFM IMaJI0M BOZEe M MOTyhe X je KOPHCTH TaMo ITIe je
3HAYajHUja pa3uKa y HUBOY Mopa m3Mely rmme u oceke. CXeMaTcKu MOMPEYHH Tpecek
jerHe XUAPOeNeKTPaHe ca OBUM THIIOM TypOHHa je nat Ha ciuim 6.1.

Crnuka OCHOBHHX JEJIOBa arperatra u rojiokaja TYpOMHCKOT BpaTHIIA, Y CKIIOIY
1esie KancysiHe TypOuHe, je naTa Ha ciauuu 5.2, a OCHOBHHM MOJALM O BPATHIINMA KOja Cy

n3abpaHa 3a eKCIePUMEHTAIIHY BepU(UKALIH]y HOBE METOOJIOTH]€ CY JaTH Y HACTABKY:
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IMpomssonma - JIM3, CCCP;

Maxkcumanuu Hanop - 12,75m;

IIpopauyncku Hanop - 7,45m;

MuHnuMaIHu Hanop - Sm;

CHara TypOuHe npopauyyHCKOM Hamopy - 28MW,
IIpeunuk pagsor kojaa - 7500 mm;

Bpoj o6praja - 62,5 min’’;

bpoj nonaruna pagHor kona - 4; u

IIpensulenu pagau Bek Bpatmia - 200.000 yacosa.

EHEPATOPS | - E " PAOHO KOO

PBMHCKO || . e ol .
BPATMNO [B7TIY T : A MNOKNOMALL

\ « OEMNOrA

—YCMEPHOI
AMAPATA

HOCAY KAMCYITHE TYPBVH

Cnuka 6.1. [Tonnpednu npecek XuapoeaeKpaHe ca KarcyJIHOM TypOMHOM
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NEFEHOA:

m Bl - EPATHNO FrEHEFPATOPA TB - TYPEMHCKO BPATHNO
P -PAOHO KONO Pr-POTOP FTEHEPATOPA

Al - AKCHJANHW NEXAL PN - PAOWJANHA NEHKAS

P

Cnuxka 6.2. OCHOBHU JI€JIOBH arperata UCIIUTUBAHOT €JeMEHTa

R8O /f
\ Y Iy 1
N\ ) %

»1850
®»2300

7 7 >
Z ) /’ / 1

i

L

WELDED JOINTS
4779 2010 L
7604

[
Y

Cnuka 6.3. OcHOBHE AMMEH3H]€ TYPOMHCKOT BpaTHia

[Mpenmerna TypOuHCcKa BpaTia Cy uspalheHa o Tpu Aejia U TO: Majie npupyOHUIIe,
LIWJIMHAPHYHOT JIefla M BeJuKe npupyOruie, cimka 6.3. JlenoBu TypOHHCKOT BpaTuia Cy
mel)ycoOHO crojeHn 3apapuBambeM oA Tpockom. [logaiu o maTepujaanma kopuimheHuM 3a
m3paay TypOMHCKHMX BpaTwia Cy MpukasaHu y Tabenu 6.1, a momauu o TypOMHaMa Ha
KOjMa Cy HacTalie pciiiHe y Tadenu 6.2.

Ha ocHOBy pacmonoxuBuX IoOpmaTaka, YTBPHEHO je na Cy CBa BpaTwie Mpe
MOHTa’Ke MpOILIJa UCTIUTHBaka 0e3 pasaparma, U Aa HUCY YTBpeHe HUKAKBE IPelIKe Ha
BpaTUIINMA.

Tokom ekcrutoaraiyje, BpaTHIIO HHj€ MPErJeJaHO YaK HU BU3YEITHO HUTH je

oOHaBJbaHa AHTUKOPO3HOHA 3alITUTA.
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Tabena 6.1. Marepujanu kopuirheHu 3a u3paay TypOMHCKHX BpaTHIIa

Bpamuno 6poj || Mana npupyornuya | [ununopuunu oeo |  Beauxa npupybnuya
1(43) 20IC 20IC 08I JTH®DJI
2 (44) 20IC 20IC 08I JTH®DJI
3(45) 20IC 20IC 20I°CJI
4 (46) 20IC 20IC 20ICJI
5(47) 20IC 20IC 08I JTH®DJI
6 (48) 20IC 20IC 20IC
7 (A1) - - -
8 (42) 20IC 20IC 20IC
9 (410) 20IC 20IC
10 (49) 20IC 20IC
Tabena 6.2. Criucax BpaThia Ha KOjuMa Cy npoHal)eHe npcianae
Typbuncko 4 6 ) 1
BpaTuIio Op.
Mywrame y pax | Kpajem 1985 Cpﬁgg?"“‘ Jleto 1985 Jleto 1985
bpoj catu
NPOBEAECHUX Y 163411 177066 196139 197414
pany
3aycraBrbame Janyap 2007 16.09.2009 31.06.2010 16.08.2010
Ha/:[ IIpUTHUCKA VJba
OJHOCHO
Pasnor HPOLYPHBAILE ybd Canauuja Canauuja
yciiea HacTaHnka -
3ayCTABBA®A || oo asne mpeime — | 3ABAPHBAMEM | 3aBAPHBAHKEM
3aMCHa KOMILJIECTHOI
BpaTuia
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Y janyapy 2007 romune, mocne 163411 wacoBa ekcruioaraiyje, y TOKy pana
arperata A6, yO4eH je BEIMKH NaJ yba Yy CHCTEMy. YJb€ j€ Haja3u YHyTap BpaTuia
(Bpatmiio je u3paheHO Kao IIyIUbe), Y CEPBO MEXaHU3My, MOMONy Kojer ce HM3BOAH
3aKpeTame JIOmaTUla TOKOM ekcruioatauuje. HakoH 3aycraBipama — arperatra, u
BU3YEJTHOT Iperyieia KOMIUIETHOT CUCTeMa, OTKPUBEHA j€ BEJIMKA MPOoJIa3Ha MPCINHA Ha
npea3HoM paaujycy, ciuke 5.4. u 5.6.

Y umipy yrBphUBama KBajgWTETa MaTepHjajia OIJIMBKA BENHMKE NPUPYOHHIIE
Bpatmiia arperata A6, npeasulena cy ciaenha OCHOBHA HUCITUTHBAA!

e BusyenHu nperyien NpejaoMHe NOBPIIMHE
e lcnuruBame OCHOBHUX 3aMOPHUX KapaKTEPUCTHUKA — TPAjHE IUHAMUYKE
yBpcrTohe; u

e Hcnurusame Op3uHe pacta 3amopHe npciuae da/dN.

@1200
. 9600 _

@610
@1850
@2300

R80

7604

Cnuka 6.4. Cxema MecTa HacTaHKa MPCJIUHA O3HAUYEHA CTPEIULIOM
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a) npcJHa
0) ocrarak AK3
II) 320CTAJI0 Y/be

HAKOH IPONypHBamha

6)

Cnuka 6.5. V3rnen oTKpUBeHe MPOJIa3He MPCIUHE: a) AeTalb MeCTa JioMa Tpe
HUCIMUTHUBAKbA TEYHUM MEHETPAHTUMA U 6) OIIIITHU U3rjiea HAKOH UCITUTUBAKA TCUHHUM

NEHETpaHTUMa
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6.2. UcnuTuBame MaTepujajia BpaTuaa

6.2.1. Busvyeanu nperJen

Ha cnumnm 6.6. je mpukasaH u3riieq BpaTUia HEMOCPEIHO Mpe MOHTake. HakoH
JEMOHTaXk€ BpaTWjla U3 KallcyJie MPUCTYNUIIO Ce HCellalby BpaTuia paiau OTKpHUBarba

BEJINYUHE NIPOJIa3He NPCINHE, CnKa 6.7.

PagHo kono

Cnuka 6.6. U3rien TypOMHCKOT BpaTHiia pe MOHTaXe

e e Y &

| Benuka npupybHuua

fuls
g

Cnuka 6.7. Usrnen TypOMHCKOT BpaTHUiia HAKOH JEMOHTAXKE U CEUCHA
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Ha cmuum 6.8. ce jacHO youaBa fAa Mpoja3Ha MNpClMHA 3axBata TpehuHy
MOTIPEYHOT Tpeceka BpaTwia. YBehana 30Ha ca ciauke 6.8 je oTkpwiaa MOpQoJIoTHjy
MpoJIa3He MPCIIMHE MITO j& MPUKa3aHo Ha iy 6.9.

Mopdonoruja nposazHe NPCIUHE j€ OTKPUJIA BULIE MECTa HHULIPAha MPCIUHE,
KOje cy opmupase 1Ba JOMHUHAHTHA (PPOHTA LIMPEHA MPCIUHE, Kao MITO j& MPUKA3aHO
Ha cymiu 6.9 a).

Ha cmunm 6.9 6) ce Bunme CeKyHOapHe MPCIMHE HAa TPENa3HOM Paaujycy OA
BpaTWIy Ka Benuko] mnpupyOHmmu. Ha oOcHOBy mperjiena NOBpIIMHE IMpOJa3HE
MOBPINMHE Ha CIUIHK 6.8 youaBa Ja je yrao moj KOjuM Ce MPCIMHA mmpuna oko 25° y
ogHOoCcy Ha ocy Bpatwia. OBako Manu yrao (ppoHTa pacrta MpCiMHE yKasyje aa cy
TOP3UOHHU HAMOHU MMAJIM 3HATHO MarbH YTHLA] HA CTBApahe MHULH]jAJTHUX MPCIHHA Of
3aTe3HUX M CaBOJHHUX. Takole, u mpeTxonHo yTBpheHa YimbeHnIa Ja PoJla3Ha IPCIIUHA
yuHU mpeko 30% MompedHor mpeceka BpaTHia yKasyje Aa Cy pagHU HAMOHU Y 30HHU
npea3Hor paaujyca Ouam Maiu.

U3 Benuke mpupyOHHUIE Cy HCEYEHH y30pLH 3a [aJba MCIUTHBAKbAa OCHOBHUX
MEXaHUYKHUX KapakTepucTuka. [IpuimkoM ucenama y30paka, Ha UCEYEHUM KOMaauMma
U3 KOJUX Cy ce m3pahuBajie emnpyBeTe, YOUEHO j€ 3HAa4ajHO MPHCYCTBO MOPO3HOCTH,

ciauka 6.10.

6.2.2. OCHOBHA HCIIHTHBAHA

OcHOBHa WCIHTHBAaKAa Koja Cy OOyXBaTHiia MPOBEPY XEMH|CKOT CacTaBa,
OCHOBHHX MEXAaHHYKHX KapaKTePHCTHKa W MeTajorpaCKu Tperjien HUCY MpeaMer
MpUMEHEe METOAAa W METOAOJIOTHje pPa3BHj€HUX y OBOj OUCEPTALUjU, TE HUCY OBIE

IeTajbHO MpHKa3aHa, anu ce mory Hahu y pedepenun [201, 212, 213].

6.2.3. UcnuTHBAab€ HA CKEHHHI eJIeKTPOHCKOM MHUKPOCKOIY

Hakon ucrnmutuBama Op3uHE pacrta 3aMOpHE TPCIHMHE, MPEIOMHE IOBPIINHE
enpysera npu R = - 1 cy ucrnurane Ha CKEHHHT eJNeKTPOHCKOM Mukpockomny (CEM)
JEOL JSM 6460, VYnuBep3uterckor LleHTpa 3a eNEeKTPOHCKY MHUKPOCKOIH]Y

Yuusepsurera y Hosom Cany.
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TN
a) nponasHa npcriMHa
©) oeo BpaTuria uCe4eH raCHUM

MOCTYMNKOM

Crnuxka 6.8. M3rnen npenoMHe MOBPIIUHE TYPOUHCKOT BPATHIIa HAKOH CeUeHha

a) BpaTwio 0) BeJMKa MpUPyOHHIIA B) AUMeH3H]je Tpeoma [201]
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PEYHW
TPATOBMU

M’PEBEEHW - MECTO
CYCPETAHA
®POHTOBA PACTA
NMPCINAHA

Cnuka 6.9. a) yeehan nerasb (YOKBUPEH 11e0) ca ciiuke 5.8, 0) usriien npenasHor

panujyca y OJIM3WHM 30HE MPOJIa3He MPCIUHE Ca CeKYHAapHUM mpciuHama, [201]
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Cnuka 6.11. Usrnen
rpemaka y MaTepujaiy
— CHUMJbEHO Y KOPEHY

3apesa

Cnuka 6.12. Kopen
3apesa 0e3 Behux
rperaka y Matepujany
— BHULIECTPYKO
UHHULIUPAbe TPCIUHE ca
rpedeHuma (03HaYeHN

CTpenuama)
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Cnuka 6.13. Usrnen
rpemiaka y MaTepujainy
— yBehaH neram

YKJbYUKa ca ciuke 6.36.

Cnuka 6.14. Usrnen
rperaka y Matepujany
— yBehaH gerass mope ca

ciauke 6.36.

Cnuka 6.15. Usrnen
®poHTa pacTa 3aMOpHE
MPCITUHE — BEJIUKH OPO]

CEeKYHJapHUX MPCIUHA.
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Cnuka 6.16. Usrnen
®poHTa pacTa 3aMOpHE
npciune, yBehan
CHUMAK — JaCHO
BUJIJbUBE CEKYHAAPHE

IpCiIuHe

Cnuka 6.17. Yeehan
CHHUMaK, JI€TaJb ca
ciuke 6.41. — nuHUje

3aMopa U oaMopa

(ctpuje)

Kao mro ce Buam Ha ciuium 6.11. HacTaHak 3aMOPHUX MPCIHHA j& OHO 3Ha4YajHO
OJIAKIIAH yClieN Tpellaka y Marepujaly THIa KPYITHU HEMETAJTHH YKJbYYIH H IOpe.
Bemuku Opoj cekyHmaHHWX MPCIUHA C€ MOXKE MPUIHCATH MOCTYIKY JUBEHA, OTHOCHO
MECTY y30pPKOBamba CBHX y30paKa 3a MEXaHHYKa HCIUTHBAKA KA0 M YHILEHHIE 11 je
UCTIUTAaHU MaTepujan OMO 3HA4ajHO 3aMOpEH, IUTO ce BUAM Ha cimkama 6.15 u 6.16.
OcHoBHH pasnor ucnutuBamba Ha CEM mukpockony je Ono yrBphuBame AUMEH3Hja
KapaKTePUCTUYHHUX BEJIMYMHA H<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>