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3AKOHOMIPHOCTI POCTY KOPOTKUX BTOMHUX TPILLUH Y TPYBAX
MATICTPAJIbHOIO FA30NPOBOAY TPUBAIOI EKCNNYATALII
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Ha ocnosi suxopucmants nioxo0ie Mexamiku 6MoMHO20 PYUHYE8AHHS 6CMAHOBIIEHO 0COOIUBOCMI POCHTY KOPO-
mkux mpiwun y cmani 1711 C macicmpanvioeo 2eazonpogody be3 ma nicis ekcniyamayii 6npodosdic 34 poxis. Onu-
CAHO MeMOOUKU OMPUMAHHSL KOPOMKUX GMOMHUX MPIWUH MA BUSHAYEHHSL OISl HUX NOPO2068020 PO3MAXY Koeiyic-
HmMaA IHMEeHCUBHOCMI Hanpydicels. Excnepumenmanvio nokazano @naue 3aKkpumms 6mMOoMHUX mMpiuun 3a nposs ge-
Homeny Kopomkux mpiwun. OOYUCTIEHO Spanuyio 6MoMU Ol MEMALy 3 KOPOMKUMU MPIWUHAMU MA HABEOEHT 3a-
JedHcHocmi nopozy 6momi [ epanuyi emomu 6i0 00BIHCUHU mpiwuHu Brazano na BUCOKY e¢exmuem’cmb HaHeceHHA
PO3p00IEH020 I30TAYIUHO20 nOKpumms i 3 02140y NIOGUWEHHS. YUKTTYHOI MPIWUHOCMILIKOCME Memany mpy6u

Kitro4oBi ¢oBa: BTOMHHUH PIiCT TPIIIKMH, KOPOTKI TPIIIIMHYU, 3aKPUTTS TPILUH, TPAHUILI BTOMH, 130JIAIIHHE TT0-
KPUTTS, TaJIbMYBaHHS TPIIIIMHU

Ilo pesyibmamam UcCnolb306AHUs 100X0008 MEXAHUKU yemaiocntHoco paspyuerHus YCmaHoe6/1eHbl ocobenno-
cmu pocma KOpomkKux mpewjurn 6 cmajiu MacucmpailbHoco 2a30np0600a 00 u nocre IKCniyamayuu npodozlofcume—
nvHocmbio 34 200a. Onucanvt Memoouxu NOJIYYEHUSL KOPOMKUX YCMAJIOCMHbIX mpewur u pacdenie ux nopocosoco
pasmaxa KOE)(])(])ML{MG‘HW!G UHmMeHCcusHocmu H(Zi’lp}l.?iceHulZ, EKcnepwweHmaJleO NOKA3AaHO 6lUAHUE 3AaKpblmus ycma-
JIOCMHBIX Mpeuwjur Ha nposelenHue d)eHOMeHa KOPpOMKUX MpPEewuH. Boviuucneno cpanuyy ycmajiocmu 015l Memana ¢
KOpomKumu mpewunamu u npueedeHbl 3asucumocmu nopoza ycmajiocmu u cpanuyvbl ycmajiocmu oni Onumbl mpe-
WUHbL. Tloxaszano BbICOKYIO 3d7d)€KmM6HOCmb HAHEeCeHUs pa3pa60maHH020 U3O0JIAYUOHHOCO NOKpblmusl U ¢ mo4Ku
3PEeHUS NOBbIULEHUA L{MKJZU'—te‘CKOM mpewuHocmoukocmu memaiiia mpy6bl

KunroueBbie cioBa: yCTaJ'IOCTHI)II/I POCT TPCUIUH, KOPOTKUEC TPECUIWHBI, 3aKPLITUC TPCIIUH, I'PaHHUIIa YCTAJIOCTH,
H30JIAIMOHHOC ITOKPBITHUC, TOPMOKCHNE TPCUINHBI

The peculiarities of short crack growth in main gas pipeline 17G1S steel before and after its service during
34years are established on the base of fatigue fracture mechanics approaches. The methods of obtaining of short
fatigue cracks and evaluation for them the threshold range of stress intensity factor are described. It is
experimentally shown an responsibility of fatigue crack clousure for the manifestation of short crack phenomenon.
Fatigue limit for the metal with short crack is calculated and the dependencies of fatigue threshold and fatigue limit
on crack length are put. The high effectiveness of the developed isolation coating is shown from the point of an
increasing of fatigue crack growth resistance on the stage of fatigue short crack propagation.

Keywords: fatigue crack growth, short cracks, crack clousure, fatigue limit, isolation coating, crack arrest

AmnHauni3 po0OTO34aTHOCTI Ta PO3PaxXyHOK 3a-  HH 3aBIOBIIKK 1 MM 1 HaBiTh MeHII. Taki Tpilu-

JIUIIKOBOT JIOBIOBIYHOCTI MaricTpajibHHX Tpy0O-
MPOBOIB YaCTO MPOBOMATH i3 BPaxyBaHHSIM 3aKO-
HOMIpHOCTEHl BTOMHOro pocry Tpinma [1-3]. Lle
3YMOBJIEHO SIK BUCOKOYACTOTHOIO 3MIHOK) HaBaH-
T&KEHHs BiJl BHYTPILIHBOIO TUCKY Y TPYOi, 0c00-
JIMBO 32 KOMIIPECOPHMMH CTaHUIsAMH, TaK i mepi-
OZIMYHHMMH 3MiHAMU PEKUMIB EKCIUTyaTallii, ax Jo
3YIIHHOK y TPAHCIIOPTYBaHHI rasy. 3a3Ha4uMo, 110
yBara Jio BTOMHOTO POCTY TPIllIMH Y TPyOHUX CTa-
JIIX HE BIAKUA€E Ba)KIIMBOCTI BpaXyBaHHs YMHHUKA
TPHUBAJIOr0 CTATUYHOT'O HABAHTAXKECHHS y MpoIecax
pyHHYBaHHS, 0COOIHBO 3a il KOPO3UBHO-aTrPECHB-
HUX CEPENOBUIN, TOOTO KOPO3IHHOI0 PO3TPICKY-
BaHHS. BopHowac, MUKITiYHE HABAaHTAXXEHHS MOXE
HE TUTbKM 3YMOBIIIOBATH OKPEMHU MEXaHi3M py¥i-
HyBaHHsI, aje 1 MiJCUIIOBATH KOpO3iiiHe po3Tpic-
KyBaHHsS CTajiei. AJpKe BiOMO, IIO TPIIIUHU KO-
PO3iHOr0 PO3TPICKYBaHHSI TYIIIIII 32 BTOMHI, Jac-
TO po3raiyKeHl, 0 YTPYIHIOE iX pICT Yepe3 3HU-
JKEHHsSI KOHIIEHTpallil HampyxeHb. B Toil ke yac
MUKITIYHE HAaBaHTAXKCHHS, HABITH SKIIO BOHO He-
TpuBaje, Oyjie 3arocTprOBaTH Taki TPIIUHU 1
CIPUATH IX POCTY.

OO6cTexeHHs 1 KOHTPOIIb MaricTpajlbHUX Ta-
30IPOBO/IIB JAaF0Th MOKJIMBICTh BHUSBISATH TPIIIHU-

HU y MeXaHilli BTOMHOT'O PYHHYBaHHS BiITHOCSTBH
70 po3psiay Tak 3BaHWX Koporkux TpimmH (KT),
SIKI 32 OJIHAKOBOrO po3Maxy KoeQilli€eHTa IHTeHCH-
sHocTi Hanpyxenb (KIH) AK (Kuax — Kinin) poc-
TyTh 3 Habarato MBHU/IIE, HDK JOBTI TPIMHHU, SKi
3a3BMYail BHPOIIYIOTh Ha JTA0OpATOPHUX 3paszKax
JUTS OI[IHIOBAHHS OMIPHOCTI METajly pPyHHYBaHHIO.
Taxy ocobnuBicts KT 1moB’s3yr0Th 3 0cCia0IeHHIM
3akpuTTs TpimwH (3T), sBUIIA NepenyacHoro KOH-
TakTy O€periB TPIilMHM y HAMIBUMKII PO3BaHTa-
Kennst [4, 5]. Bono smenunye nukiniaay nepopma-
Lif0 MaTepiany y BEPIINHI TPIKHY i, THM CaAMHUM,
posmax jehopmalii, sKuil BUCTYIIa€ MEXaHITHOKO
PYUIHHOIO CHJIOID BTOMHOTO pOCTY TPIllJHH.
Ockinbku niepexin 1o KT cynpoBomkyeTbest 3me-
HureHHsiM 3T, TO Ipy IbOMY 32 OJTHAKOBOTO PO3-
Maxy AK 3pocrae pymriiiHa cuia pocTy TpIilMHH,
L0 TIPUCKOPIOE if MOMIMPCHHSL.

3 iHmoro OOKy, TpUBaia eKcIuTyaTtallisi Maric-
TpAIbHUX TPYOONPOBOIB 3YMOBIIOE JErpajallifo
MeXaHIYHUX BIIACTUBOCTEH Matepiany y 00’emi
CTIHKU TPyOH, HaHiCTOTHIIIE, XapaKTEPUCTHK OI10-
Py KpMXKOMY pyHHYBaHHIO [ ]. e CTOCY€ThCA i
UMKIIYHOI TPIIIMHOCTIHKOCTI TpyOHHMX craned [2],
TOOTO MOXKHA OUIKYBaTH HETaTHBHOTO MPOSIBY HE

U
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Tinbku siBuina KT, ane 1 ekcrutyaramidHol gerpa-
Jarfii MeTary ra30npoBO/IiB.

Jana poboTa mpucBsIUeHa BUBUCHHIO OCOOIH-
Bocreit pocry Bromunx KT y crani 17T'1C y Buxi-
AHOMY CTaHl (MeTan TpyOu 3amacy) i ekcruryaro-
BaHOTO 34 pPOKM MaricTpajibHOrO Ta3olnpoBOAY,
BU3HAYEHHIO IPAaHMII BTOMH EKCILUIYaTOBAHOTO i
HE eKCIUTyaTOBaHOTO METally 31 BpaXyBaHHSM Ha-
SIBHOCTI KOPOTKHX TPIIIMH, & TaKOX BUSCHEHHIO
MOXJIMBOCTEH iX rajibMyBaHHS HaHECEHHSAM 3axu-
CHOT'O KOMITO3UTHOT'O TMTOKPUTTS [7].

Hukmiyay TPINMHOCTIHKICTH MeTally BH3HAa-
Yany 3a KIMHATHOI TeMIepaTypd Ha IMOBITpi MpH
yacToTi nukiiB HaantaxeHHs f = 10 'y ta acu-
Mmetpii R = 0,05. BuxopucroByBanu 06ankoBi 3pas-
K (mupuHOIO 9 MM, BHCOTOIO 15,2 MM, TOBXH-
HOW 160 MM, Opi€HTOBaHI y MO3/0BKHbOMY Ha-
npsiMi TPyOH 3 MIMPHHOIO 3pa3Ka [0 TOBIIHHI CTiH-
KH TpyOH) 3 KpaOBHM HaJ[Pi3oM, sIKi HABaHTaXYy-
BaJIM 332 CXEMOIO KOHCOJBbHOro 3runy. [l gac exc-
MEpUMEHTY po3Max HaBaHTaxKeHHS AF miarpuMyBain
MOCTIHKUM a00 K 3MIHIOBAIM 3rifHO BUMOT [&, 9] 3
HEBEJIMKUM KPOKOM, BU3HAYAIOUYH MTPUPICT TOBKUHH
TpimmHA Aa 3a TeBHY KinbKicTh mukiiB AN. JloB-
KHMHY TPIIIMHA 3aMipsUTi 32 JOTIOMOTOI0 MIiKpOCKO-
na MIIB-2 3 Tounictio 0,01 MM. BymyBanmu kiHeTH4-
Hi JiarpamMu BTOMHOTO pyiinysatnst (KJIBP) — saresx-
HOCTI IIBUJKOCTI pocTy BTOMHOI Tpinuuu da/dN Bix
AK. Hoporom 3HAYCHHs PO3Maxy KIH AKy, BU3HaUamm
32 IBUKICTIO POCTY TPIilMHA ~10™"" MK nomsIxoM
MOCTYIIOBOT'O CTYIIHYACTOrO 3HIKEHHS pO3Maxy HaBa-
HTa)KCHHSL.

Edexr 3T BpaxoByBaiu, peecTpyoun jiarpa-
My 3MiHU B LMK/l HABAHTAXKCHHS 3yCUIUISL HA 3pa3-
Ky F 1 B3aemHOro mnepewmiulenns xpais Oeperis
TpIIIMHM Ha piBHI ii BepumHu [5] Ta BU3HAYAIOUU
edexruBHuit pozmax AKer = K — Ko, 16 Ky —
piBens KIH, sxwii Biamomimae 3akputii (depes
edekt 3T) yacTuHi HMKITY HaBaHTaXeHHA. KinbKi-
cHo edekT 3T oliHIOBaIN KOS(IMIEHTOM 3aKPUTTS
Tpimwan U:

_ AK ”
U= Kmax Kcl _ e.ff‘ (1)

K max = Kmin AK

OtpumaHi JaHi BUKOPHCTOBYBAIU JUISL TIOOY-
nou  edextuBHux KJIBP y  koopmuHarax
da/dN AKefr, 3 sIKOT BU3HA4Yad e(PEKTUBHUH
nioporoBuii pozMax KIH AKy, et = Kinax th — K 1.

Bukopucranu Taky METOAMKY OTPHMAaHHS KO-
POTKUX TpIIIUH, JJIS SKAX 3aCTOCOBHA MeXaHIKa
py¥inyBanHs. Ha 3pasky BHpolyBainu 3BUYaiiHUM
CIoco00M BTOMHY TPILIMHY JOBXHHOIO Ouibiine 2
MM, HE Oepyud 10 yBaru IIMOMHY KOHIIEHTPATOpa
1 BBaXAI04H, IO ePEKT KOPOTKHX TPILUH [OBHU-
HEH TPOSBUTHCA 3a MEHIIOl JOBXWHH. [licns
OTpUMaHHs Takoi TpimuHu npu piBHI AK ~ AKy,
Bu3Hauanu koedimieHT U 1 MepioguvHO Ha eIeKT-
POICKPOBOMY BEpCTaTi BHKOHYBAJIHM B3JIOBXK Tpi-
IIMHU TIpopi3 mupuHOK 0,2 MM 1 BUCOTOIO, MEH-

II0K0 JTOB)KMHHU TPIIIMHY a, SIK ITOKa3aHOo Ha puc. 1.
3a HaWrmMOmoro mpopizy 3anHiianacs TPIuHA
noBkuHOIO ~ 0,3 MM, peecTpoBaHa Ha OOKOBUX
NOBEPXHSAX 3paskiB. OCKUIbKM WIMPUHA MPOPi3y
Oyia He GUIBLIOIO 33 JOBKHHY TPILIMHK, TO 3T1IHO
TOCTY/IATIB MEXaHIKM pyiHYBaHHSI 3a a MOXHA
npuiMaTH CymapHy JoBxkuHY (isuuHOi TpimmHy i
rTHOMHM KOHIIEHTpaTopa Ta mpopidy. Takum uu-
HOM, TpOIlelypa HAaHECEHHs Ha 3pa30K Mpopi3y He
NMOBUHHA Oyna BIUIMBATH Ha HANpYXXCHHU CTaH B
OKOJIi TPINMHH, SKHH OIHCYETHCS IMapaMeTpoM
KIH. Kpim Toro, 30Ha TEpMIi4HOTO BIUIMBY Bij
EIIEKTPOICKPOBOrO O0OPOOIICHHS CTAHOBMIIA JIMILIE
0,2 MM BiI MOBEPXHi MPOPi3y, IO HE JOMYCKAIO
3MiH CTaHy MeTaJly Y BEpIIMHI TPIIHHU, TOBKUHA
sKoi Oyna He MeH1Ioro 0,3 MM.

Pucynok 1 — CxeMa BUKOHAHHS HA 3pa3Ky
NPOPi3y eJIeKTPOiCKPOBUM METOI0M 3 METOI0
OTPUMAHHS TPIIMHU Pi3HOI JOBKUHU

Ha puc. 2 300paxeHo oTpuMaHi eKCrepruMeH-
taneHi KJIBP, noOynoBaHi 3 BUKOPHCTAHHSIM 3BU-
YaiiHUX (IOBTUX) TPILIMH, a B Ta0JI. 1 — KUIBKICHI
3HAYCHHS! TOPOTOBHX MOKA3HHKIB IMKIIYHOI Tpi-
IIMHOCTIMKOCTI. 3a3HauuMmo 3HauHuii epexr 3T,
IO 3arajoM BJIACTUBO JUIsI CTalied IiJABUIIEHOT
TUTACTHYHOCTI. BiH MakcuManbHHNA sl IPUTIOPO-
roeux ainsHok KJIBP, npu npomy KIH Ky, ¢ ckia-
Jae MpHUONM3HO JIBI TPETUHH HOMIHAJIBHOTO PO3-
Maxy AKy efr. )

TpuBana ekcruryaraiisi HE3HAYHO 3MCEHIIMIIA
HUKIIYHY TPIMMHOCTIMKICTh CTajl, SKIIO CYIUTH
3a 3MimeHHsM HoMminambHux KJIBP da/dN — AK
JUIst 1BOX cTaHiB craimi. OQHOYacHO 3 THM, ITiJIBH-
mmecs epekt 3T; koedimienT U 3MEHIIMBCS Bif
0,39 mns BuxinHoro xo 0,30 mas eKCIUTyaTOBaHOTO
crany. Lle o3Hayae, 0 B OCTAHHBOMY BHIIAJIKY
MEHIIIe TPETHHHU UKy HaBaHTaXXECHHS € «e()eKTH-
BHHM», TOOTO BIUIMBAIOTh Ha BTOMY MaTepiany B
OKOJTi BEPIINHU TPIIIUHH.

IcrotHo BHaB piBeHb e(beKTHBHoro rnopory
AKy, o BHACH 10K eKcrmyaTagu TpyOompoBoy
(Bix 3,3 MIla- M 1o 2,4 MIla-m ) T00TO Ha 27%.
Taxnm YUHOM, OIMPAIOYUCh Ha 3MiHY e()eKTHBHO-
ro nopory AKy, efr, MOXXHa OJHO3HAYHO CTBEPIIKY-
BaTH TIPO EKCIUIyaTalliifHy Jerpajaiito CcTaii.
Bognouac He3Hauna 3miHa BennmuuHn AKy 1mo-

Ta6auus 1 — Ioporosi mokazHuky HMKJIiYHOL TPpimmHocTiiikocTi crani 17T'1C

Cran merany AKy, MOa'm'™ | Ky, MIa-m'™” U AKy, o, MITa-m"?
Buxigauii 8,4 5,1 0,39 3,3
ExcruryatoBanmit 8,1 5,7 0,30 2.4
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Pucynok 2 — KJIBP craai 17T'1C y Buxinnomy crai (1, 2) i micas excnuyaraii (3, 4)
y HomiHanbHuX (1, 3) i epexTUBHUX (2, 4) KOOpAUHATAX:
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1 — euxionuti cmam,; 2 — eKCHIYamosanuil Cmam

Pucynok 3 — 3anexunictsb koedinienta U Bin 10B:KUHU TPillMHM ¢ B Aiana3oni a = 0,2...1,8 mm
aas craai 17T'1C

SICHIOETBCs 3pocTantsiM epekry 3T. oxiGHi nani
OTPHMAHO IHIIMMH JOCIIJHUKAMHA CKCILTyaTaliii-
HOI Ta 1a60paTOpHOI Nerpanaiii KOHCTPYKIIHHNX
craneii i3 3amydeHHsM edektuBHUX KJIBP mis
OLIIHIOBAaHHS CTaHy MeTally, 30KpeMa cTalleid mapo-
ro"iB TEC [10] i kopryca peakTopa riipOKpeKiHTy
Hadm [11].

OILHKH 3aKpUTTA TPIIMH PI3HOI JTOBKUHH
nokazanu (puc. 3), Mo MOYWHAIOYM MPHUOINU3HO 3
1,1...1,2 MM 3T 3HHKYETBCS 31 3MEHIIICHHSAM JIOB-
KUHHU TPIIIKHY 132 a = ~0,3 MM BOHO 3HUKAE, TOO-
to U = 1. CremiajibHUX BIMIHHOCTEH Yy 3aJI€KHO-
crax U — a 1uist pi3HUX CTaHIiB CcTali HE BUSBICHO,
SKIO He OpaTH J0 yBaru 3arajioM BUIIWI epeKT

3T (amxue 3HayenHsa U) ams eKkcIiyaToBaHOI cTa-
mi. TakuM 4MHOM, HA KOHKPETHOMY MPHKIAIL il
TBEP/DKEHO 3arajbHi YSBICHHA NPO 3MEHIICHHS
edexry 3T B jianasoHi KOPOTKUX TPIilUMH MOPiB-
HSHO 3 JIOBIMIMH Ta OTPHMAHO KUTBbKIiCHI OIIIHKH
poro edekry. Tak, KpUTHYHOIO JIOBXKHUHOIO 2, IKa
BIJIMIOBi1a€ TIepexojly TPIMIMHU BiJi KOPOTKOI IO
JIOBT'01, MOYKHA BBaXKaTH 1,2 MM.

Jnst 3’sicyBaHHSL BIUTMBY JIOBXXHHU a B Jliara-
30H1 KOPOTKUX TPIIIH Ha moporoBuit po3max KIH
AKy, TIpoBeny HACTYIHHM eKCIIepUMEHT. 3pa3KH 3
KOPOTKMMH TpIllIMHAMH, MIITOTOBJIEHI 3a Mpolle-
JYypOI0, MPEACTaBJICHO Ha puc. 1 (TOOTO micis
HaHeceHHs mpopizy 1 3amipy 3T ), mignaBamu Oa-

U
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Pucynox 4 — 3anexnocti AK,, — a nas crani 17T'1C

raTONHKIOBOMY HaBaHTKEHHIO 32 THX JK€ eKcIle-
PUMEHTAIILHUX YMOB, 32 pe3yJbTaTaMH SIKUX Oy-
nyBanu KJIBP. Oco6nuBicTh €KCIIEPUMEHTY MOJIs-
rana y NpHUKJIaJaHHi HaBaHTaKEHHS, 3a SIKOTO Be-
mmanHa AK Oyna 6 Habarato menmoro AKy,, a npu
qoBxuHl a ~ 0,3 MM HaBiTh MeHIIO0 32 AKy, o
[NoyaTtkoBa BeMMYMHA HABaHTa)KCHHsI BHOHMpaacs
3a3daJieriib Takow, 00 TPIIIMHA HE IOYMHAJA
nomuproBaTucs. Tomi cryminyacto (Ha 10-15%)
MiJBUINYBaIM HaBaHTakeHHs (i, BiamoBigHo, AK)
JI0 TOYATKY IOMEPEAHbO MiArOTOBJICHOI B TaKUH
crioci6 TpimmHU. BpaxoByroun 4yTIHBICTH PEECT-
paii _IPUPOCTY JOBKHHH tpimman 0,01 mm, Ha
KOXKHiH CTyneH1 HABaHTaXXCHHS KUIbKICTh LUKJIIB
cranoBmia 2:10°, mo Gu 1aBano 3Mory 3apeecTpy-
BaTH MPHUPICT TleII/IHI/I 0,02 mm, gk Ou TpinHa
pocia 3 moporoBoro ImBuaKicTio 10 M/uuki. Sk-
IO TPIIIMHU 33 TAKUX YMOB HE BUSBJISUIM, TO IiJI-
BUIIYBAJIN HABAHTAXKCHHSI HAa YEPrOBUH PIBEHb ax
70 BUSIBJICHHS TPUPOCTY TPIIMHH. 32 HaBaHTa-
XKEHHSIM CTapTy TPINIMHHA OOYHCIIOBAIN IOPOTo-
BUl piBeHb AKy,.

MakcuMmanbHi 3HaueHHS AKy oTpuMaHi mjis
TPIIIMH, JOBXWHA SKUX OUTbIIa KPUTHYHOI

1,2 MM, a MiHIMaJbHI - €KCIIEPUMEHTAILHO
BCTAHOBJICHUM €()EeKTHBHUM noporam AKy, efr BiI-
TIOBI/IHO JUIsl KOJKHOIO cTany craii (puc. 4). Takum
YMHOM, TiATBEp/DKEHO BinnosinaneHicte 3T 32
eexr KT. Hpu npomy s TplIIII/IH 3a~03wmMm
TOPIr WMKIIYHOI TPIIMHOCTIHKOCTI CKIa/a€ JIHIle
npuOaN3HO TpeTuHH Bix AKy, A1 JOBIMX TPIIIHH.

Bu3Havanu rpaHuI0 BTOMH Martepiany y BU-
XITHOMY 1 €KCIUTyaTOBaHOMY CTaHaX 3 BHKOpHC-
TAHHSM ITIIXO/[iB MEXaHIKK PYHHYBaHHS Ta BPaxy-
Banns edekry 3T. ¥V mpaui [12] onmucano mporne-
Iypy METOy, SKHW TIONATace y BHUPOLICHHI Bij
KOHIICHTpATOpa HANpPY>KeHb (T€OMETPUYHOTO Ha/l-
pi3y) nmyibciBHUM cTHCHEHHsIM (R = — ~) kopoTkoi
BTOMHO{ TPIIIMHYU 3 HACTYITHUM CTYIIHYaCTUM Ha-

BaHTKEHHSAM IYJILCIBHUM YH OJM3BKUM IO TOTO
postsrom. Toi TpilllMHA TTOYHE MOIIUPIOBATUCS 32
nesikoro piBHs AK, sikuit € moporopum AKy, mis
naHol ToBXWHY a. Llell mpupicT TpilHA B MeKaxX
Jliara3oHy KOPOTKHX TPIIIUH 3yMOBIIIOE 3pOCTaHHS
3T 1, BignoOBiIHO, AJIA ii MOJAIBIIOrNO POCTY 3 IO-
POrOBOIO IIBUAKICTIO HEOOXITHUH BHIIMHA pPiBEHb
HaBaHTaxeHHs, a 3Bimcu 1 AK, 1o BimoOpaxae
30UTBIIEHHS TTOPOTY BTOMH 31 30UIbIICHHAM JIOB-
KHUHU TpiluHA. TakuMm 4rHOM OYAYIOTh Tak 3BaHi
R-kpuBi BTOMHU sk 3amexHocTi AKy, — mpupict
TpimmHn Aa. Toji, BUKOPUCTOBYIOUH BiJIOMYy 3a-
JIKHICTh MEXaHIKH PYHHYBaHHS

K=o (ma)", )

MOJKHA 3a BiZOMHM 3HaueHHAM AK, BHU3HAuUNTH
TPAHMII0 BTOMH, BUXOASYH 3 TOTO, MIO SKIIO KO-
pOTKa TpilllMHA HE OyJe pO3BUBATHUCS ITiJ] YacC IUK-
JIYHOT'O HABaHTAXKEHHS, TO 1 €JIEMEHT KOHCTPYKIIil
(3pa3oK) HE 3pYHHYETHCS.

Hamu 3arajgoM BHKOPHCTAHO TaKWM MiIXiJ 10
BHU3HAYCHHS TPaHMIII BTOMH, MPOTE KOPOTKI Tpi-
IIMHHU, BUPOLIYBaHHI HE CTHCHEHHSM, 8 BUKOHAH-
HSIM BY3bKOIO, MIUPHHOIO 0,2 MM, MPOPi3y B3I0OBXK
TpIIKMHYU, SK I Noka3zaHo Ha puc. 1. [lepeBara
HAIIOTO METOMY B TOMY, IO BiIKHAAIOTHCS MOK-
MBI CyMHIBM y KOPEKTHOCTI IIONEPEAHBOTO BH-
POLLYBaHHs TPIIMH CTHCHEHHSM, OCKUIbKH PO3-
TOZLUT 3aJIMIIKOBUX HATIPYXKCHP y IUIACTHYHIH 30Hi
TaKOi TPIlUMHHA CKIaJHHUH, BIIMIHHUHA Bl po3noAi-
Jly HAaIpPYXCHb NIPU BUPOLLYBAaHHI TPIlMHI PO3Tsi-
rom. Lle Moxxe HakacTu cBiif BIIOMTOK Ha PO3IIO-
JIJT HANPY)KEHb MPH HACTYITHOMY LUKIIYHOMY Ha-
BaHTa)KeHHi Iyt mo0ynoBu R-kpusoi. [Ipore Hamu
BUKOPUCTAHO 3AJICKHICTh (2) sl BU3HAYCHHS
TPaHUIll BTOMH METaly GCoos (M1 acuMeTpii
R = 0,05) 3 KOpOoTKMMH TpIillIMHAMH Ha OCHOBI Bi-
nomux 3HadeHb AKy, (Tabi. 2).
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Tab6anus 2 — PospaxoBaHi 3HauyenHs rpanuni BTomu craai 171'1C 3 kopoTKMMH TpilIHHAMKA
Pi3HOI 10B:KMHH

a, MM Buxiguuii ctan ExcruryaroBanuii cran
AKy, MIla-m"? 00,5, MIIa AKy, MIla-m"? 00,05, MIla
0,28...0,32 3,3 108 2,4 78
0,48...0,52 5,2 131 4,0 101
0,78...0,82 6,8 135 6,2 124
0,99...1,02 8,0 142 7,5 134
1,18...1,22 8,4 136 8,1 132
1,78...1,82 8,4 112 8,1 108
3,0 8,4 87 8,1 84
5,0 8,4 67 8,1 65
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1, 3 — euxionuti cman; 2, 4 — ekCnIyamosanuil Cmam;
1, 2 — ons nyavcienoco Hasanmadicenust (R = ~ 0); 3, 4 ons nidsuwenoi acumempii R

Pucynok 5 — 3anexxknocri 695 — a 1 craai 17T'1C

OtpumaHi eKcriepruMEeHTalbHI i pO3paXyHKOBI
JaHl Al0Th MOXIIMBICTh MOOYIYBaTH 3aJISKHICTh
TPaHMII BTOMH Gops BiJ JOBXHHU TPIIIUHH
(tabn. 2, puc. 5). Ilpu 3aranom oIHAKOBIH 3aKo-
HOMIPHOCTI 3MIHHU G5 BiJI @ 3a3HAYMMO JICIIO HU-
K4l 3HAYEHHS TPAHUIl BTOMH JUIS eKCILTyaTOBaHO-
T'O CTaHy JIOCTIKYBaHOi TpyOHOI cTami.

HeMOHOTOHHICTE KPUBHX Goos — & JIEMOH-
CTPY€ NPOTHAII0 ABOX YMHHHUKIB y MIPY 3pOCTaHHS
TpimmaU: 3poctanHs KIH, Tobro HampyxeHoro
CTaHy y BEpIIMHI TPIIIMHY, a 3 IHIIOro 00Ky — 30i-
npinenHs 3T, 1m0 3MeHITye po3Max MHUKIYHUX Ha-
npyxenb. JIo a = 1 MM BIUIMB Jpyroro YnHHHKA
BaroMiIlfii, i TPaHUIS BTOMH 3pOCTa€, 3a JOBIIOL

96 )

TPINIMHU — TPAHUIISI BTOMH 3MEHIIEHA, 110 BKIIa/1a-
€TBCS Y PO3YMIHHSI 3HIDKEHHS KOHCTPYKTHBHOI
MIIHOCTI 31 301IbIIEHHSM a.

Bepyun nmo yBaru, 1mo mik 3pOCTaHHSI TPaHUII
BTOMH 3yMOBJICHHH siBUIeM 37T, 1[bOTO TO3UTHB-
HOTO e)eKTy HE CIiJl OUiKyBaTH 3a BHCOKOT acHMe-
Tpii HaBaHTaxeHHs, komu 3T BincyrHe. Tomy B
po3paxyHKax MIIHOCTI 1 JIOBrOBIYHOCTi TpyOoOITpo-
BOJly, 110 6a3yi0ThCsl HA GAaraTOLMKIOBOMY HaBaH-
Ta)XKEHHI1 3a MJBHINCHOT acUMeTpii (ynbcarlist TH-
CKy y Tpy0i), Tpeba KOPUCTYBAaTUCs 3HAYEHHIMH
TPaHMII BTOMH, SIKi BU3HAYAIOTHCS 13 3aJI€KHOCTI

Kipep=0 (na)"”. (3)
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Pucynok 6 — Cxema npuroTyBaHHs 3pa3Ka 3 NOKPUTTAM i KOPOTKOIO TPIIMHOIO Mi HUM
AJISl OJANTBIIMX BUIPOOYBAaHb HA BTOMHY MILIHICTh

Yy HAILIOMY BHIIAJIKY AKth et = 3,3 12,4 MIla- M
BiJINIOBIIHO JUIsL BUXIZHOTO 1 €KCILUTYaTOBAHOTO Me-
TaJliB, a BiANOBiAHI uMM 3Ha4eHHAM AKy, o 3a71€K-
HOCTI G5 — @, sKi Bianosixaots Bincyraocti 3T,
nojano Ha puc. 5 (kpuBi 3 i 4). B mianazoHi 10B-
IUX TPIIMH BOHM BinOuBawTh edekr 3T, TOOTO
BKA3yKOTb HACKUIBKU e(peKTUBHUH IOPII LIMKIIIYHOT
TPIUHOCTIAKOCTI Kyp oy € MEHIIIMIT 32 HOMiHAIIB-
HUA K. A OCKIIBKM BOHH BIJIPI3HSIOTHCS Maike y
TpHYi, TO OTPUMAHO TaKi HU3bKI BEJTMYNHH TPaHU-
i BTOMH, SIKIIIO BPaxOBYBATH, IO 32 BUCOKOI acH-
MeTpii HaBaHTakeHHs 3T BIZACYTHE.

[IpoBeneno orniHOBaHHs eeKTUBHOCTI HaHe-
CCHHsI PO3POOJICHOTO 130JIAI[ITHOI0 KOMITO3UTHOTO
MOKPUTTSL TPYOONPOBOIB 3TiAHO 3 TEXHIYHUMHU
ymoBamu TY VYV 26.1-02070855-003:2010 3 ornsany
ralbMyBaHHs POCTY KOPOTKHMX BTOMHHUX TPIlIWH.
[30msmiliHe KOMIO3UTHE TIOKPUTTSL € KOHCTPYKIIi-
€10, ¢ Ha IIAp CHNOKCHAHOIO IMOKPHTTS MapKu
EJIT 1011, mo CKJIA/Ia€ThCs 13 €OKCHIHOI MOIH-
(I)IKOBaHOI cvoinu EJI-10 1 momudikoBaHoro 3a-
TBEp/PKyBaua Ha OCHOBI aMiHIB, HaK/IaJeHE CKIIO-
BosiokHO Mapku T-10-80. 3Bepxy Bce mokpute
JIBOKOMITOHEHTHOIO TIOJ1ypETaHOBOIO KOMIIO3HITi-
eto 3m Scotchkote 352: (kommoHeHT A (OcHOBa) i
komioHenTa b (3arBepmkysaua) [ 13, 14].

3pa3Kku 3 KOPOTKUMHM TPIlIMHAMH | HAHECEHUM
MOKPUTTSM ISl MOJAIBIIOTO IMKJIIYHOTO HaBaH-
Ta)XCHHS TOTYBaJIM HACTYITHUM 4nHOM. Ha 0anko-
BHX 3pa3Kax BHPOIIYBJIM JOBTi BTOMHI TPIIIHMHH,

K IIe TI0Ka3aHo Ha puc. 6a. [Ipu npoMy Ha 3aKiTto-
yHOMY eTamni piBeHb AKy, OyB OIU3BKUM JI0 TIOPO-
roporo. [loTiM BepxHIO YacTHHY 3pa3ka 3 OOKy
KOHIICHTpaTOpa 3IILTiI(pOBYBaIX J0 BHUCOTH 11MM
Ha N0BKHHY 160 MM CHMETPHYHO BiIHOCHO KOH-
uenrparopa (puc. 60). Takum 4MHOM TIEpEPi3y po-
00401 YaCTHHHU 3pa3ka cTaHOBHMB 9 MM X 11 MM, i
BUXOISYH 3 IBOr0, OOYHCIIOBAIN 3HAYCHHS KIH
npH ToAaiblioMy HaBaHTaxeHHI. [licms 1boro
3pa3ok HaBaHTaXyBalu 10 PiBHA K = Kipax
(Kimax 1 = AKy/(1-R)) 1, BuTpuUMYytoun ioro min
TPHUBAJMM CTATHYHUM HABAaHTAKCHHSIM, HAHOCHIIH
Ha poOOYy BEPXHIO YACTHHY 3pa3ka MOKPHUTTS TO-
BIIMHOIO 4,2 MM, TaK IO 3arajJibHa BUCOTA 3pa3Ka 3
MOKPUTTAM cTaHoBmiaa 15,2 MM (puc. 6B). Yac Bu-
TPUMYBaHHS 3pa3Ka ITiJ] HABAaHTAXXCHHSM CKJIaJlaB
0JHY 100y, 1[0 TapaHTYBaJIO 33 TOH 4Yac moBHe (o-
PMyBaHHS TOKPHUTTS 3 BiJNOBIMHUMH (YHKIIOHA-
JHLHUMH BJIACTHBOCTSIMH.

[MpuurHOIO HAHECEHHS TOKPHUTTS Ha HaBaH-
TaxxeHu# 3pasok €. [lo-mepie, yacto TeXHOIOTIY-
HO BHWTIJIHO HAHOCHTH I30JIAIlIHHE MOKPHUTTS Ha
TpyOy mix THCKOM, TOOTO HE BUBOJUTH TPYyOOITpO-
Bix 3 ekcrutyataii. [lo-apyre, HassHi B Tpy0i 1no-
BEPXHEBI TPILIMHA PO3KPUBATUMYTECS B PE3yIIbTa-
Ti HABAaHTAXXCHHsI BLJ BHYTPIIHBOIO THCKY, 1 ero-
KCHJIHA CMOJIa, SIK TIEpIIMH Imap MOKPUTTA, Oye
YaCTKOBO 3allOBHIOBATH IMOPOKHUHY TPIIIMHHM, 1
TICIIsl 3aTBEP/IIHHS BUKOHYBaTHUME pob KinHa. Lle
3a MUKITIYHOTO HABAaHTAXKCHHS 3MEHINYE IMHUKIIYHY
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Tabanusa 3 — Hukaiyaa TpilimHOCTIMKICTh 3pa3KiB 3 KOPOTKMMH TpilMHaMu Ha ctaii 171'1C
3 HaHEeCeHMM Ta 0e3 130/ iliHOr0 MOKPUTTA

a, MM Buxiguuii ctan ExcrnuryaroBanuii cran
AKy, MIa-m"? | AK"%,, MITa-m' | AKy,, MITam™ | AK™7,;,, MITa-m"?
0,28...0,32 3,3 5,7 2,4 5,3
0,48...0,52 5,2 7,5 4,0 7,1
0,78...0,82 6,8 9,8 6,2 9,3
0,99...1,02 8,0 10,7 7,5 10,1
1,18...1,22 8,4 11,8 8,1 11,5

Tabanus 4 — I'panuusg BToMH 3pa3KiB 3 KOPOTKMMH TpiluHaMu Ha craiai 171'1C
3 HaHeCeHHMM Ta 0e3 130J15iliHOr0 MOKPHUTTA

a, MM Buxiguuii ctan ExcrutyaroBanuii cran
00,05, MlIIa O'nUKp(),()5, MHa’M] 2 00,05, MlIIa O'nUKp(),()5, MHa’M] 2

0,28...0,32 108 186 78 173

0,48...0,52 131 189 101 179

0,78...0,82 135 196 124 186

0,99...1,02 142 191 134 181

1,18...1,22 136 192 132 187

nedopmariiro MaTepianry B OKOJi BEpIIMHU TPIIIU-
HU 1 TUM caMHUM, MiJBUIIYE OIIp MOIINPEHHIO
BTOMHOI TpimuHA. DaKTHYHO MITYYHO CTBOPIOETH-
csl epeKT 3aKpUTTS TPIIIMHM, a TAKHHA CIOCi0 ra-
JTBMYBaHHS BTOMHOTO POCTY TpIilIMH BioMuit [15].

[TpuroroBnenuit y Takuii crocidé 3pa3ok TMil-
JaBajy MUKIIYHOMY HaBaHTakeHH:o nipu = 10 ['1g
ta R = 0,05. [IpoBeneHo cepito TaKUX €KCIIepUME-
HTIB 3 KOPOTKHUMH TpPIlIMHAMHU Pi3HOI JIOBXHHHU.
3pa30K-KOMIIO3UT CTYIIHYACTO HaBaHTAKyBaJH
Tak, mod Ha mepiii CTyneHi piBerb AK OyB zmerio
punmmM 3a AKgy 11s TplIIII/IHI/I z[aH01 JOBXHHH
(puc. 4). Kinbkicts uukiis — 2:10°. Skuio Tpimmna
HE TpopocTaia 3a WX YMOB, MPO IO CYIHIH 32
CIIOCTEPEKECHHSME OOKOBHX TIOBEPXOHb 3pasKa,
HaBaHTa)XEeHHs minBuiyBaau Ha 10-15 % 1 3pa3ok
MiIaBaIM  IIMKIYBaHHIO BIPOJOBX HACTYITHHX
2-10° uuKiB. ExcriepuMeHTH 3 MiIBUIICHHSM Ha-
BaHTa)KEHHS TPUBAJIH JIO BUSBJICHHS POCTY TPIIIH-
HU Ha OOKOBHX MOBEpXHAX. Toil BIANOBITHO 0
CHJIOBUX YMOB IMKJIIYHOTO HABaHTAXXEHHS O0YHUC-
aroBaaM noporose 3HadeHHs AK""Py, Bmactuse
3pa3Ky 3 BTOMHOIO TPIlIMHOK KOHKPETHOI JI0BKH-
HH a Ta 3 HAHECCHHM IIOKPHTTSM. 3a DI3HHICIO
MK 3HaueHHIMH AKy, mns BuxigHoro (0e3 mo-
KpuTTs) i 3minHenoro AK™y, 3paska Bu3Hauamm
KUIBKICHO €()eKT BiJ 3aCTOCYBaHHS TMOKPHUTTS. Pe-
3yJIbTATH JI0CIIDKEHb 3BEACHO B Ta0ML. 3.

3a aHanoriero 3 po3paxyHKOM IPaHHULI BTOMH
Gos JUISL KOPOTKHX TPILIMH Pi3HOL }Z[OB)KI/IHI/I BU-
3Ha4yeHO BimmoBigHi 3HadyeHHS AK™P; BenmuuHu
TPaHMII BTOMH METally 3 KOPOTKUMH TPIIIMHAMH 3
BUKOPHCTAHHSM i30JISIIIHHOTO MOKPUTTS (6" 05).
Pe3ynbTaTti oOumMcneHk 3BefieHi 10 Taoi. 4

Ha puc. 7 300paskeHo 3a1exHOCTI 6 o5 — a,
SKI BKa3ylOTh Ha ICTOTHHH BIUTMB HAHECEHHS IIO-
KPUTTSI HA BTOMHY MILIHICTb 3pa3KiB 3 KOPOTKUMH
TpirHamu. Edext 3miuHeHHs mewio 3pocrae 3i
30UTBIICHHSM JOBXXHUHH TPIIMHHU, MPOTE HE TaK
pi3ko, sk 6e3 MOKPHUTTS (IUB. pHC. 5). 3a3HAUNMO,

[0 X04Ya BTOMHA MIIHICTh €KCILTyaTaliiHoO aerpa-
JIOBAHOTO METANy 3aJIMIIAETHCS HUXKUOK 3a MIIl-
HICTh METaJly Y BHXIIHOMY CTaHi, IIsl Pi3HHUIIS 3Me-
HIIYETHCSI, TOOTO HAHECEHHS IOKPHUTTS € JIEIIO0
e(peKTUBHIMIMM y BUKOPUCTaHHI JUIsSi TPHUBAJIO €KC-
IJIyaTOBAaHOI TPYOH.

200 ¢
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1 — BUXigHMIA cTaH; 2 — eKCIUTyaTOBaHUM CTaH;
1, 2 — s mynbciBHOTO HaBaHTaxeHHs (R = ~ 0);
3, 4 mis niABUINEHOT acumeTpii R

Pucynok 7 — 3anexuocti 6”7
s crani 17'1C
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BucHoBok

Hageneno 3anexxHoOCTi TpaHUIll BTOMH BiJ J0-
BXKUHH TPIIMHH, SKi BiIOMBAIOTh e)EKT KOPOTKUX
TPIIIMH JJIsl pi3HOI acMMeTpii HaBaHTakeHHs. J[is
HABAHTAKEHHs, OIM3BKOTO MO IyJIBbCIBHOIO, 3a
3arajibHOl TEHJICHIIii 3HMKEHHSI TPaHUIl BTOMH 3i
30UIBLIEHHSM JOBXKMHU TPILIMHY CIIOCTEPIraeThest
3pOCTaHHSI TPAHUII BTOMH Y BY3bKOMY Jiara3oHi
KOPOTKUX TPILIMH, 10 3yMOBJIeHO edextoM 3T.
Jnst HaBaHTaXXCHHS 3 TIIBUIICHOIO aCHMETPIEI0
UKy BJIACTHBa MOHOTOHHA 3aKOHOMIPHICTh 3HU-
JKEHHsI TPAHUIIl BTOMH 31 30UIBIICHHSIM JOBXUHU
TpimmHUA. TpuBana eKclulyartallisi Ta30mpoBOLY
MPOSIBUIIACS Y 3HWKEHHI TPaHUIl BTOMH METaly 3a
30epeKeHHs HaBEJCHUX BUIIE 3araJlbHUX 3aKOHO-
MIpHOCTEH. 3aBJaHHS HACTYIHUX IOCIIIKEHb I10-
Jsirae B eKCIEpUMEHTANbHIA mepeBipii edekTus-
HOCT1 HaHECEHHSI 3aXMCHOTO TOKPHUTTS JUIS Tallb-
MYBaHHS POCTY Pi3HUX JOBXHH TPIIIWH.
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