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EDITORIAL

Dear Colleagues,

Here is the first issue of the journal Diagnostics,
Resource and Mechanics of materials and structures (in
brief DReaM). We hope that the information published in
the journal will prove interesting and useful for the
readers.

The journal is founded by the Institute of Engineering
Science of the Russian Academy of Sciences (Ural
Branch).

For more than ten years the Institute has been holding
conferences on mechanics, lifetime and diagnostics of
materials and structures. The latest conference approved
the initiation of the journal. The journal will maintain the
best traditions and scope of our conferences.

Our goals:

v to elucidate urgent problems and modern
achievements in solving fundamental and applied
problems of the integrated evaluation of the service life of
technical objects, prediction of their durability and
survivability by methods of material science,
nondestructive testing and mechanics;

v' to inform the readers of advanced experience
gained by the world community in implementing scientific
developments.

After the first issue is released, the journal will be
included in the system of Russian Science Citation Index
(RSCI). The full texts of the papers accepted for
publication are located on the website. The editorial staff
will take all the necessary measures for the journal to be
indexed in the international databases and entered in
Scopus and Web of Science.

The journal publishes papers with original results
obtained in basic and applied research in the fields of
mechanics, material science and non-destructive testing.
You can find our journal sections at: http:/dream-
journal.org/

Frequency: 6 issues per year.

In order to extend the insight into the state of the art in
the fields of knowledge within the scope of the journal,
the latter offers an opportunity to publish papers in
Russian or in English.

The access to the full texts on the website is free, no
publication fee is charged, the authors are not paid any
fee.

Welcome to our journal!

E. Gorkunov,

editor-in-chief

http://dream-journal.org

OT PEJAKIIAM

YBakaeMble KOJUIETH, MBI BBITYCKaeM IEpBBIA HOMEp
xypHasma ‘“Diagnostics, Resource and Mechanics of
materials and structures” (CokpalleHHOE Ha3BaHHE
«DReaM») u HazmeeMmcs, uYTO OH OymeT HWHTEpPEecEeH U
TIOJIE3€H YUTATEISIM.

VYupenurenem okypHana sBisiercst  DenepanbHoe
TOCYIapCTBEHHOE  OIO[DKETHOE  YUpeXIeHHE  HayKH
WHctuTyr  MalMHOBEHEGHUS Y PallbCKOTO — OTIEICHUS
Poccuiickoii akanemuu Hayk (MMALL YpO PAH).

Wucruryr Oonee JECATH JeT TPOBOJTUT
Beepoccuiickue koHbpepeHmmu «MexaHHUKa, pecypc U
JIMarHOCTHKA MaTepuaioB M KOHCTPYKIMH» H Ha
MocIieIHed U3 HUX OBUIO 000PEHO pellIeHHe O CO3JaHuH
xypHasma. Co3jaBas Hall >KypHall, MBI IOCTapajHCh
MIEPEeHECTH B HEro Jy4IlUe TPaAUIUUA ¥ TEMATHKY Hallhx
KOH( epeHIIn.

Henu xxypHana:

v" OnepaTHBHO OCBEIIATH AKTYaJIbHBIE TIPOOTIEMEI U
COBPEMEHHBIE JOCTHKEHUsI CIICIHAINCTOB IIPU PEIICHUH
HAyYHBIX W TIPHUKIATHBIX 3a7a4 KOMIUIEKCHOH OIIEHKH
pecypca, IIPOrHO3UPOBAHHUU JJONTOBEYHOCTH H KUBYUECTH
TEXHHYECKHX OOBEKTOB METO/IaMH MaTepUallOBEICHHUS,
Hepa3pyLIaloNIero KOHTPOJIS U MEXaHHUKH.

v' 3HaKOMWTL 4YUTATENEH C MEPEIOBLIM OMBITOM
BHEIPEHHs  HAay4HbIX  pa3paboTOK,  HAaKOIUICHHBIM
MHUPOBBIM COOOIIECTBOM.

[Tocne BBIXO/1@ MEPBOrO HOMEpA KYpHAJ TUIAHUPYETCS
BKJIFOYUTH B cHuCTeMy Poccuiickoro MHAeKca HayqHOIo
uurtupoBanust (PUHLI). Pepmakumst mnpenmpumMer Bce
HEOOXOANMBIE JACHCTBUS ISl MHAESKCUPOBAHHUS XKypHaia B
MEXIYHapOIHBIX 0a3zax JaHHBIX U BXOXKAEHHS B Scopus u
Web of Science.

XKypHan nyOiaukyeT HaydHbIE CTaThH C pe3ylIbTaTaMu
OpPUI'MHANBHBIX  (pyHJZAMEHTANBHBIX W NPHKJIAIHBIX
UCCIIECJIOBAaHUH 110 MEXaHHKe, MaTepUaJIOBEICHUI0 |
HepaspylianeMy KOHTpoiaro. C HalpaBiIeHUAMH PaOOTHI
KypHasia Bl MOxere 03HaKOMUTBCS Ha HamleM caiite
http://dream-journal.org/

[lepronuuHOCTh U3AaHUS JKypHaJIa — 6 HOMEPOB B TOII.
CraTbu, TpHUHATHIE K NYOJNHKALMKM, pa3MEIIAlTCs B
MIOJTHOTEKCTOBOM (popMare Ha caifTe )KypHaa.

Jns pacumpeHus TPENCTAaBICHUH O COBPEMEHHOM

CcOCTOSIHMM ~ oOyacTeil  3HaHWMH, TPENCTAaBICHHBIX B
KypHaje, pemakius IpeJoCTaBIsieT  BO3MOXKHOCTh
nyoNMKaluk — MaTephajoB Ha  PYCCKOM  WIM  Ha

AHIJIMHCKOM SI3BIKaX.

JlocTym K MOJHBIM TEKCTaM CTaTeil Ha caiTe JKypHasia
cBoOO/HBIN. [InaTa 3a myOIMKaNuIo CTaTel B )KypHaJIE He
B3MMAEeTCs, TOHOpaphl aBTOpaM HE BBHIILIAYMBAIOTCS.
[TpuBercTByIOTCS 0030pHBIE PAOOTHI.

[Mpurnamaem Bcex KeNaloNyX K COTPYAHUYECTRY.

I'maBHBI pegaxTop,

E. C. T'opkyHOB
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MAGNETIC STRUCTURAL-PHASE ANALYSIS AS APPLIED TO DIAGNOSING AND
EVALUATING THE LIFETIME OF PRODUCTS AND STRUCTURAL COMPONENTS
PART 1

E. S. Gorkunov'*

! Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences, 34 Komsomolskaya st.,
Ekaterinburg, Russian Federation

*Corresponding author. E-mail: ges@imach.uran.ru ; address for correspondence: ul. Komsomolskaya 34, 620049,
Ekaterinburg, Russian Federation. Tel.: +7 (343) 374-47-25; fax: +7 (343) 374-53-30.

This paper initiates a survey of original papers on various divisions of magnetic structural-
phase analysis. A schematic “tree of magnetic structural-phase analysis” has been drawn up, which
offers an insight into the state of the art and prospects in the application of magnetic techniques to
evaluating the structural state, phase composition and physical-mechanical properties of rolled
stock, heat-treated steel and cast-iron products, to the nondestructive testing of the depth and hard-
ness of layers in face-hardened products; it also gives an idea of laboratory and in-situ procedures of
performing a magnetic phase analysis. Considering that the survey is extensive, it is divided into
several parts.

Keywords: structure, phase composition, magnetic properties, hardness, heat treatment,
magnetic characteristics, testing devices, attached electromagnets.
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Hacrosimmast cTatbs OTKpBIBaeT 0030p OPUTHHAIBHBIX PadOT MO Pa3IMYHBIM pa3zieiaM Mar-
HUTHOTO CTPYKTYpHO-(pa30BOro ananuza. ABTOPOM C(POPMHUPOBAHO CXEMATHUYECKOE «IEPEBO Mar-
HUTHOTO CTPYKTYpPHO-(a30BOro aHajn3a», KOTOPOE MO3BOJISET MOJIYYUTh IPEICTABICHUE O COCTO-
SIHUW Y TIEPCTIIEKTHBAX MCIIOJIb30BaHMsI MATHUTHBIX METOAOB ISl OIICHKH CTPYKTYPHOTO COCTOSIHUS,
¢da3oBoro cocraBa, PU3NKO-MEXaHMUYECKUX CBOWMCTB MpPOKAaTa, TEPMHUYECKH 0OpPaOOTaHHBIX CTajlb-
HBIX M3/CJIHIi; MPUMEHEHUS TaHHBIX METOJIOB JUTSI HEPa3pyIIAOIIEro KOHTPOJIS TITyOHHBI U TBEPO-
CTH CJIOEB TOBEPXHOCTHO YIPOUYHEHHBIX M3[ENUI, a TaKkKe O METOJaX NMPOBEACHUS MAarHUTHOTO
(a3oBOro aHaNM3a B JIAOOPATOPHBIX M MPOMBIIIJICHHBIX YCIOBUAX. BBUmy Oosbioro oobema pabdo-
Ta pasziesieHa Ha HECKOJIbKO YacTeil.

Knrouesvie cnosa: cmpykmypa, ¢hasoevii cocmas, maznummusie ceoucmeda, meepoochiv,
mepmuieckas oo6pabomka, MAa2HUMHble XAPAKMEPUCMUKY, NPUOOpbl KOHMPOIA, NPUCMAGHbIE
NEeKMPOMASHUMBI.

1. BBenenue

HcTopus co3nanus U pa3BUTUS MArHUTHBIX METOJOB KOHTPOJISI CTPYKTYPHOTO COCTOSIHUS U
(a30BOroO cocTaBa OUYEHb TECHO CBs3aHa ¢ YpajioM H ero 3aBojamu. Ilepbeimu 3aBogamu Poccum,
IIMPOKO MPUMEHMBIIMMU MarHUTHbIE MeTonbl B 1894 r. s KOHTpOJIA KauecTBa CTPYKTYPHI U
IIPOYHOCTHBIX XapaKTEPUCTUK 3arOTOBOK CHAPSI0B, OPYKEHHBIX U apTHIIIIEPUHCKUX CTBOJIOB OBLIN
Tynbckuit u MxkeBckuil uMnepaTopckre BOCHHbIE 3aBOJIbl U 31aTOYCTOBCKUN TOpHOMETAILITyprude-
ckuil 3aBoj Ha Ypane [1]. Vke B To Bpemsi ObUIO MOKa3aHO, YTO CYILECTBYIOIINE METOIbl OLIEHKU
KayecTBa MeTajljla o TBEPAOCTH BechbMa I'pyObl U HE OTBEYAIOT TPEOOBAHUSIM IPOMBILUIEHHOCTH
10 IPOU3BOAUTENLHOCTU. CO3/1aHHbIE TIEPBbIE MArHUTHBIE YCTAHOBKH, HA3BaHHbIE AJIEKTPOMArHuT-
HbIMH OallaHCcaMU, YCHEIIHO MCHOJb30BAINUCH JJIs OLIEHKH KayecTBa 3aKajKu, MPOKAIMBAEMOCTH U
Hakj€na B CTalbHBIX u3aenusax (puc. 1). IlepBbie mONbITKY BBEEHUS TaHHOTO BHUJIA KOHTPOJIS py-
KEMHOW MPOTYKIUHU MTO3BOJIMIIN BbIIBUTH Ha VkeBckoM 3aBoje 10 65% OpakoBaHHBIX CTBOJIOB BO-
€HHBIX PYXKeH.

B centa0pe 1902 r. Ha che3ie XUMUKOB M METAJUTYPTOB Y pajia 00CyKIaJIcs BOIIPOC 00 OTbITEe
HCIOJIb30BaHUS «3JIEKTPOMArHUTHBIX OaTaHCOB» U Obl1a MPOAEMOHCTPUPOBAHA HOBAsi BO3MOYKHOCTh
MarHUTHBIX METOJIOB — OLIEHKA COJIEpaHUs yriiepoia B ctanu. [Ipu o6Cy1eHuH MPUILUIH K BBIBOY,
YTO “MarHUTHBIM aHAIN3 CTAJIM IPUOOpETaeT ISl METAILTYProB TaKoe K€ 3HaU€HUE, KaKoe UMeeT JUIs
XMMUKOB XUMHYECKUI aHaIn3; METAUI0(U3NUYECKUE UCCIIEIOBAaHUS CTaIM JIal0T KayeCTBEHHbBIE IO-
Ka3arenu, pexke — KOJIMYECTBEHHbIE, K TOMY K€ IPOBEpKa MeTalyla JaHHbIM criocoOoM TpeOyeT 3Ha-
YUTEIHHOTO UHAMBUIyaTbHOIO MAaCTEPCTBA U OMbITa. Pe3ynbTaThl k€ MArHUTHOTO aHAJIM3a BbIpaXka-
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HOTCA B TOYHBIX III/I(i)an M TI03BOJIAIOT KAYCCTBCHHO BBIIIOJIHATH I/ISMepeHI/IH, HC OCTaBJIAA MECTa IJIA
cyopexTuBm3Ma’”. [lociie HeToNIroro MCMmob30BaHUSI STUX METOJIOB ISl OIEHKHA KauyeCTBa 3aKaIKh
I/I3I[CJ'II/H71, HpOKaIII/IBaeMOCTI/I W HAKJIENa B CTAJIAX OTH MECTOObI 6I)IJ'II/I HCSaCJIY)KeHHO 3a6BITI)I.

Puc. 1. Dnexrpomarauthbiii 6amanc [1]

HoBblif BUTOK pa3BUTHSI MArHUTHBIX METOJIOB HEPA3pYILIAOLIEro KOHTPOJI Ha Ypaye Hauu-
Haerca ¢ 1932 r., korma mo MHHIMATHBE akaaeMmuka AOpama dEmnopoBuya Modde cozmaéres
VYpansckuil GU3NKO-TEXHUYECKUI UHCTUTYT. Benymue yuensie storo uncruryra P.U. SAnyc, M.H.
MuxeeB u [1.A. XanuieeB Ha CTbIKE HAYYHBIX HAIpaBJIeHUN — (U3UKU MAarHUTHBIX SIBJICHUN U QU-
3UYECKOT0 METAJUIOBEACHUS — (OPMUPYIOT HOBOE Hay4YHOE HalpaBjI€HUE — MarHUTHBINA CTPYKTYp-
HO-(a30BbIN aHATU3 CTAJICH U CIUIABOB.

PocT TexHuueckoro ypoBHSI U HEOOXOJUMOCTh MOBBIIIEHHUSI KOHKYPEHTOCIIOCOOHOCTH MpO-
OYKIMM MAlIMHOCTPOCHHUS YBEJIUYMIN NOTPEOHOCTh B NMPUMEHEHUHU CPEACTB HEpa3pylLarolero
koHTposs (HK) g onenku ee xauectBa. Uem mo3ziHee OT Havaljla Ipolecca MPOU3BOJICTBA HAXO-
JUTCSI MOMEHT OOHapykeHus Opaka, TeM 0oJiee JOpOTUM CTAHOBUTCS €r0 MCIPABJICHUE, TEM BbILIE
cebecToMMOCTh MPOAYyKUMU. B HacTosiee BpeMsi B METAJUTyprU4€CKMX M MAIIMHOCTPOUTENIbHBIX
OTpacCIsIX MPOMBIILJIEHHOCTH MPH XOPOUIEH OpraHu3alud KOHTPOJIS 3aTpaThl Ha HEYCTPaAHUMBIH
Opak coctaBisitoT 2—4% 0T ce0ecTOMMOCTH TIPOIYKIINH, NpH TI0Xou — 15% u 6omnee. 3HaunTeb-
HO€ MECTO B HEpa3pylIalolleM OIpeNeIeHUH CTPYKTYpbl, (a30BOro cocTtaBa (PHU3UKO-
MEXaHUYECKUX CBOMCTB M PYrUX SKCILTyaTallMOHHBIX XapaKTEPUCTUK U3EIUI MeTaJTyprudecKou
¥ MaIIMHOCTPOUTEIHHOM MPOMBIIUIEHHOCTH MPUHAIIICKAT MAarHUTHBIM METOJIAM.

CxemaTHuecKy BO3MOKHOCTH HCIIOJIb30BaHUSI MAarHUTHBIX METOJ0B HEpa3pyIIAIOIIEr0 KOH-
TPOJISL CTPYKTYpHI M (ha30BOTO COCTaBa MOXKHO M300pa3UTh B BUJE HEKOETO «epeBa» (puc. 2), Kop-
HSIMH KOTOPOTO SIBJISIFOTCS (PU3MUECKOE MaTepranoBeeHne, GU3nKa MarHUTHBIX SIBIICHUH, MEXaHH-
Ka aeopMuUpyeMoro TBEpAOro Teja U HaydHOe NpUOOpPOCTPOCHHE, BETBH COOTBETCTBYIOT OIIpEie-
JICHHBIM HAIIPABJIEHUSIM KOHTPOJIS, @ JINCThS — METOJIaM U Coco0aM KOHTPOJISL.

Paznuuaneie ¢assl 1 CTPYKTYpBl HMEIOT pa3iMuHble MEXaHUYECKHUE, MarHUTHBIC, DIIEKTpHYe-
CKUE U JIPyrue XapaKTepUCTUKU. MI3MeHeHue cTpyKTyphl U (a30BOro cocTaBa Bie€UeT 3a COO0M M3-
MeHEeHHue OOJBIINHCTBA (PU3NUECKUX CBOMCTB M MPOYHOCTHBIX XapaKTepUCTUK MaTepuana. OHoM
13 OCHOBHBIX 3a/1ay HEepa3pyLIaloIIero CTPYKTYpHO-(a30BOro aHanusa sIBISIETCA MO3HAHUE Xapak-
Tepa 3Tux cBszeil. Korja onu OyayT mo3HaHbl, OTKPOETCS BO3ZMOXKHOCTH Ui PEIIeHUs 00paTHBIX
3aJ1a4 — [0 U3BECTHBIM (PU3NYECKUM CBOMCTBAM WJIM NMPOYHOCTHBIM XapaKTEPUCTHKAM OIPEIENSTh
(ha3oBhIif cocTaB (KOTUYECTBO OIPEACIICHHON (Pa3sl) MaTepuaia u ero CTpyKTypy.

Cas3b (ha30BOT0 cocTaBa U CTPYKTYpPBI C MMPOYHOCTHBIMU XapaKTEPUCTHUKAMU M3yu€Ha J1aB-
HO, IO3TOMY B IIPOMBIIIJIEHHOCTH OY€Hb YacTO CTPYKTYpa U (ha30BbIN COCTaB OLIEHMBAIOTCS IO Ka-
KUM-JIHO00 MPOYHOCTHBIM XapakTepucThkaMm. W3 H3J0’KEHHOro BBILIE CIEAYET, YTO JUIs OLIEHKHU
CTPYKTYpHI U (ha30BOro cocTaBa MOTYT ObITh HCIIOJIb30BaHbl U MHOTHE (PU3NYECKUE XapaKTePUCTU-
KU U COOTBETCTBEHHO METOJbI KOHTpPOJIs. JleficTBUTENbHO, ISl OLEHKHU CTPYKTYpHO-(Pa3oBoro co-
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MarHWTHbIA hasoekii anan3

.

Puc. 2. CxemaTudeckoe AepeBO MarHUTHOTO CTPYKTYPHOTO (Ha30BOro aHAIIM3a
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Ha npaktuke npu KOHCTpYMpPOBaHUYU MAlIWH, COOPYKEHUN U IPYroil TEXHUKH PH pacdyeTax
HCIIOJIB3YIOT ITPOYHOCTHBIE WM CIELUAIbHBIE XapaKTEPUCTUKH, ITOTOMY Halle BCEro Hepaspylla-
foiue Gpusndeckue MeToAbl MPUMEHSIOT U1 OLEHKM UMEHHO 3THUX CBOICTB HAa OCHOBE paHee ycTa-
HOBJICHHBIX KOPPEJSILIMOHHBIX CBS3EH.

K BbI6OpY (u3Hueckoro napamerpa KOHTPOJIS NIPEAbBISETCS Psia TPeOOBaHUM:

— OH JIOJDKEH OBbITh UyBCTBUTEJIEH K M3MEHEHHSIM CTPYKTYphl WM (a30BOro cocrasa (B
3aBUCHUMOCTH OT TOTO, YTO KOHTPOJIUPYETCH);

—  HU3MEpEeHHE JIOJIKHO OBITh IKCIPECCHBIM U YKEIAaTEIbHO OECKOHTAKTHBIM;

—  OH JIOJKEH OBITh YCTOMYMBBIM K BIMSIHUIO BHEIIHUX MeUIatomuXx (GakTopoB (Hanpumep,
K 3a30py MeXxAy IpeoOpa3zoBaTesieM U U3AEIHEM, KOJICOaHUIO TEMIIEPATYPbl OKpPYXKalOIIel Cpeasbl,
UHYCTPUAJIbHBIM IOMEXaM) U T.[I.;

—  OH JIOJDKEH I03BOJISTH NPOBOJUTH U3MEPEHHUS Ha U3AETUAX 0001 (popMbl U pa3MepoB.

JlocTaTouHO XOPOUIO 3TUM TPeOOBaHUSAM COOTBETCTBYIOT MarHUTHbIE MeTonbl. Puc. 3 ui-
JIOCTPUPYET CYILECTBYIOLIUE CBS3U MEXJy MEPBUYHBIMU M BTOPUUYHBIMU CBOMCTBamMH (eppomar-
HHATHOT'O METAJIJIa U YCTAaHOBJIEHHBIMHU KOPPEISLUOHHBIMU CBSA35IMU MEXIY HUMH.

MpoyHoCTHELIE
MarHuTHble CBsasb Crpykrypa CBs3sb XapaKTepPUCTHKM

CBONCTBa U has3oBbIN WAK crieumanbHble
cocTaB CBOMCTBa

MepBU4HBIE BTropnyHbie

Koppensauu- CBOWCTBa Koppensuu- CBOWCTRBa
T OHHasn CBA3b OHHas CBA3b

BTopnuHble

CBOMCTBa

KoppensaunoHHas cBA3b

Puc. 3. B3aumMocBsI3u CTpyKTYpHOTO COCTOSIHUS U ()a30BOTO COCTaBa ¢ GPU3NYECKUMU U TPOYHOCT-
HBIMHM CBOMCTBaMHU MaTepuaia

Takum 00pa3oM, B COBPEMEHHOM MAalIMHOCTPOEHUH U METALIyPrUU METOJAbl CTPYKTYpPHO-
(ha30BOr0 MarHWTHOTO aHAJIM3a UCIIOJIB3YIOTCS ISl PEIICHUS psia MpoOsIeM, Kakaas U3 KOTOPHIX B
CBOIO OYepe/ib MO3BOJIAET PEIIaTh H3JI0KEHHBIC HIKE 3a1aun [2—4].

2. OeHKa CTPYKTYPHOI'O COCTOSIHHMS

2.1. Onpeoenenue pazmepa 3epna 6 cmanax

HarnsgHo BiauMsiHEE CTPYKTYPHBIX (PAaKTOPOB HA MPOLECCH TepeMarHnYMBaHUsI MOKHO TIPO-
CIIEIUTh HA TIPUMEPE TOMEHHOUW CTPYKTYPHI B MOJMKPUCTAUINICCKUAX (heppoMarHeTukax. Bemman-
Ha 3€peH W WX pPa30pUEHTAlMs OKAa3bIBAIOT OIPEICIICHHOE BIMSHHE HA MAarHUTHYIO JIOMEHHYIO
CTPYKTYPY, IOJIB)KHOCTH JIOMEHHBIX T'PaHUI] U, COOTBETCTBEHHO, HA MHOTHE MarHUTHBIE XapaKTe-
PHUCTHKH, B TOM YHCIIC HA OTJENIbHBIC aKThl HEOOPATUMOTO M3MEHEHHUSI HAMAarHUYE€HHOCTH — CKAUKH
Bbapkraysena. TeopeTndeckre U SKCIIEPUMEHTAIBHBIC UCCIIEAOBAHMS 3aBUCHMOCTH MEXY CPEIHUM
pa3mMepoMm 3epHa (eppOMArHUTHON CTAIM M MarHUTHBIMH XapaKTePHCTUKaMHU MaTepuana (Kodpiu-
TUBHAs CUJIA, TTAPAMETPhI JOMEHHOH CTPYKTYpBI, HHPOpMaMOHHbIE mapaMeTpsl dpdekra bapkray-
3€Ha W JIp.) CTAIN KIIACCUYECKUMHU 3a/auaMi (PU3UKH MarHUTHBIX SIBJICHUH W MarHUTHOW CTPYKTY-
POCKOTIHIH.

B oOmiem citygae mmpuHa W JJIMHA MarHATHBIX JOMEHOB OTIPENENSIOTCS pa3MepaMu 3e€peH
noJIMKpucTaiia. Puc. 4 wnmocTpupyeT THIHYHYIO Pa3HO3EPHUCTYIO MAaKPOCTPYKTYPY IOJIMKPH-
ctayuia ciiaBa Fe — 3 % Si, opueHTanus 3epeH KOTOporo XxapakTepu3yercs Kpucramiorpadpuieckoi
tekcTypoit Tuma {110} <100>. MoxHO BHUIIETh, 4TO OOJIBIIEMY CPEAHEMY pa3Mepy 3epHa COOTBET-
CTBYET U O0JbIlIas MIMPUHA €0 MoJ0coBbIX 180°-X JOMEHOB.
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['panune! 3epeH ABISIOTCS MPEMSTCTBUSMU JUIsI CMEUIAIOIINXCS JOMEHHBIX IpaHull. Takum
o0pa3oM, yBeIHUeHHE pa3MepoB 3epHa (YyMEHbBIIEHUE TPOTSHKEHHOCTH TPAHMIL B (DepPOMArHETHKE )
JIOJIKHO COTIPOBOKJATHCSI CHHYKEHUEM BEIMUMHBI KOOPLIUTUBHOMN CHIIBI.

Puc. 4. Bun 1oMeHHOU CTPYKTYPHI B IOJIMKPHUCTAIIIE KPEMHUCTOTO Kejle3a ¢ MHOTOKOMITOHEHTHOM

[To manubM [5], IS Kenne3a pa3IMYHON CTEMEHU YMCTOTHI OBLJIO TOMYYEHO SMITHPUYECKOE
ypaBHEHUE, CBA3BIBAIOIICE KOIPIUTUBHYIO CHTY H. CO cpeHIM pa3MepoM 3epHa d:

B KOTOPOM KOA(QPHUIHUEHTH A ¥ B 3aBHUCAT OT CTETICHH JICTHPOBAHUS U KOJMYECTBA IPUMECEH B JKe-
nese (d; m3mepsiercs B cm). st auctoro xeneza 4 = 0,0018, B = 0 [5], a 11 2JIEKTPOTUTHIECKOTO
xenesa, cogepxaiero 0,024% yraepona, 4 = 0,0032, B = 0,32 [6]. Puc. 5 wuitocTpupyeT 3aBUCH-
MOCTbH KOIPIIMTUBHOM CHIIBI OT BETMYUHBI 3€PHA JIUTsl YUCTOTO JKele3a U HU3KOYTIIEPOIUCTON CTaH.

H,,

Issue 1,

2015

KPUCTALIOTPapUICCKON CTPYKTYPOM

HC=A/d3+B,

Alcm

0,24

0,16

0,08

Yucroe xeneso
(C ~ 0,002 %)

0

Puc. 5. B3aumMoCBs13b KO3PIUUTUBHOM CHIIbI C BEIMYMHOM 3€pHA ISl YUCTOTO Kele3a
(C ~0,002%) [5] u 1 MapTEHOBCKOW HU3KOYTJIEPOAUCTON cTan [7]

8 16
Yucno 3epeH Ha 1 Mm?

H., Alcm

0,72

0,48

0,24

MapreHosckan
HHIKOYrNEePOANCTAR
crans

0

4 8
Bann 3epHa
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2.2. Onpeoenenue cmpyKkmypHozo cOCMOAHUA U MEXAHUYECKUX CBOIICHE XO0J100HO- U 20pAUEKa-
MAaHo20 NpoKama Kax HAa 3a600aX—U320MOEUMeNax, mak U Ha 3a600ax—nompeoumensx npu
onpeodeneHuu Kauecmea nOCmMynaouie2o memaniia (6xo0Hoi KOHmMpoJivp)

KoHnkpeTHas cTpykTypa Meramia npu npokatke GopMUpyeTcs Mol AeHCTBUEM CIEAYIOIINX
IIPOLIECCOB: TEMIEPAaTyphl U BPEMEHH BBIJIEPKKH METaJUla MpU TOW TeMIiepaTrype mnepej Mpokar-
KOH, TemrepaTypbl KOHLA NpoKaTKU (Tkr) U cTereHu 00KaThsl IPH MPOKATKE &E.

[lepen ropsueil mpokaTkoir HEOOXOIUM BBICOKOTEMIIEPATYpHBIM HarpeB cisi00B (0OBIYHO
1220...1280 °C). TemnepaTypa KOHLIa IPOKAaTKU 3aBUCUT OT pa3MepoB CISI00B U 3a/laHHBIX pa3Me-
poB nucta. Hampumep, cornacHo [8] yBenudenue TOMMIMHBI JucTa ¢ 12,7 1o 50 MM mpu MOCTOSIH-
Ho# mupuHe 2180 MM npuBoauT K HEoOXxoauMocTH noseimieHus Tk ¢ 900 o 1010 °C. B pesynb-
TaTe ATO MOBBIIEHUE Tk CONMPOBOXKIAETCS CHWKEHHUEM Ipesesia TEeKy4eCTH Ot U IMOBBILIEHUEM
KPUTHUYECKON TeMIiepaTypbl Xpynkoctu. [loatomy /i moaydeHust onTUMaIbHbIX CBOMCTB JIUCTOB B
MIOCJIETHUE T'0JIbl UCTIONIBb3YETCs pEryaupyemMasi U KOHTpoJMpyemas IpoKaTka.

[Tocne ropsiuelt mpokaTku pasmep (EppUTHOTO 3€pHAa B CTaIM OOBIYHO MEHbIIE, YEM
HampuMep Mocjie HOpMalu3aluH, MpUYeM MOHMWKEHUE Tkr CIOocOOCTBYET M3MEIbUYEHUIO 3€pHA.
[Ipu 3TOM nO0OMBaOTCA, YTOOBI PEXKUM IPOKATKU OOECIeUnBal ONTHUMAJIbHOE COYETAHUE HU3MEIlb-
YEeHMsI 3€pHa C BO3MOXHBIM JIUCIIEPCUOHHBIM TBEPACHUEM. 3€ECh CIEAYyeT YUUThIBATh JBa (aKkTopa:
CKOPOCTh AMHAMUYECKOHN pEeKpUCTAIUIM3ALMH, KOTOpas YBEIUYUBACTCS MPU MOBBILICHUH TEMIIEpa-
TYpHI U CTENEHU Aedopmanuy (MOXKET CHUXKATHCS O] BIMSHUEM PacTBOPEHHBIX aTOMOB WJIU BbI-
JICJICHUI BTOPO (pa3bl); CKOPOCTh YKPYITHEHUS 3€pHA, YBEIMUNBAIOIIASCS MPHU MOBHIIIICHUU TEMIIe-
paTypsl (MOKET yMEHbIIAThCS YaCTUIIaMH BTOpoi ¢a3zbl) [8—12].

B yrnepomucteix cransx mpu Temmneparypax npokatku Beie 800 °C pekpucTaminzanus
MIPOUCXOJUT MPAKTUYECKU Cpa3y, HO CYLIECTBEHHO 3ameIsieTcs pu temmeparypax Huxke 800 °C,
KOTJIa TIOJTHOM PeKpUCTAILIM3AIMY MpeaIecTByeT oopasoBanue gepputa [12]. U3smenbuenuto dep-
PUTHOTO 3€pHa CIIOCOOCTBYET MEJKOE ayCTEHUTHOE 3€PHO, MO3TOMY Ba)KHO IPABHJIBHO BBIOpATh
COOTBETCTBYIOILIME 3HAUEHUS CTENEHU AeQOopMallii & U TEMIIepaTypbl KOHLA MPOKAaTKH Tk, YTOOBI
obecnieunTh (HOPMUPOBAHUE MEJIKOTO PEKPUCTAJUIN30BAHHOIO ayCTEHUTHOrO 3epHa. bonbiiue 3Ha-
YEHHUs] & M OTHOCHUTEIBHO HU3KHE Tk SIBISIFOTCS Ba)KHBIMH YCIOBUSMH PEXKHMMa PETYIUPYEMOM
npokatku. OgHAKO Ype3MEPHOE CHIDKEHHE Ty MPUBOIUT K 00pa3oBaHuio ¢eppuTa B X0Jie MPOKaT-
KM, €ro nocieaymouieil nrepopMaluy U K TOMy, 4TO MPOLIECCHl BO3BpaTa U pEKpUCTAIUIM3ALUH IPO-
XOJIAT HE MOJHOCTHIO. DTO TaKXKe BBI3BIBAET POCT KPUTUUECKOU TeMITepaTyphl XpynkocTH [13].

Ha puc. 6 npeacraBieHbl 3aBUCUMOCTH OT TeMIepaTypbl KOHIIA IPOKATKH 3HAYEHUH KO3p-
LATUBHOW CHIIbI H., MaKCHMQJIBHOM MarHUTHOM NPOHULAEMOCTH [Upax U OCTATOYHOW MAarHUTHOM
UHAYKIWU B, a Takke BPEMEHHOTO CONPOTUBIIEHUS IIPU pa3phiBe Oy, Mpe/esia TeKy4ecTu O, OT-
HOCHTEJIEHOTO YIJTMHEHUS 05, COOTBETCTBYIOIINE PA3JIMUHBIM CTEIICHSIM 00KAaTHS MPH MPOKATKE, a
Ha pHC. 7 — aHAJOTUYHBIE 3aBUCMMOCTH yaapHoU Bsszkoctd KCU 2% u KCU?® u tBépnoctu HRB.
Buano, uro mpu nmonmxeHuu 7k MPOYHOCTHBIE CBOWCTBA (Og, O7) M TBEPAOCTH YBEIWYUBAIOTCS,
wiactuuneie (8g) u Baskue (KCU™29, KCU??) cumxkaroTcs; Ipu 3TOM BelquduHbI H. pacTyr, a
Umax — YOBIBAIOT.

C nonwxkennem Tk T 3HaYeHUs B, ipu € = 76 % (JinHUs 4) yMEHBIIAIOTCS, a TIPU Y-
IUX CTEMEHsIX 00XaTHsl MPOXOIAT uepe3 MUHUMYM. TemnepaTypa KOHLIa IPOKATKH, IIPU KOTOPOil
MPOSIBJIAETCS 3TOT MUHUMYM, 3aBUCUT OT CTENEHHU JIepOpMallUU: YEM HIKE 3HAUEHUS & TEM BbIIIE
yKa3zaHHas BelauuuHa Txp. ['7aBHas mpuUYMHA TaKoro M3MEHEHMs UCCIIETYyEeMbIX CBONCTB CTald —
u3MellbYeHre (PeppUTHOIO 3€pHA M HEMOJHAsl peKpUCTAIUIM3alus. 3aBepIllIeHNE MIaCTUYECKol ie-
¢dopmanuu npu Temneparypax 850...800 °C npuBOIUT K U3MENbUEHUIO 3€pHA ayCTEHUTA U HEKOTO-
POMY TOPMO3KEHHUIO €r0 POCTa AUCIEPCHBIMU YaCTULIAMU HUTPUJIOB M KapOOHUTPHUIOB, BbIAEISIO-
uxcs B aycrenute B npouecce aedopmanuu [10]. [Ipu 6o1ee Huzkux Tk UMEET MECTO HEKOTOPOE
YKpYITHEHUE 3epHa.

[Ipu BbIcOKUX cTeneHsx ooxkarus (¢ = 60 %) XxapakTepHO MOCTENEHHOE U3MEHEHHE (POPMBbI
3epHa oT paBHOOCHOH (rpu Txn = 1050 °C) no uronpuaroit (7xn = 800 °C), a mpu Hu3KuX Tki
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HaOJ0JaeTCsl BUIMAHIITETTOBA CTpyKTypa. Kak yxxe ynmoMmuHanoch, 00pa30BaHUIO0 BUAMAHIITETTO-
BOM CTPYKTYpBI B CTAJISIX CHOCOOCTBYET KPYIIHOE ayCTEHUTHOE 3epHO. i 00pa31oB, MpoKaTaHHBIX
c ooxkaruem 76%, oHa MOXET ObITh OOYCIIOBJIEHA €II€ MOBTOPHBIM HATPEBOM JIMCTOB IS MOCIE-
nyroued mpokatku oT 20 10 12 MM 1 uX OBICTPHIM (BCIIEACTBUE MaJIOM TOJIIUHBI) OXJIAXKICHHUEM
10CJIe MPOKAaTKU B KPUTUUYECKOM HHTepBajie TemmepaTyp. C yBelIndeHHEM CTeneHH oOxaTusi o0-
W yPOBEHb MPOYHOCTHBIX XaPaKTEPUCTHK, TBEPIOCTH M KOAPIIUTHBHOMN CHIIBI BO3PACTaET, a OT-
HOCHTEJIBHOTO YIJIMHEHUS, yHapHOW BS3KOCTH W MaKCHUMaJbHOW MarHWTHOH TPOHHIIAEMOCTH

YMEHBIIAETCHI.
T20F T T T T T
640 f_
x i =X
£ 560 &r - 34
2. - e 3 Ze)
480 = i & 32

3pH—+—+——+—+—+—+—+06 330
I ] 300
3 30 | =
< = 210
T 24 © 240
1,8 1 i L . L L . 10U 1 1 L 1 L | .
700 800 900 1000 700 800 900 1000
7;(“ ’OC 7T(I'I =°C

Puc. 6. 3aBucuMocTh MexaHN4ecKuX (0g, 01 , 05) U MarHuTHBIX (H¢, By, Uymax) CBOHCTB CTaIN
Cr.3cn oT TeMiiepaTypbl KOHIIA IPOKATKU IIPU Pa3IMYHBIX CTETIEHAX 00XKaTHS:

1-20,2-40,3-60,—76%

Habmronaemoe oTHOCUTENbHOE W3MEHEHHE (PU3NYECKUX CBOMCTB (puc. 6 U 7), BBI3BAHHOE
yMeHbIIeHneM Tkr, CHIIbHEe MpH Oostbliei crenern aedopmari. OCHOBHBIE IPUYHHBI — U3MEITh-
yeHne (PeppUTHOTO 3epHA U YBEIIMYCHUE CTEIICHU €r0 UTOJIBYaTOCTH. Y 00pa3ioB, aedopMupoBan-
HbIX Ha 40% (xpuBas 2) u 60% (kpuBas 3), UMEET MECTO YBEIMUEHUE Oallia 0JI0CYaTOCTH, a MPHU €
= 76% (xpuBasi 4) — B OCHOBHOM H3MEHEHUE (OpMbl eppHUTa OT PABHOOCHOW J0 BUAMAHIITETTO-
Boil. HecMoTps Ha HEKOTOpOE yBeIMUYCHHE pa3Mepa 3epHa MpH 1k HIDKE TeMITepaTyp ayCTeHUTHO-
ro MPEeBpAIICHUs, KOIPIHUTUBHAS CHJIA BCE )K€ MPOJOJDKAET BO3PACTATh, YTO, IMO-BHIUMOMY, 00Y-
CIIOBJICHO YBEJIMUCHUEM BHYTPEHHHX HANPSHKCHUH B ()eppHUTE BCICICTBHE HETIOIHON PEKPUCTAIIIN-
3aIuu.

[Tonmxenue Temneparypsl kKoHia npokatku (10 800 °C, &€ = 60% (3), 850 °C, ¢=40% (2) u
950 °C, € = 20% (/)) conpoBOXIAETCSI YMEHBIIEHUEM OCTATOYHOW MAarHUTHOW MHIYKUUU B, on-
Hako npu Oosiee HU3KKUX Tk Habmomaercs ee yBenuueHnue. [Ipu crenenu obxkarus 60 % oHO He-
3HAYUTENIBHO, a IpU € = 76 % (4) NOIHOCTHIO OTCYTCTBYET. [Ipy MasbIX U CpeHUX CTENeHsAX o0xa-
THs B, ompenenseTcss mpeuMyIecTBeHHO pa3MepoM 3epHa (depputa (BiusiHAE GOPMBI 3€pHA 371€Ch
MEHbIIE), KpoMe TOoro, yBenuueHue By, kak u H., npu Tk HWKE TeMIepaTryp ayCTEeHUTHOTIO Ipe-
BpalleHusl 00yCIOBJICHO yBEJIMYEHHEM BHYTpEeHHUX HamnpspkeHuil. [Ipu ¢ = 76 % daxtop dopmsl
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3epHa pemiaronuii: pa3Mep 3epHa 37eCh IPUMEPHO OIUH U TOT ke — 7 6amioB mo 'OCT 5639-82.
Huzkas ocrarounasi MarHuTHasi HHIYKIUS [IpU TeMrepaTypax koHua rnpokatku 750 u 700 °C 3aechb
CBsI3aHA C HAJIMYMEM BUMAHIITETTOBOM CTPYKTYpbl. HEKOTOPBIN BKIa B YMEHBIIEHUE BEIHUUNHBI
B, BHOCUT u Habmonaemasi MoJjJocyaToCTb. YMEHbIIEHUE B, BciaencTBUe U3MENbUeHUsl CTPYKTYPbI
00YCJIOBJICHO YBETMYCHHUEM BHYTPEHHHMX pa3MarHUYMBAIOIIMNX MOJeld KpuctawuToB [14, 15]; poct
UTOJIBYaTOCTH B (hopMe (peppuTa U MOSBICHUE BUAMAHIITETTOBON CTPYKTYphl MPUBOIUT K MOBBI-
LICHUIO BHYTPEHHUX HANPSHKEHUH.
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Puc. 7. 3aBucumocts ynapuoi Bszkoctu rpu —20 u 20 °C, a Takke TBEpIOCTH OT TEMIIEPATYPbl
KOHLIa IIPOKATKU MPH pa3Iu4Holl crenenu oOxatus. O003HaueHus cM. Ha puc 6

2.3. Konmponb cmpykmypHo2o cocmoaHus u RPOYHOCHIHBIX XAPAKMEPUCMUK MeEPMUUECKU 00-
PadomanHbIX CMAIbHBIX uzoenuil (omacuz, Hopmanusayus) [16, 17]

VY HU3KOYTJIEPOJUCTBIX CTallel ¢ MOBBILIEHHUEM TemrepaTypsl oTxura 1o 400 °C mexanuye-
CKHE€ CBOWCTBA M3MEHSIOTCS HE3HAUUTENbHO (pHC. 8), TaK KaKk B 3TOM HMHTEpBaJE O0COOBIX CTPYK-
TYpHBIX U3MEHEHUN He Habmogaercs. HeOoublioe yMeHbllleHHEe BHYTPEHHUX HANpPSDKEHUN B Me-
TaJle BBI3bIBAET HEKOTOPBIE CHUKEHHS] KOAPUUTHUBHOWU cuibl H. 1 octaTouyHOM uHaykuuu By.. Oc-
HOBHBIE U3MEHEHHS] MATHUTHBIX U MEXaHUYECKUX CBOMCTB HU3KOYIJIEPOJIUCTBIX CTajlel MPOUCXO-
a1 B uHTepBajue temnepatyp 500-600 °C (cm. puc. 8), 4T0 00BACHAETCS YMEHbIICHUEM MHKPOHA-
NIPSOKEHNH, N3MEHEHUEM BEJIMYMHBI 3€PEH M UX OPUEHTAlUH, T.€. PEKPUCTALIN3ALMOHHBIMA IIPO-
neccamu. [Ipu nanpHeleM MOBBILIEHUU TEMIIEPATyphl OTXKUTra MPOJOJDKAETCS POCT 3epHa (BTO-
pUYHAs PEKPUCTAJUIM3ALMS), YTO CONPOBOXKAAECTCS YBEIMYEHHEM MArHUTHOW IPOHUIAEMOCTH,
YMEHBIIEHHEM KOAPLUUTHUBHON CHJIbI U OCTATOYHOW MHIYKIUH, TBEPAOCTH M IIpeAeiia MPOYHOCTH.
OT0 yKa3blBa€T Ha BO3MOKHOCTH OLICHKM MEXaHMYECKHX CBOWCTB CTaJel 10 U3MEPEHUSIM MaKCH-
MaJIbHOM M HayaJbHOM MarHMTHBIX IMPOHUIIAEMOCTEN, KOIPLUUTUBHON CHJIBI U OCTaTOYHOW HMHJIyK-
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I1u. Wcnionp3oBanue MOCICAHUX ABYX XAaPAKTCPHUCTUK MPEANIOUYTUTCIIbHEC, TaK KaK OHU HanoOoee
IIPOCTBI B U3MEPEHUU U MEHEE IMOABEPKEHbI BIMAHUIO Memamux (akropoB. Hanbonbuuii nnte-
pec npenctasisitotr uHTepBaibl Temmneparyp 580—700 °C wim 680-750 °C, B KOTOPBIX OCYIIECTBIIS-
€TCA OTKUI' YKa3aHHBIX CTaJIeH.

T Mlla HB
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Puc. 8. ®uznko-mexanndeckue cBoiictBa xonogHokatanoi 0810 (o) u ropsiaexatanoit 30T
(®) crasieil B 3aBUCUMOCTH OT TEMIIEpaTypbl OTXKUTa

B TexHonornueckoM MHTEpBAJIE TEMIEPATyp OTKUTa U3MEHEHUS MarHUTHBIX U MEXaHHUYe-
CKHX CBOMCTB, KaK IpaBHJIO, HEBEJMKUA. Kpome TOTO, Ha MAarHUTHBIE U MEXaHUYECKUE XapaKTepu-
CTUKH CTaJell MOTYT BIMATH KOJEOAHHWS XMMHUYECKOTO COCTaBa B Mpejernax JOIycKa, 3HAYCHUS
TEeMIIepaTyphl KOHIIA IPOKATKH M CTETICHh 00XKATHS, a TAKXKE TEMIIEPATYpPhl OT)KUTA, 3a CUET U3Me-
HEHUsI BETUYUHBI ¥ (HOpMBI 3epHA U Jpyrue (aktopsl. [1oaTOMY MIUPOKOMY BHEAPEHUIO MAarHUT-
HBIX METOJIOB KOHTPOJISI Ka4€CTBa OTKUTa HU3KOYIJIEPOJAUCTBIX CTAJIEH MPENIIECTBYIOT HCCIEeI0Ba-
HHUS 110 YCTAHOBJIEHUIO KOPPESLIMOHHBIX CBA3EH MEXy MAarHUTHBIMU, Hanpumep H., 1 KOHTpOJIH-
pyeMbIMH (Yallle BCETO MEXaHMYECKUMH) TTapaMeTpaMHu, a TaK)Ke OIICHKA BIUSHUS HA HUX pa3iind-
HBIX TEXHOJIOTHYECKUX (PAKTOPOB, OMPEACIAIONINX UCTUHHBIN KOA(P(OUIIMEHT 3TON CBSA3M IJIA JIaH-
HBIX YCJIOBUM MPOM3BOJACTBA MpokaTa. [Ipy BHEAPEHUH MarHUTHBIX METOJOB KOHTPOJIS ISl ydeTa
KOHKPETHBIX OCOOCHHOCTEH TEXHOJIOTHYECKOTO IMpoIlecca Ha MPEIIPHUSITHH MPOBOIATCS HAaOOp U
00paboTKa CTaTUCTUYECKHUX JMAaHHBIX. J[JI1 KaXa0ro TUIOpa3Mepa mpokata 1 MapKu CTaJId 1O YpaB-
HEHUSIM PETPECCUU PACCUMUTHIBAIOT 3HAUYCHUSI KOHTPOJIUPYEMBIX IMapaMeTpoB (IIpejesia TeKy4ecTH,
BPEMEHHOTO COTMPOTHUBIICHHUS, OTHOCUTEIHHOTO yIJIMHEHHUS) B LIEISAX MTOCTPOCHUS TPATyUPOBOYHBIX
KPUBBIX WJIM TaOJIMI] COOTBETCTBUS MEXIY MOKa3aHUSIMH MPUOOPOB U MEXaHUYECKUMU CBOMCTBA-
MH.

Buenpenue marnutabix MeTo0B HK MexaHmyecknx CBOWCTB MpoKaTa MO3BOJISIET PELIUTh
3a/1a4y OTOPAaKOBKH HEKAYECTBEHHOW MpoayKiuu. OaHaKO BO3MOXKHBI BapUAHTHI MCIOJb30BaHUS
nHpopmanuu, nmoaydaemoi ot cpeacts HK, mis onpenenenust anropuTMOB aKTHBHOTO YITPABJICHHS
KaueCcTBOM IpoKaTa M BhIOOpA KPUTEPHEB ONTHUMHU3AINHN TEXHOJIOTHYECKOTO MPOIEcca U3TOTOBIIC-
HHUS TTPOKATa.
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[Ipu oTxure UIst CHATHS OCTATOYHBIX HANPSDKEHUM YCTAaHOBHUTH CHYKEHUE YPOBHSI HalpsKe-
HUN BO3MOXHO IO M3MEPEHHIO MAarHUTHHIX CBOMCTB. COIJIaCHO TEOPHHM, YYUTHIBAIOLIEH BIIMSHUE
HanpsHKeHUH B (peppoMarHeTUke Ha BEIMYUHY KOSPLUUTUBHON CHIIbL, U3BMEHEHHUE YPOBHS BHYTPEHHHUX
MHKPOHANPSHKEHUN BBI3BIBAET W3MEHEHUE BEIUYHMHBI KOAPLUHUTUBHOM CHIIBI, YTO IIO3BOJIAET OCY-
LIECTBJIATH HAJICKHBIN KOHTPOJIb KAYECTBA OTXKUIa U3JIEJINHA KOOPUUTUMETPUIECKUMH METOJAMHU.

SpkuM pUMEpOM NMPUMEHEHHsS] MarHUTHBIX METOJOB SIBISIETCSI KOHTPOJIb C(hEepOoUuIu3upy-
FOILIETO OT)KUI'a MOAIIUITHUKOBBIX cTaneil. i3MepeHnss MarHuTHBIX CBOMCTB Ha U3JEIUAX C pa3iny-
HOW CTPYKTYpPOM MOKa3ajay, 4TO BEJIUYMHBI KOIPLUTUBHON CHIIBI CTPYKTYP C 3€PHUCTBIM M ILIA-
CTUHYATBIM IEPJIUTOM CHUJIBHO pa3iIndyaroTcs. BO3MOKHOCTh MPUMEHEHHs KOIPLUUTUMETPUUYECKUX
METOJIOB /11 KOHTPOJISI OTOXKEHHBIX CTPYKTYP WIUTFOCTPUPYET pHUC. 9.
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Puc. 9. [letnu rucrepesrca 1 MUKPOCTPYKTYpa HOAMIHUKOBOM cranu 11IX15

I'ogupiMu cunTaroTcs uzaenus ¢ Teepaocteio 180-207 HB, 4To MOXeET ObITh BBISBICHO ITYy-
TE€M HM3MEPEHMS C MTOMOIIBI0 KO3pUUTHUMETpa. HekonaunuonHslie CTpyKTypsl oTkura cranu [IX15
00J1a1a10T BBICOKOW TBEPIOCTHIO M BJIEKYT 3a cOO0M OOJBIION M3HOC PEXKYIIEro MHCTPYMEHTA, a
MIPH TOCTEAYIONMEH TePMHUIECKON 00pabOTKe MPUBOIAT K 00pa30BaHUIO CTPYKTYP KPYITHOUTOJIhYa-
TOTO MapTEHCUTA, JUIsl KOTOPBIX XapaKTepHO 0Opa3oBaHME MOBEPXHOCTHBIX TpemnH. Hampumep,
pecypc paOOThl MOJIIUITHUKA C TAKON CTPYKTypoil MeTaiia OyaeT BecbMa orpaHnyeHHbIM. Hekon-
JTUIIMOHHBIE CTPYKTYpPHI IJIACTUHYATOTO MEPIUTAa MOTYT ObITh OTOpPAKOBAaHbI MO KOIPLUUTUBHOM CH-
ze.

2.4. Onpeoenenue cmpykmypvl u HPOYHOCHIHBIX XAPAKMEPUCMUK 3AKANEHHBIX KOHCHPYKYUOH-
Hbix cmanei [2, 3, 18—-32]

3akaska — 3TO MPOLIECC TEPMUUYECKO 00pabOTKH, COCTOSIINI B HarpeBe /10 TEMIIEpaTyp B
WHTEpBAJIC (—Y-NIPEBPAIICHU W BBIIIC, BBIACPKKE MPH ITHX TEMIEpaTypax U IOCIEIYIOMIeM
OXJIAKJEHUH CO CKOPOCTBIO BBIIIE KpPUTHUECKOH. Pe3yiabTaToM 3akanku SIBISETCS IMOJIy4YEHHE
HEPAaBHOBECHBIX CTPYKTYp MApPTEHCHUTA, a TaKXKe MPOJIYKTOB paclajia ayCTeHHUTa MO IMPOMEXYTOU-
HOU cTyneHu — OeHHUTa U TPOCTHUTA.
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[losiBneHue npu 3akajke B CTPYKType CTaJli MapTEHCHUTA COMPOBOKIACTCS YBEIUUYEHUEM
3¢ deKTUBHONW MarHUTHOW aHU30TPONUHU (“MAarHUTHOM KECTKOCTH ), 00YCIOBICHHON T€TparoHalb-
HOCTBIO PEIIETKH MapTeHCUTA, MOBBIIICHUEM IJIOTHOCTH JUCIOKAUN U YPOBHS MUKpOHAMpsKe-
HHUI.

OObpa3oBaHue B JI0ABTEKTOMIHOM CTall MapTEHCUTHOMN CTPYKTYpbl NMPUBOIUT K IMOBBILIE-
HUI0O MarHUTHOM >KE€CTKOCTH CTaJM; IPHU 3TOM IUIONIA/b IETeIb MarHUTHOTO THUCTEpe3Hca Cylie-
CTBEHHO BO3PACTaET, a KOOPLUUTHBHAS CHJIa yBeJIMUuBaeTcs 0osiee yeM B 2 paza. HamarHmueHHOCTb
HachlleHus: Mg oTpaxxaeT U3MEHEHHUsI, Ipoucxosiue B GazoBoM cocrase ctanu. CHuxeHue Mg B
unTepBasie Temneparyp 725-800 °C cBsizaHO C MOSIBJICHUEM B CTPYKTYpPE 3aKaJICHHOM CTajlu OcCTa-
TOYHOT'O ayCTEHUTA. YJIEJIbHOE 3JIEKTPOCONPOTHUBIIEHUE O C MOBBIILIEHUEM TEMIIEPATyphl 3aKaJIKU
no 800—850 °C pacreT, 4TO CBSI3aHO C YBEJIMYEHHUEM COJEp)KaHUS Yriepoja B NEPECHIIIEHHOM
TBEPAOM PAaCTBOPE U MOSIBJICHHUEM HEKOTOPOI'O KOJIMYECTBA OCTATOYHOI'O ayCTEHUTA. 3aKajika JJ03B-
TeKTOWIHBIX cTasei oT Temmneparyp 800—850 °C u Bblle HEe MPUBOIUT K M3MEHEHUIO MAarHUTHBIX U
anekrpuyeckux cBoicTB cranu 30XI'CA u 602A (puc. 10a, 2). 1O CBA3aHO € TE€M, YTO IPU TAKUX
TeMIlepaTypax 3aKajJKu MPaKTHYECKU BECh YIJIEPOJl NEPEXOIUT B TBEPJBIM pacTBOp, MapaMeTpbl
pELIETKH MapTEHCUTa CTA0OMIM3UPYIOTCS, MUKPOHAIIPSKEHUS U IJIOTHOCTD IUCIOKALMNA TOCTUTaloT
MaKCUMAaJIbHOM BEJIMYMHBI, CJIEJOBATEIbHO, BEJIMYMHA HAaBEACHHON (PPEKTUBHON MarHUTHON aHU-
30TPOIUHU CTAHOBUTCS OCTOSTHHOM.

OBTEKTOUHBIE CTAIM UMEIOT 00IMEe 3aKOHOMEPHOCTH MU3MEHEHHUS] MarHUTHBIX U DJIEKTPH-
YECKUX CBOMCTB C JIO3BTEKTOMIHBIMU CTAISIMHM MPU HU3ZKOW TEMIEpAaType ayCTEHU3allMH, B TO XKe
BpeMsi B 00JacTU TeMIIEpaTyp IMeperpeBa Mpu 3aKalike JUIsl 3a9BTEKTOMIHBIX CTaleld HabIoaaeTcs
HEKOTOpPOE UX pa3jinyue, 3aKII0Yarolieecss B HEOJHO3HAYHOM HM3MEHEHUU KOAPLUTUBHOM CHUJIBI OT
TeMmIieparypsl 3akaiku (puc. 108). BennunHa MakcuMyma KO3pLUUTUBHOM CHJIBI 3aBUCUT OT COJEp-
xaHus yriepona B cranu 11IX15, a ero npupoaa o6ycioBieHa H3MEHEHUSIMH OTHOCUTEIBHOTO 00b-
€Ma U JIMCIIEPCHOCTH BKJIFOUEHUH OCTATOYHOI'O ayCTEHUTA U M3OBITOUHBIX KapOuaoB. MakcuMym
KOSPLMTHUBHOM CHJIBI COOTBETCTBYET MpUMEPHO 12% coliep:kaHusi OCTATOYHOTO ayCTEHUTA B CTaJIH.

XapakTep U3MEHEHHS 3JIEKTPOCONPOTUBJICHNUS U HAMATHUYEHHOCTH HACBHIIICHHUS B 3aBHUCHU-
MOCTH OT TEMIIEPATYPhI 3aKaJIKU ONpPEAEAeTCs] KOJIUYECTBOM YIJIEpoJia B CTallU, MOCKOJIBbKY C I0-
BBIIIIEHUEM COJIEP>KAaHUS yriiepoa B Hel oOpasyercs 0oJibliiee KOJIMYECTBO OCTATOYHOTO ayCTEHUTA
BCJIE/ICTBME CHM)KEHUS TOYEK Hayala MapTEHCUTHOTO IpPEBpAIleHUs. Y IeIbHOE 3JIEKTPOCONPOTHB-
JIeHUEe, BEJIMYMHA KOTOPOTO B 3HAYUTEJILHOW CTETIEHU 3aBUCUT OT COJEPXKAHUS B CTallU OCTAaTOYHO-
ro ayCTEHUTA, C MOBBIILICHUEM TEeMIIEPaTyphl 3aKaJIKH pacTeT.

N3 uccnenoanutii [2, 3, 18-32] u puc. 10 ciexyet, 4To CTPYKTYPHI U MIPOYHOCTHBIE Xapak-
TEPUCTHUKH, COOTBETCTBYIOLINE HU3KOW TeMIlepaType ayCTeHU3alUH (HEIOTpeB IpU 3aKajiKe), MO-
I'yT ObITh BBISBIIEHBI MO JHOOON MarHUTHOW XapakTepuctuke. Takum oOpazoM, mocie mpenBapu-
TEJIbHOU T'PayHpOBKH MMPUOOPA MOKHO MPOU3BOJUTH OLIEHKY IIPOYHOCTHBIX XapaKTEPUCTUK H3Jie-
JUN U3 T03BTEKTOUIHBIX cTajeil. [leperpeB M03BTEKTOUIHBIX CTajieil HENb3s BBIIBUTH MO0 MarHuT-
HbIM M MEXaHUYECKUM XapaKTePUCTHKaM, HO HEOOXOAMMOCTU B 3TOM HET, MOCKOJbKY JO3BTEKTO-
WJHBIC CTaJi MMEIOT HU3KYI0 CKJIOHHOCTH K “TieperpeBy”’ mpH 3akajike. [Ipu KOHTpoJjie KadecTBa
3aKaJIKK 3TOM rpyNIIbl CTale HIMPOKOE pacIpOCTPaHEHUE NOTYUMIIA KOSPUUTUMETPHI [2, 3, 18].

3asBTekTouHbie U jerupoBanubie ctanmu [IX15 u 20X 13 yyBCTBUTENBHBI K “TIEpErpeBy’’,
MOATOMY I HUX aKTyajdbHa Ipolsema pa3pabOTKH METOJO0B KOHTPOJIS Kak “HemorpeBa’, Tak U
“nmeperpesa”. Jlyig BBISIBICHUS TIPH 3aKajike Opaka oT “HeforpeBa” M “meperpeBa’’ MPEIOKEHO UC-
10JIb30BaTh JBa MapaMeTpa: KOAPLUUTHUBHYIO CUJIy U HAMarHUYEHHOCTh HachllleHus. Beicokue 3Ha-
YEeHHs] HAMArHUYEHHOCTH HACBIEHUS U HU3KUE 3HAYEHUS! KOIPLUUTUBHOU CHIIBI CBUAETEIbCTBYIOT
0 “Heforpese”’, MOHWKEHHBIE 3HauUeHus1 H, n Hu3kue 3HaueHus: Mg — o “neperpese’.

JIByXnapaMeTpoBbIi METOJ, Peaau30BaHHBIN B IupdepeHIIaTbHbBIX MAarHUTHBIX CTPYKTY-
pocKomax pazIuyHbIX Mojenei [2, 3, 35-38], xoporo 3apexoMeHI0BalI ce0s1 TPH KOHTPOJIE Kade-
CTBA 3aKaJIKU JeTajeil U3 BhICOKOYTJIEPOJUCTHIX U MHCTPYMEHTAJIbHBIX CTajeil, Ho HauboJiee mMac-
COBO OH NPHUMEHSETCS B MOIIIUITHUKOBOIN MPOMBIIIIEHHOCTH. OHOBPEMEHHO € KOHTPOJIEM Kaye-
CTBA 3aKaJIK JIaHHAasl METO/IMKA MO3BOJISIET 10 U3MEPEHUSIM BEJTMUYUHBI HAMarHH4eHHOCTH HacChILIe-
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HUS ONPEICIIUTh U KOJUYECTBO OCTATOYHOTO aycTeHHWTa B cranu [2—4, 20, 35], 94To 04eHb BaKHO
TSI BLICOKOTOYHBIX U3IEIIHH.
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Puc. 10. CpoiicTBa 3akaneHHbIX cTanei: H. — kospuutusHas cuna; HRC — 1Bepaocts;
p — VIIBHOE 3JIEKTPOCONPOTHBIICHNE; Mg — HAMarHM4€HHOCTh HACBIIICHHUS.
a — ctanb 30XI'CA, 6 — 60C2A, ¢ — 111X15, 2 —20X13

2.5. Onpeoenenue cmpyKkmypol u BPOYHOCHIHBIX XAPAKMEPUCMUK 3AKATEHHBIX U OMNYUWEHHBIX
KoHCcmpyKuuonHnwix cmaneii [2, 3, 18-34]

JIJ1si KOHCTPYKITMOHHBIX CTajiel ¢ cogepkanuem yriepoaa a0 0,3% xapakTepHO MOHOTOH-
HOE M3MEHEHHE OOJIBITMHCTBA (PH3UUIECKUX CBOMCTB M MPOYHOCTHBIX XapaKTEPUCTHUK B MHTEPBAJIC
TeMrmeparyp oTmycka oT KOMHAaTHBIX 70 650 °C (puc. 11a). MOHOTOHHOE M3MEHEHHE MarHUTHBIX
XapaKTePUCTHK C TEMIIEPaTypoil OTITyCKa, CBSA3aHHOE C BBIJICJICHUEM YIIIepoaa W3 TBEPIOTO pac-
TBOpa, pacnajoM ayCTEHUTA W CHIDKECHUEM YPOBHS MUKPOHAINPSHKCHHM, ITO3BOJISET UCIOIH30BATh
WX JUIA HEPa3pyIIaoNIero OINPeAeTeHUS CTPYKTYPHOTO COCTOSIHHSI W KOHTPOJISL IPOYHOCTHBIX
CBOWCTB M3/CNINNA, OTIYIIEHHBIX B HHTEpBasie Temrepatyp 150 — 650 °C.

JIJ1si KOHCTPYKITMOHHBIX cTaliel ¢ coaepxkanueM yriepoaa 0,3% u Oosiee M3MEHEHUsI Mar-
HUTHBIX CBOMCTB B HHTEPBAJIC BBICOKHX TEMIIEPATyp OTIIYCKa HE MOHOTOHHBI (puc. 116). ITockos-
Ky OOJIBIIIOE KOJHYECTBO CTalICH Pa3IMYHBIX KIACCOB, KOTOPHIE IUPOKO HMCIIOJIB3YIOTCS B COBpE-
MEHHOM MAITHHOCTPOCHHUU TIPH M3TOTOBJICHUH OTACIBHBIX JETalCH, Y3JI0B H MEXaHH3MOB, COJEp-
KaT, Kak mpasuio, 6omnee 0,3% yriaepona, TO CyIIECTBYET MpoOiieMa KOHTPOJS JeTajel u3 3THUX
craneil. HeomHO3HaUHOE M3MEHEHUE C TEMIIEPATypOil OTIYCKa OOJBIIMHCTBA IIUPOKO PACIpoOCTpa-
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HEHHBIX B NpakTuke HK MarHUTHBIX XapakTEpUCTHK JEIAaET HEBO3MOXKHBIM UX MCIIOJIb30BAHHUE IS
KOHTPOJISI CPEJTHE- U BBICOKOTEMIIEPATYPHOTO OTITyCKa U3EIIUIN U3 CTAJIEH 3TOU TPYIIIbI.
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Puc. 11. CBoiictBa oTnymeHHbIx cranei: H. — kospuutusHas cuia; HRC — tBepaocts;
p — YIAEIBHOE JIEKTPOCONPOTUBIICHNE; Mg — HAMarHUYEHHOCTh HACBIILICHMS;
a — ctanb 18XHBA, 6 — 30XI'CA, 6 — 60C2A, 2 —20X13

HoBplif moaxo K pemieHno npooieMbl KOHTPOJIS KauyecTBa OTIYLEHHBIX U3JEIUN U3 cTa-
JIeH 3TOW TPYyMNIbL, @ TAKXKE K OLEHKE JerpaJalyy dKCIUTyaTallHOHHBIX CBOWCTB M3JCIINN JAaeT U3y-
YeHHE SIBJICHUM YCTOMUYMBOCTH MarHUTHBIX COCTOSIHUN ()eppOMAarHeTHUKOB K BHEIIHUM BO3/I€HCTBU-
M (MarHUTHBIX U 3JEKTPOMArHUTHBIX MOJIEH, YIPYTUX U IJIACTHUECKUX JAedopmanuil u Temmepa-
Typsl) [33, 34, 39, 40]. MccnenoBanus yCTOWYMBOCTH MarHUTHBIX COCTOSIHUN, KUHETUKH (AMHAMU-
KHM) U3MEHEHHs] MarHUTHBIX XapaKTEPUCTHK MPHU PA3JIUYHBIX BO3JACHCTBUSAX MO3BOJISAIOT MOIYYUTh
OTJIMYHYIO OT JAPYTUX METOJ0B MH(POPMAIUIO O CTPYKTYPHOM COCTOSIHUU M (Pa30BOM cOCTaBe CTa-
7Y, a TaKXKe MeperTr OT BhIsABICHUS (hakTa BOSHUKHOBEHHS Opaka M3Jesuil, HapuMep MpH TepMH-
4ecKoi 00paboTKe, K HEMOCPEICTBEHHONW KOPPEKTUPOBKE TEXHOJIOTHYECKOTO IIPOIiecca U3roTOBIIE-
HUS JeTajeil Uiy NpOrHO3UPOBAHMIO U3MEHEHHS (PU3MKO-MEXaHMUYECKUX CBOICTB M3AEIUI B IpO-
L[ECCE DKCILTYyaTallHH.

Gorkunov E. S. / Magnetic structural-phase analysis as applied to diagnosing and
evaluating the lifetime of products and structural components. Part 1
http://dream-journal.org page 6+40



Diagnostics, Resource and Mechanics of materials and structures
Issue 1, 2015 24

oen-aceess journl

2.6. Onpedenenue cmpykmypol U HpOYHOCHHBIX XAPAKMEPUCMUK CHEUUAbHBIX CIalell

MapTeHCUTHO-CTapeIue CTaaN. YIIPOUYHEHHE MAPTCHCUTHO-CTAPEIONINX CIUIABOB CBSI-
3aHO C HAYAIBHBIMH CTaJHSIMU OOpa30BaHUsI WHTEPMETAIUIMAHBIX (a3 mpu crapeHuu. Ilpemmomna-
ratoT [41-43], 4To BbIAEICHUIO CTAaOWJIBHBIX (a3 MpEeAIIeCTBYET TaK Ha3blBaeMas 30HHAsl CTaaus
pacrnaza TBepJoro pactBopa (obpazoBanue 30H ['mHbe—IIpecTona i cerperaiuu, 000rameHHbBIX
aTOMaMU JIETUPYIOIIUX 3JIEMEHTOB, KOTOPBIE CIY>KaT 3apo/AbIIIaMu BhIJestomencs (as3nl) u 0opa-
30BaHHUE MPOMEKYTOYHBIX (a3, KOTEPEHTHO MJIHM MOJYKOTEPEHTHO CBSI3aHHBIX ¢ MaTpulieil. [1oBbI-
LI€HHE MPOYHOCTHBIX XapakTepuctuk (puc. 12, kpusie HRC) npu temneparypax crapenus 300—
450 °C cBs3pIBaIOT C 30HHOW CTajJMel pacrajga TBEPAOro pacTBOPa, TaK KaK HUKAKUX U3MEHEHUH B
CTPYKTYpE KPHUCTAJUIOB MapTeHCHTa He Habmronmaercs. [lo manHbIM paboTel [42], B OONBIIMHCTBE
KEJIE30HUKEIICBBIX CIUIABOB MPOMCXOIUT JIMIIb HE3HAYUTEIHHOE YMEHBIICHHE TUIOTHOCTH JUCIIO-
Karuii. OOpa3yromecs cerperaii aTOMOB JIETHPYIOMIMX JIEMEHTOB UMEIOT pa3Mephl, HE MPEBbI-
matomue 0,004-0,006 mxM. B nccrnenoBaHHBIX CTalsAX, MO-BUIUMOMY, KaK U B KEJIC30HUKEIIEBBIX
crutaBax ¢ 18% Ni, ierupoBaHHbIX MOJIMOJEHOM M TUTAHOM, Ha CTaJMd MaKCUMAJIbHOTO YIPOYHE-
aus (480-500 °C) u B mepecTapeHHOM COCTOSHMU NPUCYTCTBYIOT yacTuupbl Fe,Mo, Ni;Mo u Ni,Ti.

MaruutHble cBoiicTBa B HHTepBaje temmnepatyp 20-500 °C npakTuyecku He MEHS0TCA (CM.
puc. 12). He3naunTtenpbHO€ CHW)KEHHE KOAPIUTHUBHOMN criibl B nmuarna3one 300—400 °C oobsicHseTcs
YMEHBIICHHEM TUIOTHOCTHU JWCIIOKAIMI 1 BEJIMYMHBI MUKPOHANPsDKEHUH B MapTeHcuTe. [lpu Tem-
neparypax craperust 400-500 °C ymenblienue H, 3a c4eT 0TMEUEHHBIX (DAKTOPOB KOMIIEHCUPYET-
Csl €e POCTOM BCIIACTBUE 00pa30BaHMsI MPOMEKYTOYHBIX HHTEPMETATHIHBIX (a3.

MS, Alcm

12+
YC-25BU

0 400 T, °C

Puc. 12. 3aBucuMocTh PU3NKO-MEXaHUUECKHUX CBOMCTB MapTEeHCUTHO-cTapetomieit cranu YC-25BU,
3akasieHHoH oT 820 °C Ha BO3/ayXe, OT TeMIepaTyphl OTIYyCKa (CTapeHus).
Bpewms BeiaepxkKkH Ipu OTIyCKe 3 4

PazympouneHne WccnemoOBaHHBIX CTajed NpHU TEMIIEpaTypax CTapeHHUs, MPEBBIIIAFONIINX
500 °C, onpenensieTcsi MPOTEKAaHUEM HECKOJBKHUX MPOIECCOB: KOATYISAIMEH 4acTHIl, 00pa30BaHHEM
cTabmIM3upoBaHHOTO aycTeHuTa u "cBexero" mapteHcuta [41]. TloBenenune m3ydeHHBIX Qu3nye-
CKUX CBOMCTB IpU TeMIlepaTrypax crapeHus, npesbimatonux 500 °C, B 0CHOBHOM CBsA3aHO ¢ o0Opa-
30BaHHUEM ayCTEHHUTa, 000raleHHOro HUKeJleM. MakcuMaabHOE KOJUYECTBO CTa0MIM3UPOBAHHOTO
ayCTEHHUTAa B CTPYKTYpPE COCTApEHHBIX CTajeil oOpasyercs mpu 1oy = 580 °C, 4TO MpPUBOIUT K
YMCHBIIICHHIO HAMAarHWYCHHOCTH HACHIIICHHUS W TOBBIIICHUIO KOAPIIMTUBHOW CWIJIBI B WHTEpBAJS
500-580 °C (cm. puc. 12). IlpuunHy MarHUTHOW >KECTKOCTH MAapTEHCUTHO-CTapCIOIINX CTajleil B
WHTEpBaJIE TEMIEpaTyp OOpaTHOTO O«—>Y-TIPEBpAIlleHUs CBS3BIBAIOT [44] C mepeMarHUYMBaeM
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y4acTKOB 0-(a3bl 0e3 MarHUTHOTO B3aWMOJECUCTBHSI MEXAY HUMH, YTO SIBJISIETCS PE3YJIbTaTOM
0O0JIBIIOTO COJIEP’KaHUs B CTAJIM OCTATOYHOTO ayCTEHUTA.

ITpu Temneparypax crapenus Boiie 580 °C addexT crabunuzanuy ayCTeHUTa yMEHbIIAET-
Csl, YTO MIPUBOJMT K MOBBIMIEHUIO Mg u cHmkennto H. (cMm. puc. 12).

Bricokast mpoYyHOCTh MapPTEHCUTHO-CTAPEIOIIUX CTajIe 0OBACHIETCS HE TOIBKO JAUCHEPCHO-
CTBIO M PABHOMEPHBIM PACIPEICIICHUEM YacTHIl BTOpOH (a3bl, HO U MX COOCTBEHHOUN BBICOKOI
npovHoCcThi0 [41]. CrapeHne MapTEHCHTa BBI3BIBAET CYIICCTBEHHOE CHIDKCHHME TUTACTMYHOCTH U
yaapHo# Bsa3kocTU. OJHAKO 3TU XapaKTEPUCTUKU HA CTaUU MAaKCUMaJIbHOIO YIPOYHEHUS OCTaIOT-
Cs ellle JJOCTaTOYHO BBICOKHMHU.

@eppuUTHO-ayCTeHUTHBIE cTATH. [IByxda3Hble (peppUTHO-AyCTEHUTHBIE CTaIH CO CTPYK-
TYpOU J- peppUT-ayCTEHUT 001a1at0T 00JIee BHICOKUM COMPOTUBIICHUEM HEKOTOPHIM BHJIaM KOPPO-
3UM 110 CPABHEHUIO C YUCTO ayCTEHUTHBIMU U YUCTO (PEPPUTHBIMU HEPIKABEIOIIMMHU CTAJISIMU U T10-
3TOMY HaxoJsT Bce Oouibliee npumeHeHue. OAHAKO mpu OONBIIKMX COAEpKaHUIX JO-(pepputa 3TH
CTaJli MMEIOT BBICOKYIO CKJIOHHOCTh K XPYHNKOMY paspymeHuto. OOuH U3 BO3MOKHBIX IyTel
yIpaBiIeHUSI KaueCTBOM M3TOTOBJIEHUS CTajled — MCIOIb30BaHUE HEpa3pyLIAIONIMX METOJO0B KOH-
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Puc. 13. 3aBucuMoCTbh PU3NKO-MEXAaHUUECKUX CBOMCTB (PepPUTHO-AyCTEHUTHON CTaJIU OT
TeMmIiieparypsl orxura. [IpensapurenbHas oo6padboTka — 3akaiika ot 1150 °C

Ha puc. 13 npuBeneHsl 3aKOHOMEPHOCTH H3MEHEHMsI (U3UKO-MEXaHMYECKHX CBOMCTB OT
TEMIIEpaTypbl OT)KUIa CII0KHOJIETHPOBAHHON HU3KOYIJIEPOANUCTON XPOMOHUKEIEBOM CTajau, co-
nepxxamen 0,05% C, 24% Cr, 7% Ni u psan npyrux 35eMeHToB. B nucxomanom coctossaum (6€3 Tep-
MHUYECKON 00paboTkH) cTaidb o00JagaeT HU3KUM CONPOTHUBIIEHUEM XPYINKOMY pPa3pyLIECHUIO
(a, ~10 Jlx/em?). Tloce 3akanku ot 1150° C BenmumHA ymapHOil BS3KOCTH Bo3pacraerT 1o 100
Jlx/cm®. Harpes mpu temmeparypax 500—700° C IIPHBOINT K CHIDKCHHIO YAAPHOM BSI3KOCTH IPH-
MepHO B 2 pasza. OcoOeHHO cuibHBIN (D (PEeKT oXpymunBaHus HAOII0AETCA TIOCE OTXKUTA B TUara-
3one temmeparyp 800-900° C. Omxur npu 1250° C takxke IpUBOJAUT K 3HAUYUTEIHLHOMY IaJICHUIO
yaapHo BsizkocTH. Pa3pylieHre Bo BceX CiiydasiX IPOUCXOJUT 110 TeNly 3epHa.

Takum o0Opa3oMm, CyIIECTBYeT HECKOJBKO TEMIIEPAaTYpPHBIX HHTEPBAJIOB IOBBIIIEHHOMN
CKJIOHHOCTH K Xpynkomy pazpymenuto. OxpymunBanue npu 500-600° C conmpoBoxAaETCS POCTOM
TBepAOCTU. Takoe U3MEHEHHE CBOMCTB yKa3bIBAaeT HA IMPOTEKaHUE MPOILIECCOB paciaja JerupoBaH-
HOro (eppuTa C BBIJICICHUEM MHTEpPMETAUIUAHBIX (Pa3 BbICOKOW cTeneHu aucnepcHocTH [45]. He
UCKJIIOYEHO, YTO OXPYIMUYMBAHUE CTAIM B 3TOM MHTEpBAJIE TEMIIEpPAaTyp YaCTUYHO BBI3BAHO IPOIIEC-
camu, IPUBOAAIIUMU K "XpynkocT 475° " [46].

[Tocne Boiaepxku mpu 900° C HabnarogaeTcs pocT TBEPAOCTU. MOKHO OTMETUTh OTCYTCTBHE
KOPPEJSIIIUU MKy TBEPIOCTHIO U yIapHOU Bs3KOCThIO. Tak, mpu temmneparype 800° C cHmkeHne

Gorkunov E. S. / Magnetic structural-phase analysis as applied to diagnosing and
evaluating the lifetime of products and structural components. Part 1
http://dream-journal.org page 6+40



Diagnostics, Resource and Mechanics of materials and structures
Issue 1, 2015 26

oen-aceess journl

YIapHOM BSI3KOCTH HE COIPOBOKJACTCS OUIYTUMBIMH HW3MEHEHUSIMH TBEPAOCTH, B TO BPEMs Kak
pu 900° C MUHHUMaIbHOMY 3HAUEHUIO yJAapHON BSI3KOCTU COOTBETCTBYIOT AKCTpEMajbHbIE 3HAYE-
Hus TBepAocTH. MccnenoBanus HECKOJIBKUX POMBIIITIEHHBIX [IJIAaBOK ATOM )K€ CTaIM [MOKa3alu, 4To
oxpymuuBaHue B oomnactu temnepatyp 800-900° C moxkeT BooOI1Ie HE COMPOBOKAATHCS] IPUPOCTOM
TBEPAOCTH.

N3ydyeHrne MHUKPOCTPYKTYphl OOpas3lOB B JIUTOM COCTOSIHUM, a TaK)K€ IOCIE OTXKUTa INpU
temmneparypax 800 u 900° C [47] moka3ano, 9YTO BO BCEX YKa3aHHBIX CiIydasx Habmromaercs oopa-
30BaHUE o-(a3bl, KOTOpas BblAEIsAETCS B GEPPUTHON COCTABJIAIONICH PEUMYILIECTBEHHO B MpUIpa-
HUYHBIX 00nacTax ¢ y-aszoil. OOpazoBaHue 60oraroit XxpoMoM o-}passl [46] TPUBOIUT K U3MEHEHUIO
COCTaBa OKPYXaloIIero ee eppuTa, KOTOPhI B COOTBETCTBUU C AMArPaMMOM COCTOSIHHUS MpeBpa-
mjaeTcsi B aycteHUT. OOpa3oBaHne BTOPUYHOTO aycTeHHUTA ()'-(pa3bl), Kak mMpaBUiIo, HE COMPOBOXK-
naeTcs MaJeHUEeM yJapHON BSI3KOCTH, a B HEKOTOPBIX CIIy4asX Ja)Ke MOXKET NMPUBOAUTH K CHUKE-
HUIO KPUTHYECKOU TemmepaTypbl Xpynkoctu [48]. OCHOBHON HNpUYMHONW OXPYHMUMBAHMS CTAId B
untepBaiie 800-900° sBnsiercsa oOpazoBanue o-(aszwl. JIuteparypueie nannbie [49] moaTBepKaaloT,
YTO MOsIBJIEHHWE B ABYX(}a3HO# cTanu OImM3Koro coctaBa o-¢asbl (3—5%) NMPUBOIUT K CHIDKCHHIO
yIapHOU BSI3KOCTH HA MOPSIJIOK.

W3ydyeHne 3aBUCHMOCTHM MarHUTHBIX CBOWCTB OT TEMIEpaTyphl HarpeBa I0Ka3ajo, 4YTO
HaMarHM4E€HHOCTh HACBIUICHUS HE YyBCTBUTEJIbHA K IpolleccaM, MPOTEKAIOIUM MpU Harpese Jio
700° C (cm. puc. 13), 9TO CBSI3aHO, MO-BHAUMOMY, C HEOOJBIIUM KOJWYECTBOM BBIACIISIOIINXCS
npu 3tux Temmneparypax ¢a3. lloBblieHue TemmepaTypbl NPUBOJUT K CHIBHOMY CHHKEHHUIO
HaMarHM4E€HHOCTH HACBIIIEHUS, KOTOpasi JOCTUIaeT MUHHUMAJIbHOTO 3HAYEHHUs IMPU TeMIepaType
900° C. YMeHbllIeHHE HaMarHM4€HHOCTH HACBIIIEHUsI 0OYCIIOBJIEHO pacrajoM O-peppuTa Ha He-
(dbeppomaruutHele 6-(ha3y U BTOPUUHBIN ayCTEHUT, a II1yOrHa 00pa30BaBIIErOCsl MUHUMYMa Xapak-
TEpPU3YET UX cCyMMapHoe KoianuecTBO. C MOBBIIIEHHEM TEMIIEpAaTyphl BelndrHa Mg Bo3pacTaer, uto
CBSI3aHO C YBEJIMUYEHUEM KOJIMuecTBa (GeppUTHON (pa3bl.

[Tpu Temnepatypax Bbiie 1200° C cTpykTypa cTaau CTaHOBUTCS IMOJIHOCTBHIO OJHO(Aa3HOM
(pepputHOIt). [Tpu 3TOM pe3ko Bo3pacTaeT pasmep GpeppUTHOro 3epHa. B 3TOM ke uHTEepBaie TeM-
neparyp NpoUCXOJUT HEKOTOPOE MOBBIIIEHNE TBEPAOCTH CTaJId, KOTOPOE CBUAETENLCTBYET 00 000-
raileHuy TBEPJIOro pacTBOPa JIETUPYIOIIMMH 3J€MEHTaMH (B TOM YHCIIe IPUMECSIMU BHEIPEHUS —
YIIEPOJOM, a30TOM) B pe3yJbTaTe PACTBOPEHUS IPU 3TUX TeMIepaTypax U30bITOUHBIX KapOUIHBIX
1 HUTpUAHBIX (a3. BeposTHo, yBennueHne pazmMepoB (peppUTHOrO 3€pHA, MOBBIIIEHHUE JIETUPOBAH-
HOCTH TBEPJIOTO0 pacTBOpa U 0OOTalIeHHE T'paHUI] OXPYMUYHMBAIOIIMMH 3JIEMEHTAMU — OCHOBHBIE
MPUYKHBI XpynKocTH Geppura rpu 7>1200° C.

Kospuurtusnas cuna no temnepatyp 500° C npaktudyecku He u3MeHsieTcs, XoTs s 450—
500° C xapaktepHO 00Opa3zoBaHUE MHTepMeTaIUAOB. [lpu nanpHeiieM yBelMYEeHUU TEMIEPATyp
IIPOUCXOUT POCT KOAPLUTUBHOMN CHUJIbI, BBI3BAHHBIN MOSBICHUEM 0-(pa3bl 1 BTOPUUYHOTO ayCTEHH-
ta. [Ipu nHarpese Bbime 900° C BenrurnHa KOAPUUTUBHOMN CHUIIBI JOCTUTAa€T MaKCUMAaJIbHOTO 3Haue-
Hus. [lockonbky npu 3TOM TeMmeparype B CTalHM COAECPKHUTCS OO0JIBLIOE KOJIMYECTBO OCTATOYHOTO
aycteHuTa [47], MOXHO MPENOJIOKUTh, YTO Y4aCTKU (eppoMarHuTHON ¢a3bl (J-pepput) B 3HAUU-
TEJIbHOU cTeneH! 000COo0IIEHbI U NTepeMarHHYUBaOTCsl, HE B3aUMOJIEHCTBYsI IpYr ¢ Apyrom. B stom
cllydae BeJIMYMHA KOAPLUTHUBHOMN CUIIBI OYJET 3aBUCETh OT pa3MEpOB YYacTKOB J-peppHuTa B aycre-
HUTHOM MaTpuile, a TakKe OT Hanuuus B Jo-peppute o-pa3bl ONpeeIeHHON CTENeHH AUCIEPCHO-
ctu. [losToMy BennunHa Makcumyma H. 1 TeMnepaTypHbIii HHTEpBaj, B KOTOPOM OH HabItogaercs,
B COOTBETCTBMM C "Teopueil BkiItoueHuil" [2], OynyT ompenensiTbCs HE TOJIBKO KOJMYECTBOM O-
¢bepputa, HO 1 00BEMOM U CTENIEHBIO TUCIIEPCHOCTH 0-(Pa3bl B HEM.

Ha npombIluieHHBIX MIaBKaxX CTajau ObLI0O 0OHAPYKEHO, YTO MAaKCUMYM KO3PLUTUBHON cu-
JIbl HE BCET/1a COOTBETCTBOBAJ MUHUMYMY HaMarHM4E€HHOCTH HachlieHus. OHako BO BCEX ciyya-
X MakCUMyM H, coBmajan ¢ MUHUMYMOM Ha KPUBOHM yIapHOW BSI3KOCTH, TOTJa KaK MUHMUMYM Mg
MOT COOTBETCTBOBATH JIMO0 MUHUMYMY ynapHoi Bia3kocTH (900° C), nubo ee MakcUMyMy, KOTOPBIi
B CJIy4ae MPOMBIIUIEHHBIX TU1aBOK mpuxoauics Ha 7= 1000° C.
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XPpyNKOCTH, 00YCIIOBJICHHOW POCTOM 3€pHA U JITUPOBAHHOCTH TBEPAOTO pacTBOpa (BHIIIE
1200° C), cOOTBETCTBYET 3HAYECHHE KOIPLUUTHBHOW CHIIBI, O0Jee 4eM B 2 pa3a MeHblee, 4em H,. B
ucxogHoM cocrosinuu (3akanka ot 1150° C). [loBellieHHass XpyNKOCTh CTalld B JINTOM COCTOSIHUH,
M0-BUIUMOMY, Tak)Ke 0OYCJIOBJIEHa TJIaBHBIM 00pa3oM IPUCYTCTBUEM O-(a3bl, 0 YeM CBUIETEIb-
CTBYIOT Pe3yJIbTaThl MUKPOCTPYKTYPHBIX HcciieoBaHuM [47] 1 NOBBIIIEHHOE 3HAYEHHE KOIPIIH-
THUBHOW CHJIBI.

2.7. OueHka uzHoOCOCMOUKOCHU Memaid

MN3HOCOCTOMKOCTH CTAJIEW ¢ MAPTEHCUTHOW OCHOBOM B CHJIBHOM CTEIIEHW 3aBHCHUT OT COJIEp-
KaHUS yriiepo/ia, HaXoASIIEerocs B a-TBepAoM pacTtBope. OTIYCK, CONPOBOKAAIOMIUNACS BbIAECTICHH-
€M yIJIepo/ia U3 MapTEeHCUTA, MPUBOAUT K 3HAYUTEITbHOMY CHM)KEHHUIO COTPOTHUBIICHUS 3aKaJICHHbIX
cTajyiel abpa3sMBHOMY W aJre3uOHHOMY BuaaMm m3HamuBanus [50-52]. M3eectHo [20], uTo conep-
KaHUE yriepoja B MapTEHCUTE BIIMAET HAa BEIMUYMHBI KOOPLUUTUBHOMN CHUJIBI U AJIEKTPOCONPOTUBIIE-
HUS 3aKaJIeHHBIX cTajeil. DTO JaeT OCHOBAaHUE NPEANOJIOKUTh, YTO M3HOCOCTOMKOCTbh CTaJbHBIX
U3JIeU MOKET OBITh ONpeeNeHHbIM 00pa3oM CBSI3aHA C MUX MArHUTHBIMHM WJIM JIEKTPOMAarHuT-
HBIMH XapaKTEpUCTUKAMHU. Y CTAHOBJIEHHE KOPPEISILIMOHHBIX CBSI3€H MO3BOJIUIIO UCIIOJIb30BATh pac-
CMaTpUBAaE€Mbl€ MAarHUTHBIE XapaKTEPUCTUKU Ul aTTECTAllMM YPOBHS U3HOCOCTOMKOCTU CTaJIbHBIX
ITIOBEPXHOCTEH.

AKXTyaJlbHOM IPOU3BOJCTBEHHON 3a/adyeil sIBJISIeTCS KOHTPOJb M3HOCOCTOMKOCTU padodmx
MIOBEPXHOCTEN TPEHUSI KPYMHOTrabapUTHBIX 00BEMOYIPOUYHEHHBIX U3JEIHH, a TaKKe MOBEPXHOCT-
HBIX CJIOEB, YIIPOUHEHHBIX XMMHKO-TEPMHUUECKONH 00pabOTKON WM METO/JaMU MOBEPXHOCTHOM 3a-
KaJIKM (MHIYKIIMOHHAs 3aKalika, Jla3epHasi, AJIEKTPOHHO-IydeBasi UK CBETOBas oOpaboTKa u 1ap.).
Jliis pelieHus 3Toi 3ajaud MO>KHO MCIOJIb30BaTh MATHUTHBIE HWIIM JIEKTPOMArHUTHBIE METO/IbI.
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Puc. 14. Bousitaue Temnepatypsl OTITyCKa Ha KOIPIUTUBHYIO cuily H,., TBEpIOCTh B aOpa3uBHYIO
M3HOCOCTOMKOCTD ITPU UCIBITAHUAX 110 KPEMHIO 3aKaJCHHOM CTau 88

W3 puc. 14 cnenyer, yto Huzkotremmnepatypubliil (10 250 °C) oTmyck IpUBOJIUT K PE3KOMY
CHUIKEHUIO M3HOCOCTOMKOCTM M KOAPLMTHUBHOM CHJIBI 3aKaleHHBIX crayied. lIpomcxonsdmee npu
3TOM YMEHBIIEHHUE TBEPJOCTU OTHOCUTEJIBHO HEBEIMKO, MOCKOJIbKY Pa3ylpOYHEHHUE 3a CUET CHH-
KEHUSI YPOBHS TETPAaroHaJIbHOCTU MAapTEHCUTA YaCTUYHO KOMIIEHCHUPYETCS YIMPOUHEHUEM HH3KO-
OTITYILIEHHOTO MapTEHCUTA IUCIIEPCHBIMU KapOUIHBIMU YaCTULIAMU.

Kax mpaBmiio, 13HOCOCTOMKOCTh 3aKaJICHHBIX cTajiel mocie otmycka rnpu 250 °C ymeHbIna-
ercs B 1,5—-1,8 pa3a npu ucnbITaHUM 110 KOPYHAY U B 2,5-3,6 paza — 0 KPEMHIO 10 CPaBHEHUIO C
HEOTHYIIEHHbIM cocTosiHMeM. CTo/b CHUJIbHAS 3aBUCHMOCTbh a0pa3sMBHOI M3HOCOCTOMKOCTH 3aKa-
JICHHBIX CTaJel OT TeMIepaTypbl OTITyCKa SIBJISETCS CIEACTBHEM CHM)KEHMSI COJIEp)KaHus yriepoja
B MapTEHCUTE IPU OTIIYyCKE, KOTOPOE MPUBOJUT HE TOJBKO K YMEHBIIECHHUIO UCXOJIHOM TBEPJOCTH,
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HO ¥ K 3HAQUUTEJIBHOMY CHMKEHHIO CIOCOOHOCTH cTajeil K JeopMallMOHHOMY YIPOUYHEHUIO IIPU
n3HamuBanuu. CrenoBaTenbHO, NPUCYTCTBUE IOBBIIIEHHOTO KOJIMYECTBA YIJIEpOJia B pEIIETKe
HEOTMYIIEHHOIO0 MapTEHCUTa OKa3blBaeT 0o0jie€ WHTEHCHUBHOE BIUSHUE Ha JeQOopMalMOHHOE
YIPOYHEHHE M U3HOCOCTOMKOCTh MAPTEHCUTHOM CTPYKTYphl IPU M3HAIIMBAHHUH, HEXKEJIU MPUCYT-
CTBUE B MAPTEHCUTHBIX KPUCTAJUIaX AUCIIEPCHBIX KapOUIHBIX YACTHUL, BBIACIUBIIUXCS MPU HU3KOM
OTIIyCKE. JTO CBS3aHO C Pa3BUTHUEM B TETPArOHATHLHOM MAPTEHCHUTE IOJ JIEHCTBUEM TPEHMS MPO-
1[ECCOB Ae(POPMAIIMOHHOTO AMHAMMYECKOTO CTapeHus, MPUBOAALIEr0 K 3(PeKTUBHOMY 3aKperie-
HUIO aTOMaMH yIJiepoJa MHOTOUYHMCIIEHHBIX IUCIOKAINM, BOSHUKAIOIUX MpU TpeHuu [50-53].

HaGmrogaemoe B uaTepBaie Temmepatyp otiycka 100-250 °C cunpHOE yMEHBIIIEHHE KO-
IUTUBHOU CUJIBI H. 3aKaleHHBIX CTaJIel Tak)Ke 00YCIIOBJICHO BBIJICJICHUEM YIJIepoJa U3 MapTEHCH-
Ta, KOTOPOE COIMPOBOXK/IAETCSI CHHKEHUEM TETParoHaJIbHOCTH PEIIETKH U YMEHBIIEHUEM BHYTPEH-
HUX MUKpPOHANPSKEHUM.

3aKOHOMEPHOCTH M3MEHEHHUS! KO3PLUUTHUBHOW CHJIBI U TBEPAOCTH CTalei MpH yBEIUYECHUH
teMmriieparypsl oriycka 10 400 °C no3BOJISIIOT 3aKII0UUTh, YTO H, B 3HAUUTENBHO OOJIbIIEH CTEIICHU
KOppEIUpyeT ¢ M3MEHEHHEeM aOpa3uBHOW M3HOCOCTOMKOCTH, YEM C TBEpIOCThbIO. B mHTEpBaie
Torm= 100 — 250 °C, xorna u3 TETparoHaJIbHOTO MApTEHCUTA BBIACIAIOTCS aTOMBI YIJIepOo/1a, UMEET
MECTO HambOoJee CYIECTBEHHOE U OTHOCHTEIBHO OJMHAKOBOE MO CBOEMY XapaKTepy HU3MEHEHHE
aOpa3MBHON M3HOCOCTOMKOCTH M KOJPIUTHUBHOW cwibl. HaGmromaemoe momobue 3aBUCHMOCTEH U
KOAPLIMTUBHOM CUJIbI U H3HOCOCTOMKOCTH 3aKAJICHHBIX CTaJ€H OT COAEpPKAHUs YIiiepoJia B MapTeH-
CUTE, a TAaK)KE€ BBICOKAs YyBCTBUTEJIBbHOCTh KOIPLUTHUBHOM CHJIbI K MPHUCYTCTBHUIO YIJIepoJia B O-
TBEPAOM PaCTBOpE ciyXKaT (pU3N4ecKoi OCHOBOU JUIsl pa3pabOTKU MarHUTHOIO METOJA OLIEHKH U3-
HOCOCTOMKOCTH 3aKaJICHHBIX U HU3KOOTITYILIEHHBIX CTaJICH.

PaccmoTpennbie (cM. puc. 14) naHHble O BJIMSHUU TEMIEPATyphl OTIyCKa Ha aOpa3HBHYIO
M3HOCOCTOMKOCTh 3aKaJIEHHBIX Pa3IMYHBIMU CIIOCOOAMU CTaleld CBUAETEIbCTBYIOT O TOM, YTO 3a
CUET ONTHUMHU3ALUU peXHMa HU3KOTO OTIYCKAa MOKHO B JIOBOJIbHO HIMPOKUX IpEJeNax U3MEHSTh
M3HOCOCTOMKOCTh CTajed. B 3To# CBA3M BO3MOMXXHOCTbh MarHUTHOTO M JJIEKTPOMArHUTHOTO KOH-
TPOJIE U3HOCOCTOMKOCTH 3aKaJIEHHBIX M HU3KOOTIYIIEHHBIX CTAIbHBIX M3JEIHI npuoOpeTaer oco-
OyI0 3HAYUMOCTb.

2.8. Konmpons cmpykmypul, (huzuko-mexanuyeckux ceoucme u moaujuHsl c10ee, N06epPXHocm -
HO YRPOUHEHHBIX pa3iuuHvimu memooamu (3akanka TBY, xumuxo-mepmuueckasa oopadomka,
YnpouHeHue KOHUEHMPUPOSAHHLIMU NOMOKAMU IHEPZUU, 6UOPOYRPOUHEHUE, 00e3Y2epoIHcUusa-
Hue ¢ cmanu u omaoen 6 uy2yHne)

KoHTposb kauecTBa NOBEPXHOCTHOIO ynpouHeHnus [2, 3, 54-71]. B ocHoBe Hepazpyia-
IOLIEro KOHTPOJIS TJIyOMHBI U MIPOYHOCTHBIX XapaKTEPUCTUK YIIPOUHEHHOTO CJIOS JICKUT Pa3Inyue
B (PM3NYECKUX CBOMCTBAX CEpPLIEBUHBI U3/ETUS U caMoro ciosi. YeM OoJipllle 3TO pa3inyue, TeM
0oJiee TOCTOBEPHBIM U HAJIEKHBIM OYJIET METOJ KOHTPOJIS.

[Ipy MOBEPXHOCTHOM YIPOUYHEHUU CYLIECTBEHHO YBEIMUMBAETCS PA3IUYUE DIEKTPUUECKUX
Y MarHUTHBIX CBOMCTB YIIPOUYHEHHOTI'O CJI0S U CepALIEBUHbI n3sienus. Hanpumep, npu 3akajike ¢ mo-
Moibio TBY kospruTvBHas cuiia 3akajJeHHOTro ciosi B 2—4 pa3a 0oJibllle KO3PLUTHUBHOW CHIIBI
CepALIEBUHBIL. DTO OOBACHAETCS TEM, YTO CTPYKTYpa CEPALEBUHBI “DEeppUT-HIEPIUT’ ABIAETCS MST-

KO B MarHUTHOM oTHomeHuu (H.= 8 — 12 A/cm). 3akajieHHBIN CIION UMEET CTPYKTYPY MEJKO-

WTO0JIbYATOTO MAPTEHCUTA C BBICOKOW KOAPIUTUBHOM cuiou (H. =25 — 28 A/cm). Bricokoe 3Haye-
HUe H, 3aKaJIeHHOTO CJI0sT OOBSACHSAETCS TEMH K€ MPUYUHAMH, UYTO U B CIydae OOBEMHOHN 3aKalIKH
CTaJIH.

JIJIs 1IeMEHTUPOBAHHOTO CJIOSI M CEPJIICBHHBI YCTAHOBIICHO, YTO HAMOOJIBIIEE MX Pa3IIHIHe
(mo 10 pa3) mocTHraercs Mocie 3aKaJiKd. 3aKOHOMEPHOCTH W3MEHEHWS MArHUTHBIX U JJIEKTpHUUe-
CKHX CBOMCTB IEMCHTHPOBAHHOTO CJIOSI Y CEPJIECBUHBI M3JCIUS MPU BapHaIlMH TEMIIEpaTyphl 3a-
KaJIKA OJM3KH K 3aKOHOMEPHOCTSIM, XapaKTePHBIM I 3a3BTCKTOMIHBIX YIIICPOJAMCTHIX M HHU3KO-
YTJIEPOAUCTHIX CIIa00JIETUPOBAHHBIX CTaJIe COOTBETCTBEHHO (cM. puc. 10).
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[ToBepXHOCTHOE YNPOYHEHHE ITyTEM IUIACTUYECKOH NedopMalnuy Takke MPUBOAUT K U3Me-
HEHUIO MarHUTHBIX M 3JIEKTPUYECKUX CBOMCTB IMOBEPXHOCTHOIO CJIOS 3a CUET pOCTa KOJIUYECTBA
NeQEeKTOB KPUCTAJUTMUECKOTO CTPOCHHUSL.

YOpoyHEeHHbIE CJIOM MOTYT MMETh pa3Hble TOJIIMHBI, HAPUMEp, A LHEMEHTHPOBAHHBIX
CJIOEB JIECSThIE JIOJU MUJUIMMETPOB, a JUIsl IOBEPXHOCTHO 3aKAJIEHHBIX BAJIKOB XOJIOJHOM MPOKATKU
10-15 mm. g obGecrieueHuss HEOOX0AUMOM TITyOHHBI IPOHUKHOBEHHSI MAarHUTHOTO MOTOKA B KOH-
TPOJIMPYEMbIH IOBEPXHOCTHBIN CJION BBHIOMPAIOT HEOOXOAMMOE cedeHHe MOJocoB [71] mpucraBHo-
0 MarHUTHOTO YCTpOHCTBaA (CM. puc. 15).

—= -yrNpPOYHEHHLIN CrOWN
[ -cepaueBuHa m3genvs

Puc. 15. Cxemarnyeckoe u3o0pakeHrne NPOHUKHOBEHHUSI MArHUTHOTO MTOTOKA B IIOBEPXHOCTHO
YIPOYHEHHOE U3/IeJINE IIPU UCIIOJIb30BaHNN IPUCTABHBIX JIEKTPOMArHUTOB PA3HOTO CEUEHUs

Hcnonb3oBaHue KOIPUMTHMETPOB /JIsi KOHTPOJIA KadecTBA MOBEPXHOCTHOIO YIPO4-
HeHHUsl u3Jejauii MamuHocTpoeHusi. Kospuurumerpsl ¢ [1-00pa3HbIMU NPUCTaBHBIMU 3JIEKTPO-
MarHuTaMmHy MO3BOJISIIOT OCYLIECTBUTH KOHTPOJIb JIeTallel, MMEIOIINX YIIPOUHEHHBIE CJIOU IPUMEPHO
oT 0,4 10 HECKOJIBKUX JAECATKOB MUJUIUMETPOB. B kauecTBe nmprumMepa KOHTPOJIsE OOJIBLIINX TOJIIUH
YIPOYHEHHBIX CIIOEB MOTYT CIYXXUTh BaJIKU XOJIOJHOMN MPOKATKH, BBIITYCKaeMble Y pallbCKUM 3aBO-
JIOM TSDKEJIOTO MallMHOCTpoeHMsl. ['yOnHa akKTUBHOTO 3aKajJ€HHOIO CJIOS J0JDKHA ObITh HE MEHee
3% oT pamuyca Bajika, KOTOPBIM MeHsIIcsA oT 65 10 450 mm. MakcumanbHas riyOMHa 3aKaJICHHOTO
cios focrurana 10-15 MM, MO3TOMY reoMeTpUUYecKre pa3Mephl JIEKTPOMarH|Ta MoJ0Upaid TaKu-
MH, YTOOBI MOXKHO OBIJIO OTIPEIEINISITh CPEIHIOI KOIPIUTHUBHYIO Cruly Ha riyoune 15-20 mm. CBsizb
MOKa3aHUN KOAPLUTUMETPA € TIIyOMHOM aKTUBHOI'O 3aKaJIEGHHOTO CJIOS BaJIKa JIuHeiHas (puc. 16).

[;:,MA T

1801

160}~

140~

120 ' 1
0 5 10 h, Mmm

Puc. 16. 3aBucumMocTh Moka3zaHUuii KOIPIUTUMETPA OT TOJIIHUHBI YIPOYHEHHOTO CIIOS
BAJIKOB XOJIOJTHOM IIPOKATKU
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UccnenoBanus ¢ 0HO- ¥ IBYXCIOWHBIMU u3aenusiMu [60] MO3BOMMIN TOJTYYUTh B OTHOCH-
TEJIbHBIX €IMHULAX 000O0IIEHHYIO KPUBYIO 3aBUCHMOCTH MOKa3aHUM KOIPLUUTUMETPOB OT CEUEHUs
IOJIFOCOB AJIEKTPOMAarHuTa, Ha KOTOPOU BbIJENIEHBI YeThIpe yuacTka (puc. 17).

*
i c/ 1 1, - pasMarHAYMBAIONIHIL
. oo
¥ e TOK KO?pIIHTHMQTpa
1 ] l |
| |
| I
A |
| e = ])EBMHI'HHT-[HB'(HOUJ.HI:'I TOK
| OJHOPOJHOTO T10 CTPYKTYPE H31CTHA
| I I
| I I
| |
0 | | 5 l"" 1 IV
~1/2
0,03 06 1 2 /S

Puc. 17. O6001eHHas KpuBasi 3aBUCUMOCTH [TOKa3aHUN KOAPLUTUMETPOB
B OTHOCHTEIIbHBIX €JMHHIIAX

I yagactok ot 0 no h, = 0,03\/5—3. [loka3aHus KO3pUUTHMETPA MIPAKTUYECKH IOCTOSIHHBI U
3aBHCAT TJAaBHBIM O0pa3oM OT KOIPUUTHUBHOW CHJIBI HE3aKaJCHHOW CepAleBUHBI. 3aech h, —
HayajibHasl BEJIMYMHA [MOBEPXHOCTHOI'O CJIOSl, HAUMHAs C KOTOPOHl MOKa3aHUs KOIPLUUTUMETpA 3a-
METHO YBEJIIMYUBAIOTCS C POCTOM TOJIIIUHBI YIIPOUHEHHOTO CIIOSL.

Il yaacrok ot hy o h, = 0,6,/S;. TlokazaHuss KOIPIUTHMETPA 3aBUCAT OT KOIPIUTHBHOU

CHJIBI U TOJIIUHBI 3aKAJIEHHOTO CJIOS M OT KOIPUUTHBHON CHIIBI CepAleBHHBI (h,— MpenenbHas
KOHTPOJIMpyeMast TOJIIMHA 3aKaJI€HHOIO CJI0s).

III ygactok ot h, 1o h,, = 2\/5—3. [Toka3zaHus KOIPIHUTHMETPA OMPEICISIFOTCS TJIABHBIM 00-
Pa3oM KOAPIHUTHUBHOM CHUJION 3aKaJC€HHOTO CJIOSl U CJIa00 3aBUCAT OT M3MEHEHHS €ro TOJIIIUHBI U
CBOWCTB CEpLICBHHBI.

1V ygactox h > h,,. [loka3zaHus KOAPIUTHMETPA 3aBUCAT TOJIBKO OT KOIPIIUTUBHOM CHIIBI 3a-
KaJICHHOTO CJIOS ¥ ITPaKTUYECKH HE 3aBUCIT OT MATHUTHBIX CBOMCTB CEPLEBUHBI U3/1ETHSI.

OO6o0menHass KpuBasi TIO3BOJISIET CHENATh BBIBOJ, YTO OCHOBHOW XapaKTEPUCTHUKOU DJIEK-
TPOMAarHuTa MpH KOHTPOJIE MACCHUBHBIX M3JIENHUN SBISETCS IUIOLIA]b MOJIOCOB, U €CIU H3BECTHA
TOJIIMHA 3aKaJIEHHOTO CJIOs, TO MOXXHO BBIOpaTh MapaMeTpbl JIEKTPOMAarHutra ¢ HeoOXOAMMOM
rI1yOMHOM MPOHUKHOBEHHSI MATHUTHOTO MTOTOKA B U3JIEIHE.

[TapameTpsl 3JIEKTpOMAarHuTa, COOTBETCTBYIOLIME Y4acTKy / KpHUBOH, cienyeT BblOHUpaTh,
KOI'/1a KOHTPOJIIO MOJIBEPTaIOT MSTKYIO CEpLIEBUHY U3JIENHs U IPEeHEeOPEeraoT CBOWCTBaMU TOHKOIO
IIOBEPXHOCTHOTO CJIOs, HAIlpUMEpP MpU 00€3yIIepOKUBAHUU. Y CIIOBUS, COOTBETCTBYIOIINE yJacTKy
11, ucnoIb3yIOTCS IPU KOHTPOJIE IOBEPXHOCTHOTO 3aKaJIEHHOTO CJIOS, KOT/Ia €ro TOJIIMHA U3MEHs-
eTcs B M3BECTHBIX Mpesenax: ot h, 10 hy. [lapaMeTpbl 3J1eKTpOMarHuTa, COOTBETCTBYIOIINE y4acT-
Ky IV, nCroyib3yIOT 1151 KOHTPOJISt CBOMCTB OJHOPOIHBIX MACCUBHBIX M3/ENINN, HAllpUMep (PU3UKO-
MEXaHUYECKUX CBOMCTB YIIPOUHEHHOTr'O CJIOS, TaK KaK B 3TOM CJIy4yae Ha U3MEPEHHS HE BIUSET UX
TOJILMHA.

B cymectByomux MeToAMKax KOHTPOJS TIYOWHBI U TBEPJOCTU YIPOYHEHHOIO CJIOS, Kak
MIPaBUJIO, U3MEPSIOT OJIMH NapaMeTp, HapUMEp pa3MarHU4YMBAIOIINUNA TOK Kospuutumerpa. O HaKo
10 OJJTHOMY U3MEPEHHOMY MarHUTHOMY NapaMeTpy TPYIHO CYAMTH O TOJILIMHE 3aKaJEHHOIO CJIOS U
€ro TBEPJIOCTU, OCOOEHHO B CIydasiX, KOIJla UCXOJHasl CTPYKTypa U3AeNui nepes] 3aKaikoil MeHs-
ercst. JlJig mOBBILIEHUS JOCTOBEPHOCTH KOHTPOJISI HEOOXOUMO YBEIMYHUTH YHCIIO U3MEPSEMBIX Ia-
pamMeTpoB, YYUTHIBAIOIIMX BIUSHUE U3MEHEHUN BCEX TEXHOJIOIMYECKHUX IpoleccoB. B cioydae 3a-
Kasiki ¢ momomsio TBY 3amady KOHTpPOJISI MOXKHO PEHIUTh cienyronmMm obpasom. Mcxoas w3
0000111eHHOW KPUBOM, MOYKHO MOJ00paTh MEKTPOMATrHUTHI, KOTOPbIE OyIyT UyBCTBUTEIbHbBI TOJb-
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KO K CTPYKTYPHOMY COCTOSIHUIO 3aKAJICHHOT'O CJIOSl WJIM OTPa)KaThb YCPEIHEHHbIE MarHUTHBIE CBOM-
CTBAa 3aKAJICHHOTO CJIOSl M CEpPALICBUHBI u3nenus. Puc. 18 wnmroctpupyeT BO3MOKHOCTA KOHTPOJIS
TOJILMHBI 3aKaJIEHHOTO CJIOSl IITOKOB OypOBOro 00OpYy/I0BaHUs C MOMOUIBIO MPUCTABHBIX 3JEKTPO-
MardvToB, UMCIOIUX Pa3JIMYHOC CCUCHUC MTOJTIOCHBIX HAKOHCUYHHUKOB. HpHCTaBHOﬁ OJICKTPOMArHuT
¢ Sy = 40 mm? (puc. 18a) MoKeT OBITH HCIIOIB30BaH IS OIPEIEICHHs TOIIIUH 3aKaIE€HHOTO CIIOS
He Goinee 4,5 MM, a DIEKTPOMAarHur ¢ S5 = 336 MM2— 10 9,5 MM (puc. 186). Ha nmokaszanus kospuu-
TUMETpa KPpOME TOJIIMWHBI 3aKaJICHHOI'O CJIOSA OKa3bIBAIOT BJIMAHUC MAarHvuTHasd KCCTKOCTH CaMOI'O
CJIOSI U UICXOJHAs! CTPYKTYpPaA U3IEIINS 10 3aKAJIKU.

]p’ 21”6’4 fp, MA
60+
18+
50
B S = 4x10 My’ S = 12x28 v’
40+ . . |
2 4 6 8 10 2 4 6 8 10
h, mn h, mm
a o

Puc. 18. 3aBucumMocTh Moka3zaHuii KOIPIUTUMETPA OT TOJIIHUHBI 3aKAJIEHHOTO CJIOS IIITOKOB
2 2
OypoBOTO 000PYIOBaHUS: @ — ceueHue ekTpomarauta 40 mm”, 6 — 336 MM

Jlyig ydera BIIMSHUS UCXOJHOM CTPYKTYpHI METajljla Ha Pe3y/lbTaTbl KOHTPOJIS OOBIYHO pe-
KOMEHJIYEeTCSl MPOBEPATH U3JIETNS B HECKOJIBKO ATAnoB. BHavaie KOHTPOIMPYIOT UCXOAHYIO CTPYK-
Typy uszaenus nepen 3akankod TBY um mo pesynapraram HU3MEpEHHI MOIPa3NEsiOT HU3JEIUs Ha
rpynnsl ¢ OJM3KUMU MarHUTHBIMU CBOMCTBAMU MCXOJHON CTPYKTYpPBI, @ 3aT€M MPOBOJAAT TEPMOOO-
paboTKy M MOCIENYIOUN Hepa3pylIaloIui KOHTPOJIb 1o rpynnaM. Eciau ynactest oneHuTh mar-
HUTHBIE CBOMCTBA MCXOJHOU CTPYKTYpPHI (M3MEPUTH BEIUUHUHY Pa3MarHMUMBAIOIIEr0 TOKA KOAPLH-
THMETpa), TO €€ BIMSIHHUE Ha PE3YNIbTaThl KOHTPOJIS YUYUTHIBAIOTCS IpadUueCcK UM aHATUTHYECKHU:

h=A2—c, )
pu
rae Iy — Pa3MarHUYMBaONIMA TOK KOIPUUTUMETPA NPHU KOHTPOJIE MOBEPXHOCTHO YIPOYHEHHOTO
usenus; [p, — pasMarHuYMBalONIMi TOK KOIPUUTUMETPA TIPU KOHTPOJIE UCXOJHON CTPYKTYpPhl HA
TepMuueckn HeoOpaboTaHHOM ydactke u3aenus. Koapdunuentsr A n C 3aBUCIT OT BbIOOpa Tpe-
oOpa3zoBatesis, (GOpMbI NOJIOCHBIX HAKOHEYHUKOB, FT€OMETPUM U3ENUS U ONPEAEISIOTCS IMIUPU-
YEeCKH JIJIS1 KaX/0T0 OTJIEIBHOTO CIIydasl.

KoHTpoib IPOYHOCTHBIX CBOWMCTB YIPOYHEHHOT'O CIIOS MOXHO OCYHIECTBUTH IIPHM MaJIOi
ri1yOMHE MPOHUKHOBEHHUSI MarHUTHOTO MOTOKA B U3/ENIMe. DTO JOCTUIaeTCsl UCIOJIb30BAHUEM IIPH-
CTaBHBIX JJIEKTPOMArHUTOB, YAOBJIECTBOPSIOIIUX YCIOBHIO h > 0,6\/5_3. Takum o6pasomM, mpu uc-
MI0JIb30BaHUU JBYX U 00Jiee MPUCTABHBIX 3JIEKTPOMArHUTOB, UMEIOIIUX PA3IMYHOE CEUEHUE U IpU
HaJIMYUU TPEX M3MEPEHHBIX I1apaMeTpOB, BO3MOYKHO OIpEENIEHUE TBEPAOCTH IOBEPXHOCTHO
YIPOUYHEHHBIX U3EIIHIN:

I
HRC = Ao + allpM —a Ip_h + a31pu D (3)
pu

rie I,y — pa3sMarHuYMBarOIINi TOK KO3PIHUTAMETPA, TTOJYYaeMblil IIPH KOHTPOJIC 3aKAIICHHON YaCTH
U3JIeHsl TIPUCTaBHBIM AJIEKTPOMArHUTOM C MaJlbiM cedeHueM moiitoca. [Ipu koHTposie mTokoB Oy-
poBoro obopynoBanus kodpdunuentsl a=42,5; a;=1,2; a,=0,10 u a;=0,16 mpocunTansl Ha OCHO-
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BAaHUHU M3MEPEHUN MAarHUTHBIX U MEXaHWYECKUX CBOWCTB HM3JCIHM, MPOMICIIINX MOBEPXHOCTHYIO
3aKaiKy u nocieayromuii ormyck mpu 150-180 °C. Ananoruyssiii cmoco6 MCHOIB30BaH sl KOH-
TPOJIsI TOBEPXHOCTHO 3aKAJICHHBIX IIEEK KOJEHYATHIX BAJIOB [66] IpH MOMOIIU KOIPIUTUMETPA C
JIBYMSI TIPUCTABHBIMHU AJICKTPOMATrHUTAMH, UMEIOIIUMH PA3JIMYHOE CEUCHUE IMOIOCHBIX HAaKOHEU-
HUKOB, YTO TO3BOJIMJIO C OOJIBIICH CTENEeHBIO JOCTOBEPHOCTH OMPENEIATh TBEPAOCTh U TIyOHMHY
3aKaJICHHOTO CJIOSI.

Jaruuk Xoana

(ﬂ,u] unk XoJjna

!__J[f

S S,

S
| B S —
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Cepanesina

S,=8,>8,
Puc. 19. IlpucraBnoii L1I-00pa3Hblil 371€KTPOMArHuT ¢ pa3InyHbIM CEYEHHUEM I0JIFOCOB

HenocratkoMm B ucnosib3oBanuu I1-06pa3Hbix nmpeodpazoBaTeneil SBISETCS HEBO3MOKHOCTh
pa3aesibHOTO ONpe/esieHus TIIyOuHbl U TBEPJAOCTU YIPOUYHEHHOTO CJIOSI OJJHUM 3JIEKTPOMAarHUTOM,
[I03TOMY MPEJIOKEHO UCIOJIb30BaTh KOMOMHUpPOBaHHBIN [11-00pa3Hblil MarHuT, y KOTOpPOro IMoJio-
ca uMeroT paznudyHoe cedeHue (puc. 19). Ucnonp3zoBanne mogo00HBIX JIEKTPOMArHUTOB TO3BOJISET
B IIPOLIECCE OJHOTO0 M3MEPEHUs MOITYYUTh MH(OPMALMIO O TOJIIMHE YIPOUYHEHHOTO CJIOS U €ro
TBepaocTH [2, 3, 67-69].

Takum o0Opa3oM, ¢ IOMOIIbI0 MATHUTHBIX METOJIOB BO3MOXHBI Hepa3pyllaroliee onpe/esie-
HUE CTPYKTYpBI, ()a30BOr0 COCTaBa M MPOYHOCTHBIX XapaKTEPUCTHK TEPMHUUYECKU O0OpabOTaHHBIX
CTAJIbHBIX U YYT'YHHBIX M3EIUN MAIIMHOCTPOEHHS, a TAaK)K€ OLIEHKa IIyOMHBI M TBEPJIOCTH IO-
BEPXHOCTHO YIIPOUHEHHBIX AeTajei.

Bce omnucanHbple METOABI MO3BOJISIIOT ONpPEAEATh INTyOMHY M TBEPIOCTh HMOBEPXHOCTHBIX
CJIOEB, B TO BPEMsI KaK CBOWCTBAa HEYNPOYHEHHON CEpLEBUHBI W3NS MHOTJA MUMEIOT Ba)KHOE
3HAYeHHUE I KauecTBa YIPOYHEHHbIX M3JENNH, 0COOEHHO KOTJa Mepe]] NOBEPXHOCTHBIM YIPOU-
HEHHUEM H3JeJIMe TOoJBEpraloT 00bEMHON TEPMUUYECKON 3aKayike W OTmycKy. [IpoGnemy omHOBpe-
MEHHOTO OIpEJIEICHUs] CBOMCTB KaK MOBEPXHOCTHO YIPOYHEHHOTO CJI0s, TaK U CEPALEBUHBI U3JIE-
JIUS. MOXKHO B HEKOTOPBIX CIIydasix PEIIUTh IyTEM HCHOJIb30BaHUS 0COOEHHOCTEN MepeMarHiynBa-
HUS IByXclioiHOTO (peppomarneruka [2, 3, 67-70].

[leTnst rucrepesuca IByXCIOMHOTO (peppoMarHeTHka uMeeT UckakeHHbld Buj. Ha puc. 20a
MIOKa3aHbl METJIM TUCTEPE3HCca IBYX OJHOPOJHBIX MaTepHasioB (KpuBble / U 2) U ABYXCIOHHOrO 00-
pasua (kpuBas 3), cOCTOAIIEro U3 3TUX MarepuanoB. [lockoibKy 00paslbl MpeACTaBIsIM cOO0M
TOPOU/IbI, UMEIOLIUE OJIMHAKOBBIE PA3MEPHI, U NEPeMarHUYMBaHUE MPOUCXOAMUIIO BAOJb IIIIOCKOCTH
pazzena cioeB, KpuBasi 3 MOKET ObITh MOJy4YeHa IyTeM aJJUTHUBHOTO CJIOKEHUS ABYX HEPBBIX C
Y4ETOM CEUEHUs KaXKIO0Iro U3 CIOEB:

B(H) =B, (H) + 2B, (H), )

rae B, v B, — MHIyKUMs TIEPBOrO W BTOPOTO CJIOEB; B — CpelHss MO CEYCHUI0 MHIYKIUS ABYX-
CJIIOMHOTO 00pasia; S — momnepeyHoe ceueHue ABYXCIOMHOro obpasma; S; u S; — nmomnepeyHoe ceve-
HUE TIEPBOTO M BTOpOro cioeB. [letnu rucrepesuca, paccuntanHbie Mo Gopmyne (4) u onpeaeneH-
HBbIE IKCIIEPUMEHTAJIHO, MPaKTU4YecKu coBmananu. [lepernObr metnum rucrepesuca (puc.20, Kpu-
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Bast 3), CBUJETENBCTBYSI O HAJUYUU BTOPOTO CJIOSI, OTJIMYHOTO OT OCHOBHOM MacChl MaTepualia, He
XapaKTepU3YIOT KOJIMYECTBEHHO HU €ro TOJIIMHY, HU €ro CBOMCTBA.

n D— YMPOYHEHHLIV Crow
a1 A o, —— I CEPILEEB/HA
ctanb 40X /\y o MarHuTHbI
: NOoTOK
— e =+ D, =B,S, +B,S,

Puc. 20. Tletnu marauTHOTO THCTEpE3nca U U hepeHITHATBHBIC TPOHUIIAEMOCTH
OJHOPOJIHBIX U ABYXCIOWHBIX U3ACIIHI

Bosee nndopmaTuBHa 3aBUCUMOCTD U PepeHIIMATBHON MATHUTHOW NPOHULAEMOCTH g,
OT HAIPSHKEHHOCTH IepemMarHuuuBarouiero noist . Haubonee mpocTsiM cOCOOOM MOJTydeHUs
3aBUCHMOCTEH [Lyyg, (H) u onpenenenust nosieid H; u H,, P KOTOPBIX MPOUCXOAUT OOpa3oBaHUE
neperu6os, sBusercs usmepenue J/1C kaTyniku, oxXBaThIBarolleil oopasel npu ero nepeMarHiyu-
BAHUM JINHEWHO N3MEHSOMUMCS TOKOM. [Ipu aToM

40 _ a0l di (a0, doy

dH
e=—W o =0T 9\ T dH) = _wE(Sluﬂ”‘bl +SZ”””¢2)’ )

rae @, @,, @, — MarHUTHBIC TIOTOKH B JBYXCIOMHOM 00pasiie U B KaXKJIOM M3 CIIOEB COOTBETCTBEH-

dH
HO. [TockoJbKy ¢ = const, 1o

e = k(Slu;u/I(bl + SZ”;{HQ)Z)- (6)

Ecnu cnou o1HOpOAHBI IO CBOEMY CEUEHUIO, TO

huuncl) = h1ﬂ;m¢1 + hzﬂqmpz, (7)

rie hy v h, — OTHOCHTENBHBIE TOJNIIMHBI KQXKI0T0 U3 clioeB. Kak mpaBuiio, IpoOHUIIaeMOCTh MarHu-
TOKECTKOTO YIPOYHEHHOTO CJIOS Malla B IOJIe, MPH KOTOPOM IMPOHUIIAEMOCTh MarHHUTOMSTKOTO
CJI0Sl JJOCTUTAaET CBOET0 MAaKCUMyMa, U Ha000poT, T. €. quddepeHnnanpHas MarHuTHas IpoHULae-
MOCTH B IIOJIE HHMJ , OyneT onpenenaTbes MpOU3BEICHUEM hl”umpla a B IIOJIE HHMJ2 — hzﬂame-
W3BecTHO, 4TO MOJIe MakCUMaJIbHON U depeHInaIbHON MPOHULIaeMOCTH o0pa3la MpaKTHYeCKH
COBITAJIA€T CO 3HAYCHHEM €0 KOIPIUTUBHOU CHIIbl. Takum oOpazom, Haxonas 3Hauenust H; u H, 1o
MECTOIOJIOKEHUI0 MaKCUMyMOB e Ha KpuBoiu e (H) (cm. puc. 20) mis IByXciloiHOTO 0o0pasiia,
MOJKHO TIOJIYYUTh MH(QOPMAIMIO O BEJIWYHHE KOIPIHUTUBHON CHIBI U (PU3MUYECKO-MEXaHHUYECKHX
CBOWCTBaX TOTO WJIM JIPYTOTO CJIOS, & MO M3BECTHBIM 3aKOHOMEPHOCTSM € = Uy ybmax, OTPENEIUTD
TOJILIMHY 3aKaJIEHHOTO CJIOSI.

Juddepennnanbaas MarHuTHAas MPOHUIIAEMOCTh, OINpEeSIeHHAs MPH JMHEHHO WU3MEpSIo-
meMcs BO BpeMeHHu noJie myreM uamepenust I1C n3mepuTenbHOW 0OMOTKH, I CEPUU MOJCIIBHBIX
00pa3LoB C pa3IUYHbBIMU TOJIIMHAMHU 3aKaJIEHHOTO CJIOSI U CEpALIEBUHBI IPEJICTaBIeHa Ha puc. 21a.
BuaHo, 910 MakCHMyMBI {4, HAOIFOIAIOTCSA NPUMEPHO B OJIHOM M TOM K€ TOJIE Ui 00pasios ¢
Pa3IMYHbIM COOTHOILLIEHHEM CJIOEB U C OJIMHAKOBBIMU OT 00pa3iia K 00pasily CBOMCTBAMU 3THX CJIO-
eB. Ha puc. 216 npuBeneHbl 3aBUCUMOCTH U1 OJJTHOPOJHBIX (KpuBbIe / U 2) U ABYXCIONHBIX (KpH-
Bas 3) oOpa3uoB ctaynu 45. Ciiou NOCIeAHUX U3TOTOBJIEHBI U3 TEX K€ MaTepUaoOB, YTO U OJJHOPO/I-
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Hble 00pa3npl. 3 pucyHka cieayer, 4To HoJisi MakcuMaibHOU JuddepeHnaabHOl MPOHUIIAeMO-
CTH OJIHOPOJIHBIX MAaTE€pPHaJIOB COOTBETCTBYIOT aHAJIOTUYHBIM IOJISIM JIBYXCJIOMHBIX 00pa3loB, U3-
TOTOBJIEHHBIX U3 TEX K€ MaTepUasoB.

Takum 06pazomM, nojie MakcUMaabHOU U depeHInaTbHON MarHUTHOM MPOHUIIAEMOCTH Xa-
pakTepu3yeT CTPYKTYPHOE COCTOSIHUE Ka)KJIOW U3 KOMIIOHEHT, a BBICOTHI ITMKOB OTHOCUTENILHOE CO-
JepKaHUe KaKJI0M U3 KOMIIOHEHT (B HAIllEM CJIydyae TOJILIHUHBI TOBEPXHOCTHO YIPOYHEHHOTO CIIOS
U CepJLEBUHBI U3/1ETIHA).
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Puc. 21. Ilonessie 3aBucuMocTy nuddepeHnaribHON MAarHUTHOW TPOHUILIAEMOCTH JJIs1
OJTHOPOJIHBIX U JIBYXCIIOWHBIX TOPOUIOB:
a — ¢ pa3IUYHBIM COJCP’)KaHNEM MarHUTOMSTKOTO U MarHUTOKECTKOTO CJIOEB:
1 — TOJNIIMHA MAarHUTOMATKOTO CJIOS 7 MM, MarHUTOXKECTKOTO 1 MM, 2 — 61 2 MM, 3 — 5 1 3 MM,
4—4udvm,5-3uSmm, 6-2u6Mm, 7—1u7 MM, 8§—0u 8 Mm;
6 — ¢ pa3NTMYHBIMU 110 CBOMCTBAM YIIPOYHEHHBIMU CIIOSMHU:
1 — oTHOPOTHBIN 00pa3ell U3 ctanu 45 B UCXOAHOM COCTOSIHUY;
2 — OgHOPOAHBIN 00paser u3 ctanu 45, 3aKaJeHHbIN B MacJIo;
3 — IBYXCJIOWHBIN 00pa3ell, COCTaBICHHBINA U3 MaTepuasoB 1 u 2

HarnsanHno uamenenue cTpykTypsl U quddepeHnnaabHO MarHuTHOM MPOHUIIAEMOCTH MOXK-
HO IPOCJIEeIUTh Ha IpuMepe puc. 22. IloBepxHOCTHOE yIPOUYHEHHE JIa3epOM IIPUBOJUT K 00pa3oBa-
HUIO MapTEHCUTHBIX CTPYKTYp (CTpyKTypa 1) C HOBBIIIEHHON TBEPAOCTHIO MOBEPXHOCTHOTO CJIOS U
COOTBETCTBYIOLETO ATOH CTPYKTYype NUKA Unup. BTOPOH OTHOCHUTENBHO OOJIBIIMH IHK COOTBET-
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CTBYyeT ceparieBuHe u3nenus (ctpykrypa 3). [locnoiiHoe commugpoBbIBaHHE TTOBEPXHOCTHOTO CIIOS
HPUBOAUT K IIOCTEIIEHHOMY YMEHBIIEHHIO IIUKA U ¢, OT YIIPOUHEHHOT'O CJIOSL.

1 — nosepxHOCMHbIU criol; 2 — nepexodHasi 30Ha; 3 — cepduesuHa obpasya

Teepaocts, Ma

0 1 2 3
PaccronHue 0T NOBEPXHOCTH, MM

3,0 T T

TEPMOYNPOYHEHWE NA3EPOM;

nocne yaanexua

25+ NOBEPXHOCTHOTO cNos 0,4 Mum;

nocne yaanesua
nosepxHocTHOro cnof 0,6 Mm

2,0 1,5 ~1',0 0,5 0,0 -2.0 -1,5 -1l,0 -0,5 0,0

H, KAM H, KA/m
a o

Puc. 22. MuKpOCTpYKTYypa, MarHUTHBIC XapaKTEPUCTHKHN M TBEPAOCTh 0Opa3ia craimu 45,
TEPMOYIPOYHEHHOTO Ja3epOM

AHaJOTHYHBIC 3aKOHOMEPHOCTH HM3MEHEHHS MAaKCUMAIbHON AHQQepeHIInaTbHON MarHHT-
HOM IMPOHUIIAEMOCTU OBLIM MOJY4YEHBI 7151 00pa3LoB, BEIPE3AHHBIX U3 CBAPHBIX COETUHEHUI, KOTO-
phI€ UMEIOT Pa3IUYaroNIuecs: CTPYKTYPhl OCHOBHOT'O METAJIJIa M OKOJIOIIIOBHOM 30HHI (puc. 23).

Illos
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Puc. 23. Tlonessie 3aBucuMOcTH T epeHITMAIEHON MArHUTHON TTPOHUIIAEMOCTH 00pa3IoB cBap-
HBIX COCMHEHHH TP PA3IUYHOM COOTHOIIICHHH B HUX OCHOBHOI'O METAJlIa U METaJlIa [IBa
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B 3aBucumMocTH OT TOro, Kakoil 00beM aHAJIU3UPYETCsl B 30HE KOHTPOJIS, 3aBUCAT BBICOTHI
MMUKOB ISl 00enX cocTaBisomuX. M3 puc. 24 cienyer, 4To 1Mo Mepe CoKpaiieHus o0bemMa MeTalia
OKOJIOIIIOBHO 30HBI BHICOTA COOTBETCTBYIOIIETO MTMKA YMEHBIIIAETCSI.

H iy
1600

1200

800

400 -

-20 -16 -12 -8 -4 0
H, Alcm
Puc. 24. Tlonessie 3aBucuMocTH 1uddepeHnaibHON MAarHUTHONW IPOHULIAEMOCTH JJIst
Pa3IMYHbIX BAPUAHTOB M3MEHEHHUS LIIMPUHBI BCEro 00paslia co CBApHBIM COEAMHEHUEM

n3 craan X70:
1 — mupuHa obpasma 45 mm; 2 —40; 3 —30; 4 —25; 5 —20

Takum 00pa3oM, Ha OCHOBE 3aBUCUMOCTEH U ¢ () Kak Ha CTaMM U3rOTOBJICHUS, TaK U B
MIPOLIECCE KCIUTyaTallud KOHTPOIMPYEMOI'O U3JIENUs, [0 3HAUECHUSAM HaNpPsHKEHHOCTH MarHUTHOTO
0JIsI, B KOTOPBIX JIOKATU3UPYIOTCS MaKCUMyMBbI U depeHInalbHONH MAarHUTHON MPOHUIIAEMOCTH,
MOKHO OTCJIC)KMBATb M3MCHCHHSA CTPYKTYPHOI'O COCTOAHHA M MEXAaHHYCCKUX XAPAKTCPUCTHK OT-
ACJIBbHBIX 30H, MMCIOIUX pa3jIninsad MarHUTHBIX CBOJCTB.
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USE OF ELASTIC WAVE REFLECTION MECHANISM FOR DETERMINING CON-
TACT STRESSES IN SHROUDED TOOLS

M. Mikhovski'*

V. A. Belyi Metal Polymer Research Institute of National Academy of Sciences of Belarus, 4 Akad. G. Boncheva st.,
Sofiya, Republic of Belarus.
*Corresponding author. E-mail: nntdd@abv.bg ; address for correspondence: ul. Akad. G. Boncheva 4, 000000, Sofiya,
Republic of Belarus. Tel.: +35929797120.

The paper presents an ultrasonic method for determining the acting mechanical stresses in
the matrix-band contact layer in the shrouded tools for pressing. It also deals with a physical model
based on the theory of wave propagation in porous laminated structures. The results of monitoring
the shrouded tools are presented.

Key words: shrouded tools, ultrasonic waves, contact stresses.
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HCITIOJIb30BAHUE MEXAHU3MA OTPAKEHUA YIIPYTUX BOJIH
JJIA ONIPEJEJEHUA KOHTAKTHBIX HAITPAKEHUAU
B BAHJJA’KUPOBAHHBIX HHCTPYMEHTAX

M. Muxoscku' *
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B pabGore mpencraBieHbl —yIbTPa3BYKOBOM  METOJ  OMNpeAeNieHUs  JIeHCTBYIOLIUX
MEXaHUYECKUX HaNpsKeHUH B KOHTAKTHOM CJIo€ MaTpuia-OaHAaX B OaHAaKUPOBAHHBIX
MHCTPYMEHTaX ISl NPECCOBaHMSI W (U3MYecKas MOJENb MeToJa, pa3pabOTaHHOTO Ha OCHOBE
TEOPUU PpACIPOCTPAHECHMS YIPYTHX BOJH B CIOMCTBIX CTpyKTypax. lIpuBeneHsl pe3yabTaTbl
KOHTpOJIs1 0aHJa)KUPOBAHHBIX HHCTPYMEHTOB.

Knrouesvie cnosa: 6anoadicuposannvle UHCMpPYMeHmMbl, YApY2Ue BOJHbI, KOHMAKMHbIE
HANPAHCEHUS.

1. BBenenue

HagexxHocte wuHCTpyMeHTa [uis OOpaOOTKM METAJUIOB M CIJIaBOB  IUIACTUYECKUM
nepOpMUPOBAHMEM 3aBUCUT OT M3HAILKMBAHUSA W PAa3pylIEHUs I[IyaHCOHOB M  MaTpHil.
MN3HOCOCTOMKOCT, HMHCTPYMEHTA OINPENETACTCS UCHOJb30BAHHOW CTaJIbl0, TEXHOJIOTHYECKOU
CMa3KOH, LIEPOXOBAaTOCThbIO IIOBEPXHOCTEH WU TeMmmeparypoil B paboueil 3oHe. Paspymienue
MHCTPYMEHTA CBSI3aHO IMPEXKJE BCErO C BEJIMYMHOM U XapaKTePOM pACIpe/IeeHHs] MEXaHUYECKUX
HamnpspDKeHud. B GaHgaXupoBaHHBIX WHCTPYMEHTAX JUIS MJIACTHYECKOU nedopManuu pa3pylieHue
nyaHcoHa HaOmonaeTcst peako. OObIYHO B MaTpULIaX BO3HUKAIOT TPEIIMHBI, OPUEHTUPOBAHHBIC B
IIPOJIOJILHOM U B MONEPEYHOM HampaBieHUsX. [lyrem npumeHeHHs OaHAaXUPOBAHUS MaTpPULIbI
MOXXHO ONTHMHU3HPOBATh YPOBEHb MEXAaHMYECKHX HANPSDKEHUH MW 00eCHeduTh JOJIFOBEUHYIO U
3¢ deKkTUBHYIO paboOTy HHCTPYMEHTA.

Cyl1ecTBYIOT pa3ialuHbIe METO/IbI ONIPEIEICHHSI MEXaHUUYECKUX HAIMPSKEHUI B KOHTAKTHOM
clioe Mexay MaTpuliel u 6angaxxoM. bosblioe npakTuyeckoe NpUMEHEHNE UMEET YIbTPa3ByKOBOM
METO/1 UCCJIEeI0BaHUSl KOHTAKTHOTO B3aMMOJENCTBUA. B 3TOM MeTone ucnosib3yercs 3aBUCUMOCTD
napaMmeTpoB (IIPEXkKe BCEro 3aTyXaHHsl U CKOPOCTH) YIbTPa3BYKOBOW BOJIHBI, KOTOPAsi OTpa)KaeTcs
OT KOHTAaKTHOTO CJIOSl, OT aKyCTHYECKHX XapaKTepUCTUK dToro cios. B [1, 2] omumcansl
yIbTPa3BYKOBOM METOJ U amnmaparypa /s Hepaspyllaloollero KOHTPOJsS JeHCTBYIOIIMX
KOHTaKTHBIX HalpsHKEHUN B MHCTPYMEHTaX, IpeIHa3HAaYeHHbIX ISl XOJOJAHOTO J1e(hOpMUPOBAHHUSL.
NudopmaTuBHBIM apaMeTPOM SIBISIETCS aMILIUTY/]a CUTHAIA, OTPAXKEHHOTO OT KOHTAKTHOTO CIIOSL.

2. AkycTHYeCcKasi MO/ie/Ib MeTo/Aa

Axyctudeckass MOJAETh IS OTMCAHUS SIBICHUH, MPOUCXOSMIINX B KOHTAKTHOW 30HE MpPH
Harpy>KeHUH IUIOCKOMApaJUIENIbHBIX IJIACTHH, pa3paboTaHa ¢ y4eTOM TPHUOOJOTHYECKHX SBIICHHM
[3, 4], ocoGeHHOCTEH pacmpocTpaHEHUs YIPYTMX BOJH B MOPHUCTHIX Marepuanax [5] u Teopuu
pacnpocTpaHeHus: yIpyrux BOJIH B CIOMCTBIX cpenax [6].

Ha miockyro TpaHuWIly JBYX OJHOPOJHBIX H30OTPONHBIX Cpel C OIJMHAKOBBIMHU
aKyCTUYECKUMHU CBOMCTBAMHU TIaJaeT MPOOJbHAs yrpyras BojHa. LllepoxoBaTocTh MoBEpXHOCTEH
KOHTAKTHPYIOIIMX CpEeJ NPUBOAUT K OOpa30BAaHHMIO KOHTAKTHOW 30HBI, pa3Mep KOTOPOWM
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3HAYUTEIIPHO MEHbILIE Pa3MEpPOB COIMPHUKACAIOIIMXCS CPeJ W JJIUHBI BOJNHBI. W3-3a Hanuuus KOH-
KOHTaKTHOM 30HBI IPOUCXOIUT YACTUYHOE OTPAXKEHHUE U MPOXOXKJIEHUE YIIPYroil BOJIHBI BO BTOPYIO
cpeny. AMIUIUTYIbl NAJAOMIMX U OTPAKEHHBIX YOPYTHX BOJH 0003HA4YEHBI COOTBETCTBEHHO A U
Ao, mpuueM Ay = AR, R — k03 UIIUEHT OTpaskeHUs CJIOS.

[Ipu uccnenoBaHuM KOHTaKTHBIX SIBJICHUM B TpeX IUIACTUHAX, MOJBEPIHYTHIX MEXaHUYECKOMY
ne(popMUpPOBaHNIO, HHYOPMALIMOHBIMU CUTHAJIAMHU SIBJIFOTCSL:

Ao = AR1,2; (1)
Aoo=AD;2D: R; 3,

rae R;r — ko3pduuueHT oTpakeHUs OT KOHTAKTHOTO CJIOS MEXKJIYy HiacTUHAMU [ U Kk,
Di 2, Dy — x03hPULIHMEHTH TPOX0XKIEHUS YIbTPa3ByKOBbIX BOJH Ha rpanHumax 1 m 2, 2 u 1
macTuH. [Ipy OTCYCTBMM KOHTAKTHOIO CJIOS cHuTaercs, uto R = 1 u A = Ay. Apo — aMIumTya
OTpPaXEHHOT'O CUTHaja Ha rpaHule 2—3, R; 3 — KOOQPUIIMEHT OTpaXkeHusl Ha rpaHuLe 2-3.
CornacHo [6], 1 ciy4as HOPMaJIBHOTO MAJEHHs YIPYroil BOJHBI Ha CJION 3aBUCUMOCTD
aMIUIUTYIHOTO KO3 dUIMEeHTa OTpaXeHust R OT €105 OIMCHIBAETCS CJIETYIOLIUM BbIPAKEHUEM:

B (mZ _ 1)2
4mietgnd. f /e, +(nt +1)° 2)

TJI€ M = Zy/Z; Zx = PxCx; Z = PC — AKYCTUUECKHE CONIPOTUBIIEHUS; Px, P, Cx, C —TUIOTHOCTU U CKOPOCTH
pacrnpocTpaHeHus YIPYTruX MPOJ0JIbHBIX BOJH B KOHTAKTHOM CJIO€ U B MPUJIETAIOIUX CPEeJax;
f — dacroTa ynpyroil BOJIHBI; Ox — TOJIIIMHA KOHTAKTHOI'O CJIOSI.

Cnoit mexny cpemamu 1 u 2 paccMarpuBaeTcs Kak IOpPUCTas Cpela, COCTOsIas u3
CTaTHUCTUYECKON COBOKYIHOCTH YHPYrux wyactuil. Eciau co CTOpPOHBI NpuUierarmlux cpea Ha
IPAHUYHBINA CIIOM AEWCTBYET PAaBHOMEPHO pACIpEICIICHHAs cuia P, U3MEHAIMAascs OT HyJIsd [0
3aJJaHHOTO 3HaueHus P, TO NPOUCXOIUT H3MEHEHUE AaKyCTUYECKHX XapaKTEepPUCTHUK CJOf,
pPaBHOMEpHOE IO BCEH €ro MPOTsDKEHHOCTU. BenuunHa cuibl Py Bceraa MOKeT ObITh BHIOpaHa Tak,
YTO aKyCTUYECKHE IapaMeTpbl MpHUIIEralouuXx cpel OyAyT ocTaBaThbCs MOCTOSHHBIMU IpHU
neictBun cuiibl P < Pj. llepegada naBiieHWsT 4epe3 TPAaHUYHBIA CJIOW peanusyercs 4Yepes
MHOKECTBO €IMHUYHBIX KOHTAaKTOB TUCKPETHBIX YACTHUI[ CJIOS, IPUYEM JaBJIEHUE B ITHX TOYKaX
KOHTaKTa 3HAYUTEJIbHO MPEBBIIIAET BEIUUYUHY CPEAHETO JaBJIEHUSI HA KOHTaKTHBIN cioi. CorjaacHo
COBPEMEHHBIM IPEACTaBIEHUAM O J1e()OPMHUPOBAHUN HAIPY>KEHHOTO KOHTAKTHOIO CJIOSI B YCIIOBUSIX
TpeHHs NoKos [3, 4] ero ylioTHEHHE MPOXOIUT B TPU CTAJUU: YIJIOTHEHHUE M3-3a CKOJIbKEHUS U
nepopMUPOBaHUS KPYITHBIX HEPOBHOCTEH, YINIOTHEHHE 3a CUET Ae(hOPMHUPOBAHUS MIPUKOHTAKTHBIX
obracTteil W YIUIOTHEHHE TpU JePOPMHUPOBAHMM OOJBIIUX OO0BEMOB cllosi. B cioe neicTByroT
KOHTaKTHbIE HANPsHKEHUsI 6 = P/s, TJie § — IUI011a/ib KOHTAaKTUPYIOUIUX MIIaCTHH.

Crnoil xapaktepusyercs TOJIIUHON (8), MOPUCTOCTHIO (p), MIOTHOCTHIO (P) U CKOPOCTHIO
pacnpocTpaHeHusi MPOJAOJIbHBIX ynpyrux BoidH (c¢). WHpexkcel 0 M X  COOTBETCTBYIOT
XapakTepUCTUKAM HEHArpy)XE€HHOTO CJOs W i CJosl C TMPUIOKEHHOW Harpy3koun P
COOTBETCTBEHHO. [[1s1 MOPHUCTBIX Cpell 3aBUCUMOCTH MEXKJIY aKyCTHUECKHMHU XapaKTepUCTHUKaMU
MOYHO BBIPA3HUTh CICTYIOIINM 00pa3oM:

¢ =c/(1 —apy), co=c/(1 —apy),

(3)
px = p/(1 —py), po = p/(1 — po),
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rac a — IMNOCTOsIHHAs BCJIWYHHA, OIPCACIIICMas SKCIICPUMCHTAJIbHO. I/ICCJ'[C)IOBaHI/Ie N3MCHCHUA
FCOMETPHUUCCKUX XaPAKTCPUCTUK KOHTAKTa ABYX MICPOXOBATBIX CPCI B YCIOBUAX HAIPYKCHUA
MOKA3bIBAET,YTO TOJIIMHA CJIOSI H3MEHSETCsI 110 3aKoHy [3, 4]:

8= do[1 — F(P)]. )

OyHKIMOHAIbHBIE 3aBUCUMOCTH F(P) MOIydeHbl SKCIEPUMEHTAIBHO IS CIIy4aeB KOHTAKTa
JBYX Cpe€I C pa3IuyHOM IIEPOXOBAaTOCTBIO M BOJHHUCTOCTBIO, JUISL CpPeA C Pa3IMYHBIMHU
MEXaHUYECKUMHU XapaKTEpPUCTUKAMU B YCJIOBHUSX YIPYroro M IJIACTUYECKOTO Je(OpMHUPOBAHUS
IIPU OJTHOKPAaTHOM M MHOTOKPAaTHOM HarpyxeHuu. CienoBaTenbHO, 3Ta (QYHKIUS W3BECTHA, €CIIU
MMEIOTCSl JTAaHHBIE O MEXaHUYECKUX XapaKTEPUCTHKAX MPWIETaloluX Cpel, MHKPOTr€OMETPUU
KOHTaKTHUPYIOUIUX IOBEPXHOCTEN M pexumax HarpyxeHus. ToJmHa ciost Op OIpenensiercs
UCX01 U3 cooOpakeHuil [3, 4] Ay pa3IuyYHBIX CIIy4aeB KOHTAKTHOTO B3aUMOICHCTBHSI.

B mnpouecce nepopmupoBaHus KOHTAaKTHOTO CJIOSI M3MEHSIOTCS TOJIIMHA M MOPHUCTOCTh
ciosi, a ero macca coxpansierca. CienoBaTelIbHO, A KOHTAKTHOTO CJIOSl MOXKET OBITh 3alMCaHO
CJIEIYIOLIEE PABEHCTBO:

px8x: p080. (5)

[Tocne moacranoBku (3) u (4) B (2) 3aBUCHUMOCTH TIOPUCTOCTH, IIJIOTHOCTH M CKOPOCTH
pacpoCTpaHEeHHs YIPYTUX BOJIH B CJIO€ OT MPHJIOKEHHON HArpy3KU MPUHUMAIOT BU/I;

px = pA/B, px=1—A/B, c= cB/M,

(0)
A=1-p,, B=1-F(P), M=B(1—a)+ad.

AMIUIUTYAHBIA KO3(D(QUIMEHT OTpa’keHUsl YIPYrux BOJH OT KOHTAKTHOIO CJIOS, C YYETOM
CIEJIaHHBIX MPe0oOpa3zoBaHUi, OTIpenesieTcs mo Gopmye:
- ( A2 — Mz)z -
AA4M ct@2noM [ c+ (A + M?)

Ha puc. 1 mnpencraBmeHa dYacth pe3yJabTaTOB pacdyeToB H3MEHEHHs Kod(duimenrta
OTpaXeHUsI YIpyrux BoJIH AR 1Jis ciiydas I1acTUYeCKOro 1e(OpMUPOBAHUS KOHTAKTHBIX oOiacTei
B YCJIOBMSIX OJHOKpATHOro HarpyxeHus. KpuBble naHbl 1 pa3inuuHbiX yactoT (3, 6 u 12 MI'n)
YIOPYTUX BOJIH, Ui Pa3jMYHBIX CTENEHEW IIEePOXOBATOCTH KOHTAKTUPYIOUIUX IMOBEPXHOCTEH U
TOJILIMH KOHTAKTHOTO CJIOSI O U OPUCTOCTHU MPHU YCIOBUHU, YTO IIEPOXOBATOCTH KOHTAKTUPYIOIINX
ITIOBEPXHOCTEN OJJMHAKOBA.

Ha puc. 2 npexacraBnena pacuetHast 3aBucumMoctb AR = F(o) ans ciydas OAHOKPAaTHOTO
Harpy)XeHusi TuIocKomapauienbHbx miaactul u3 cranud 40X u X12M tBepnocteio 40 — 50 HRC.
Pacuersl crienanbl A 4acTOTHl YnbTpa3BykoBoro curHana 12 MI'm, 6o = 9,4 mxm u po = 0,55.
Toukamu 0003HAUEHBI PE3YJbTATHl AKCHEPUMEHTa omnpenesneHus AR mpu HarpyK€HUU MSATH Hap
IJJACTUH. Paszinune sKCIIepuMEHTAIbHBIX U PACYETHBIX JaHHBIX He npespimaet 0,2 nb.
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Puc. 1. U3meHnenune koapduimenta otpaxeHuss AR nmpu Harpy3Kke IUIaCTUH B 3aBUCUMOCTH OT
YacTOTHI f, TOJIIMUHBI CJIOSI O U MOPUCTOCTHU p

AR, nb

| \ | | |
0 200 400 600 800 o, MMa

Puc. 2. KanubpoBounas kpuBast AR = F(c) 1u1st KOHTakTHOTO ciosi cranu X12M u cranu 40X

AHanu3 TMOJYy4YEHHBIX PE3YJNbTATOB IOKA3bIBAET XOPOILIEE COBIIAJEHUE PACUETHBIX U
JKCIIEPUMEHTAIIBHBIX JaHHBIX, YTO JAeT OCHOBAaHHWE MCIOJIb30BaTh IMPHUHATYI0 aKyCTHYECKYIO
MOJENIb B OKCIEPUMEHTaxX, CBA3aHHBIX C [OJyY€HUEM KaJIMOPOBOYHBIX 3aBHUCUMOCTEH Jyis
OTpe/ieNieHUs] IeUCTBYIOINX KOHTAKTHBIX HANPSHKEHUH B MHCTPYMEHTAaX Ui XOJOJHOW 00BbEeMHOM
nedopmanuu.

Hcxons w3 monydeHbIX pe3yJbTaTOB MOXKHO PEKOMEHJIOBaTh ONTHMHU3AIMIO BbIOOpa
paboynx YacTOT C ILEJbI0 YBEJIUYEHUS YYBCTBUTEIBHOCTU YJIbTPAa3BYKOBOIO HEpa3pyLIAIOIIETO
METO/Ia ONPEEIEHUS KOHTAKTHBIX HAIPSLKEHUI.

3. Annaparypa. Meroauka. Pe3yabTarsbl

Ha puc. 3 npencraBinena OJok-cxeMa pa3paOOTaHHOW CHEIUATM3MPOBAHHON ammaparypbl
KOHTpOJISl OaHJaXKUPOBAHHBIX HWHCTPYMEHTOB [UIsl M3roTOBJiEHHUs OonroB. OHa BKIIOYAET
yIIbTPa3BYKoOBOM Jieekrockon (/) ¢ yapTpa3BYKOBBIM IpeoOpazoBareneM (2), 3JIeKTpOABUraTeNlb
(3), cuaxXpoHH3aTOp PaOOTHI dJEKTpoABHUTATENS (4) W PETUCTPUPYIOIIEE YCTPOUCTBO (J).
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KoHTponupymblii HMHCTPYMEHT 3akpeIuisieTcsi Ha HalpaBisfloUMX B CTOiike. Amnmaparypa
oOecrieunBaeT  BpallaTeIbHOE JBUKEHHE MHCTPYMEHTAa M  IOCTYNaTeNbHOE  JBU)KEHHE
yIBTPa3ByKOBOro mpeoOpaszoBarend. C IeM0 MOBBIIIEHUS TOYHOCTU H3MEPEHHUs IapaMeTpoB
OTPAKEHHOT'O OT KOHTAaKTHOI'O CJIOSl YJIbTPa3BYKOBOI'O CUTHAJIA PEAJIM30BAH IIEIEBON KOHTAKT B
JIOKaJIbHOM MMMEPCHOHHOM BaHHE MEX]ly peoOpa3zoBaTeieM U 00beKTOM KOHTpoJisi. CrenunanbHas
cXeMa perucrpanuu odecrneduBaeT U3MEPEHUE aMIUIMTYIbl CUTHAja C MOTPELIHOCTBIO He Oolee
0,005 mB. VYmnpaeneHne MeXaHW3MOM HW3MEPHUTEIBHOIO CTEHJA, PEruCTpalMs H3MeEpPSAEMbIX
[apaMeTpoB M OIPEJEICHUE KOHTAKTHBIX JaBJICHUI MO 3apaHee BBOJUMBIM KaluOPOBOYHBIM
3aBUCHUMOCTSIM JUIsl KOHTPOJIUPYEMBIX OJTHO- U JIByXOaHJAaXHBIX HHCTPYMEHTOB OCYIIECTBIISIOTCA C
ITOMOIIBIO IEPCOHAIBHOIO KOMIIBIOTEPA.

Puc. 3. binok-cxema ycTaHOBKH KOHTPOJIsS OaH/1aXKUPOBAHHBIX HUHCTPYMEHTOB Il U3TOTOBJICHUS
00NTOB:
I — ynpTpa3ByKoBOil 1eeKToCcKoI, 2 — yabTPa3BYKOBO peoOpa3oBareib, 3 — IEKTPOABUraTENb,
4 — cUHXpOHU3aTOP PabOThI AIEKTPOABUTATEINS, 5 — PErUCTPUPYIOIIEE YCTPONUCTBO

Ha puc. 4 u 5 npencraBieHbl pe3ylbTaThl pacHpe/ieieHUs KOHTAKTHBIX MEXaHHYECKUX
HaNpsDKEHUH OJHO- M JIBYXOaHAAa)KHOTO MHCTPYMEHTa COOTBETCTBEHO. OO03HAYEHUS Gbb U Gb.m
OTHOCSTCSL JJIsl paclpeiiesieHus] HalmpsDKeHUH Ha rpaHunax OaHjaxk—OaHJax M OaHJak—MaTpulia
COOTBETCTBEHO.

o, MMNa
1500
S

1

Puc. 4. PacnipenienieHrie KOHTaKTHBIX MEXaHUYECKUX HANPSLDKEHUN B 0JHOOAHJa)KHOM MHCTPYMEHTE
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Puc. 5. Pacnipenienenrie KOHTaKTHBIX MEXaHUYECKUX HAIPSHKEHUM B IBYXOaH/1aXXHOM UHCTPYMEHTE:
Gb-b — VIS PacIpeesIeHHs] HallpsKEHUI Ha rpaHuLax 0aHaak—0aHIaX, Gp-m — JUIS paclpelelIeHUs
HaIpsDKEHUH Ha rpaHuIiax 0aHJax—MaTpula

4. 3akJaoueHue

Pazpaborannass meTonuMka | ammaparypa 3allUIleHbl TaTEHTAaMU W BHEAPEHBI Ha
CIICLIMAIM3UPOBAHHBIX 3aBojax B bonrapum, Poccum u Benrpuu. YnpTpasBykoBas ammaparypa
OblJIa OTMEYEHA 30JI0TOM MEIaJIo Ha spMapke B Jlenmnure.
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The quality of finished products is determined at the stage of compaction. High-pressure
cold compaction sometimes fails to provide the coalescence of VT-22 high-strength titanium alloy
powder particles. Particle coalescence is governed by mechanical characteristics, the spherical par-
ticle shape and hard oxide on the particles of the VT-22 powder. This results in the low strength
workpieces. To ensure the strength of a compact, powder additives with more plastic properties are
used. Simulation is applied to find an optimum additional powder and its volume. The process of
compaction is simulated with the use of a representative volume element for a composite made of
the VT-22 and PTM-1 powders. The forming and coalescence of particles are represented in uni-
form triaxial and uniaxial compression. It is shown that the increase in the percentage of VT-22 to
more than 50 % in the mixture prevents the uniform spreading of the more ductile component PTM-
1. The parameters of the modified Drucker-Prager Cap model are identified for 50/50 and 75/25
VT-22 and PTM-1 powder composites. Compaction in a closed container is simulated. Problems
are solved with the application of program packages developed for Abaqus. Experiments on com-
pacting and breaking workpieces made of the pure powders and their two mixtures are made to val-
idate the adequacy of the solution results.

Keywords: powder, titanium, compaction, simulation, coalescence of powder particles.
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MOJAEJIUPOBAHUE ITPOLHECCOB KOMITIAKTUPOBAHUSA TUTAHOBBIX KOMIIO-
3UTOB U3 NOPOIKOOBPA3HOI'O CbIPbA
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[Ipemyioxena Mo1eIbp KOMIO3UTHOTO MaTeprayia. BeImoHeHO IMUTAIIMIOHHOE MOJISITUPOBa-
HUE TPOIlecca KOMIAKTUPOBAHUS MOPOIIKOBOTO KOMIIO3MTA COCTOSIIEr0 M3 YaCTHI[ TUTAHOBOTO
cruiaBa BT-22 u tutana mapku [1TM-1 ¢ ucnons3oBanueM sU€KH MPEACTAaBUTEIHLHOTO 00BbeMa.
Pemrens 3amaun garoniue mpeacTaBiIeHUS O (OPMOU3MEHEHUH YAaCTHIl M YIUIOTHEHUHU TIPH PaBHO-
MEpPHOM BCECTOPOHHEM M OJHOOCHOM Cxkatwu. OmpeneneHsl mapaMeTpbl Mojaenu Tekydectu Jpy-
kepa—IIparepa s onucanusi CBOMCTB MOPOIIKOBOTO KOMIIO3UTA, U C €€ MCIOJIb30BAaHUEM pEIlICHA
3a/1aya KOMIAKTUPOBAHUS B 3aKPBITON mpecc-hopme. JlaeTcs ornieHKa “‘ChIpoil” TPOYHOCTH OpHUKeTa
Y ONHMCAaHWE MEXaHU3Ma CXBAThIBAHUS YACTHIl IPH MOACIUPOBAHUU JAePOPMALINH SUYEHKH TIPEICTa-
BHUTEJIBHOTO 00BheMa KOMIIO3UTHOTO Matepuaia. JJis pemenus 3aaa4 pa3paboTanbl MOAYIIH JJIS TH-
OpUIHOTO MOJCIHUPYIONIETO KOMILIEKCa. AJCKBATHOCTh PACYETOB MOJTBEPXKIACHA MPOBEICHHBIMHU
AKCIIEPUMEHTAMH 110 KOMITAKTUPOBAHUIO U OCAJIKE OPUKETOB YMCTHIX MOPOIIKOB U UX CMECH B JABYX
COOTHOIIICHUSX.

Knrouesvie cnosa: nopowiok, muman, KOMNaKkmupogarue, MOOEIUPOBAHUE, CXBAMbIBAHUE
yacmuy.

1. BBenenue

[TopomikoBasi METAJLTYpTHs SIBJSETCS OJHUM W3 SKOHOMHUYHBIX METOJIOB TIPH MPOU3BOJICTBE
W3/IeNIMNA U3 TUTAHA M TUTAHOBBIX CIUIABOB I adPOKOCMHYECKONW M aBTOMOOMIILHOM MPOMBIIILICH-
HocTH [1]. KomnaktupoBaHue MexaHMUECKONW CMECH MOPOILIKOB — OJMH U3 CIIOCOOOB IMOJIyYEHUs
W3/IeTIUNA U3 TUTaHa, COYETAIONIUH SKOHOMUYHOCTD U YIOBJIETBOPUTEIBHBIC JIJIT MHOTHX OOJjlacTei
MIPUMEHEHHSI MEXaHUUYECKHe CBOMCTBA rotoBoro m3aenus [2—4]. KadecTBo rotoBbIX M3IEIUil BO
MHOTOM OTIPEENISICTCS] Ha CTaJANH KOMIAKTUPOBAHUS, TIPU ITOM MPOYHOCTH MPECCOBOK OTpPEIeIs-
€TCsl CIIOCOOHOCTHIO YaCTHI] CXBATHIBATHCS MEXKYy COOOM, 3TO B CBOIO OYEPEIb 3aBUCHUT OT MEXaHH-
YECKUX XapaKTEPUCTHUK MaTepHaia 4acTHIl, (GOPMBI U COCTOSHHUS TMOBEPXHOCTH YAaCTHI] MOPOIIKA.
[Ipu X0M0IHOM KOMITAKTUPOBAHUU MOPOIIKOB M3 BBHICOKOMPOYHBIX CIUIABOB THUTaHA C MPABUIBHOU
chepudeckoit (hopmMoil "acTuil Jaxe MpH JOCTATOYHO BHICOKOM JaBJICHUHM HE BCeraa oOecrednBa-
€TCSl CXBAThIBAEMOCTb YaCTHUIl MeXTy co0oil. [lomydaeMblie KOMITAKTBI UMEIOT HEBBICOKYIO CHIPYIO
MPOYHOCTh W Pa3pyILICHUE O TpaHUIlaM YacTuil mopomka. [ToBeIIIeHNne MPOYHOCTH KOMIIAKTa J0-
CTUTAETCS CO3/IaHMEM KOMIIO3UTa C MCIOJIb30BAaHUEM B Ka4eCTBE J00aBKHM 0o0Jiee MIaCTUYHOTO Ma-
tepuana [5—7]. Mcnonp30BaHue TOPOTOCTOSIIUX J0OABOK MOXKET 3HAYUTEIHHO MOBBICUTH MEXaHHU-
YECKUE XapaKTEPUCTUKH TOTOBOTO U3CIIUS, OJHAKO TPEOYETCs MO 100p ONTUMATIBLHOTO MPOIICHTHO-
ro COACP)KaHUSI C TOYKH 3PEHHUS €ro AKOHOMHUYECKOW 00OCHOBaHHOCTH. J[Jis ompesesieHusl OnTH-
MaJIbHOTO J00aBOYHOTO MaTepuaia u ero 00beMHOT0 CoJIepKaHusl HEOOXOIMMO MPOBOJAUTH JOCTa-
TOYHO OOJIBIIIOE KOJTUYECTBO IKCIIEpUMEHTOB. [Ipu 3TOM He Bceraa ynmaercs onmpoOoBaTh BCE MaTe-
pHuaibl, KOTOPbIE MOTYT HCIIOJIB30BaThCS B KadecTBE J00aBOK. COKpaTUTh KOJMYECTBO JKCIEPH-
MEHTOB BO3MOJKHO C MPUMEHEHUEM COBPEMEHHBIX CPEICTB KOMIBIOTEPHOTO MOJAEIUpOoBaHus. Mo-
JETMPOBAHKE TPOIECCOB ACPOPMHUPOBAHUSI KOMIIO3UTHBIX MAaT€PUAIOB TMO3BOJISIET MPECKA3bIBATh
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MEXaHUYECKUE CBOMCTBA W3JENUNA 10 (AaKTUYECKOTO MPOU3BOACTBA M MCIBITAHMS, YTO CHUYKAET
OOLIYI0 CTOMMOCTb ¥ BPEMsI IPOU3BOICTBEHHOTO IUKJIA.

JU1sl IpOEKTUPOBAHUS M AHAIM3Aa CTPYKTYPbl KOMIIO3UTHBIX MAaTEPHAIOB M KOMIIO3UIMOH-
HBIX JIeTaJed B HACTOSILEE BPEMS CO3JAI0TCA MPOrPaMMHBIE CUCTEMBI, IIPEHA3HAUYECHHBIE ISl KOM-
IIBIOTEPHOTO0 MOJEIMPOBAHNS M MH)KEHEPHOT'O aHAJIN3a KOHCTPYKLIHMM M3 KOMIO3UTOB. Takue cu-
CTEMbI OCHOBaHbl Ha COBPEMEHHBIX IIPOrpaMMax KOHEYHO-3JIEMEHTHOTO aHalu3a WIH SBISIOTCA
NOTOMHEHUSIMU K HUM. COBpEMEHHbIE CHCTEMbl MH)KEHEPHOI'O aHain3a BKIIIOYAIOT BO3MOKHOCTb
co3aBaTh MPOrpaMMHbIe UHTEpENCh (MOIYIH) Ul TapaMEeTPUUYECKOT0 PEIIeHUs ONpeeIeHHOM
3anaun. Habop nporpamMMHbIX HHTEP(HENHCOB, COOTBETCTBYIOIIUX ONpPeNeIEHHBIM UHKEHEPHBIM 3a-
nadam, pemtaeMbix ¢ momoinbio CAE-nmakera, 0cBOOOX1aeT KOHEYHOTO TOJIB30BATENSI OT TMPOXOXK-
JIEHHs BCETO TeXHoJiornyeckoro 1ukia padbotsl ¢ CAE-nakeTom, 4TO CyHIECTBEHHO SKOHOMUT Bpe-
M. JlJI MTH)KEHEPHOIro aHaiu3a U ONTHUMM3AIMH [IPOLECCOB IIACTUYECKOrO Je(OpMUPOBAaHUS He-
OJIHOPOJHBIX MaTepHUaJIOB pazpaboTaH psia MOJyJeH I CUCTEMbl HHXEHEpHOro aHaiu3a Abaqus,
00BbeAMHEHHBIN 000JI0YKOM, — THOPUIHBIN MOAETUPYIOIINNA KOoMILIEKC [8].

Jlia pemieHus 3aad MEXaHUKH J1eOpMHpOBaHUS YILUIOTHSeMbIX MarepuasioB B CAE-
CUCTEeMax JOCTYIHBI HECKOJIBKO Mojieseil TekyuecTu. OHaKo Ipyu MOJECIMPOBAHUY BO3HUKAET PsiT
npo0seM, 0JfHa U3 KOTOPBIX CBSI3aHA C BHIOOPOM PEOJIOTHUECKUX MOJeNIeH U UX UACHTU(UKAIHEH.
CH0KHOCTb ONUCAHUS PEOJIOTUYECKUX XapaKTEPUCTUK KOMIIO3UTHOTO MaTepualla elie BbIIIE U CBS-
3aHa C TE€M, YTO YaCTHUI[bl KOMIIO3UTa O0Iaal0T Pa3IMuYHBIMU MEXaHMYECKUMH CBOWMCTBaMu, Gop-
MOH M COCTOSIHMEM IOBEPXHOCTH. HemanoBaKHBIM aclieKTOM SIBISETCA M IPOTHO3 IPOYHOCTHBIX
CBOMCTB OpHKeTa Mocjie KOMIIAKTUPOBAHMS, 3/1€Ch BAKHYIO POJIb UTPAIOT BOIPOCHI CXBATHIBAHMS
MEK/ly YaCTULIAMH.

lenp naHHOM paboOThl — MpOBEpKa MPUMEHMMOCTH MOJENN SYEHKU MNpPeCTaBUTEIBLHOTO
o0BbeMa C perysipHON CTPYKTYpOH Ui MOJEIMPOBaHNUS MPOLiecca KOMIAKTUPOBAHHSI KOMIIO3UTHO-
ro MaTepualla, B 4aCTHOCTH KOMIIO3UTa Ha OCHOBE MOpomKa cruiaBa tutaHa BT-22 ¢ pasnuunbim
MIPOLIEHTHBIM COJIEpP)KaHHMEM KOMIIOHEHTOB MeXaHM4ecKoWd cMecu. JlaHHas Mojenb oToOpaxkaer
IIPOLIECC YIUIOTHEHUS IIPM PABHOCTOPOHHEM PABHOMEPHOM M OJHOOCHOM CKAaTHWHM. [l mporsosu-
POBaHUs MPOYHOCTHBIX XAPAKTEPUCTHUK ONPEIEIAIOTCS OCHOBHBIE 3aKOHOMEPHOCTH M YCIIOBHS Je-
(dbopMupoBaHUsl, HEOOXOAUMBbIE JUISI CXBATHIBAHUS YaCTULl MEX 1y co00i. [l ToCTUXKEHUS MOCTaB-
JIEHHOM LI€JIM PELIEHBI CIEAYIOIINE 3a0a4H:

1. IlocTtpoeHa MOZENb NMPENCTABUTEIBHON SYEHMKH IMOPOLIKOBOIO KOMIIO3UTAa C PETYIsIp-
HOM (HOPMO ISl pa3TMIHOTO COACPIKAHUSI KOMIIOHEHTOB MEXaHUYECKONU CMECH.

2. Ocy1iecTBI€HO MOJEINPOBAHUE BCECTOPOHHETO PAaBHOMEPHOIO M OJJHOOCHOIO CXKATHS
MOJIENH STYECHKH.

3. TlpoBeneHbl SKCIIEPUMEHTHI 110 KOMIAKTUPOBAHNIO MEXaHUYECKOW CMECH C Pa3IMUHbIM
MPOUEHTHBIM coJiepkaHueM nopoumkoB BT-22 u I[ITM-1.

4. C yderoMm 3KCIEpPUMEHTAJBHBIX JAHHBIX ONPEENIEHbl OCHOBHBIE (PaKTOPHI, ONpEaes-
IOLI[ME CXBAThIBAHUE YAaCTHUI] MEKy cOOO0M B Mpoliecce IIacTUYECKOro 1e(opMHUpOBaHHUSL.

5. OrmpezaeneHsl napameTpsl MOJAEIU MOPOLIKOBOTO MaTepHalia U OCYILECTBICHO MOJEIH-
pOBaHKE Mpolecca KOMIAKTUPOBAHHUSL.

2. MartepuaJ 1 MeTOAMKA

CrmnaB BT-22 oTHOCHTCS K CHIIBHOJIETUPOBAHHBIM BBICOKOIIPOYHBIM CIlIaBaM. YacTHIbI MO-
poliKa, moyueHHoro u3 crasa BT-22 pacnbuieHueM 1ia3mMoii, UMeOT Gpopmy, OJIH3KYI0 K chepu-
yeckoil (puc. 1 a), u rinagKyro NOBEpXHOCTh C OKUCHOM MJIEHKOM B MOBEPXHOCTHOM ciioe. [lopomok
n3 crutaBa BT-22 He mo3BoJIseT MOTy4YaTh IPECCOBKU JAX€E IIPU CPABHUTENBHO BBICOKHMX JaBICHUSAX
KOMITaKTUPOBAHMSL.
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a 0

Puc. 1. Mopdonorust yactun crinasa tutaia BT-22 (a) u Tutana mapku [1TM-1 (6)

OcoOennocts Mopdonorun nopomka BT-22 nmius obecriedeHus: mpeccyeMocTH TpeOyer
BHEJIPEHHUS B KauecTBE J00aBOK MOPOIIKOB C Pa3BUTON MOBEPXHOCTHIO U 00Jiee MATKUMU IUIACTH-
YEeCKMMH CBOMCTBaMH, KOTOPbIE€ JOJDKHBI CIIOCOOCTBOBATH CXBAaThIBaHHMIO 4acTull. B kadectse jio-
0aBKU BbIOpAH TUTAaH, NOJYYEHHBIH T'MJIPUAHO-KAJIbLUEBBIM criocoboM, — IITTM-1, koTtopslil 0THO-
CUTCSI K BOCCTAHOBJICHHBIM MOPOILIKAaM TUTaHa U CIUIABOB, UMEIOUINX HEMPAaBUIbHYIO (HPpErysp-
Hy10) popmy (puc. 1 6) U pa3BUTYIO MOBEPXHOCTb YACTHII, OJiarojgaps 4yeMy HOPOIIKU OTIMYHO
(bopMyIOTCS IPU CPABHUTENLHO HU3KUX JIABJICHUSIX KOMIIAKTHPOBAHMUSL.

[IpuMeHenne sueek mpeacTaBUTEeIbHOTO oObeMa [9—11] mansg maeHTHGUKAIMU peosIoruye-
CKHUX MOJIEJICH MOPOIIKOBOIO Tejla OMKMCcaHo B padoTtax [12—-13], ogHako JaHHBIE MOACIN TPUMEHS-
JUCh Ul MOHOTIOPOLIKOB. KOMIIO3UTHI SIBJISIFOTCSI T€TEPOr€HHBIMU CpEeAaMM, MUMEIOLIUMU OoJiee
CIIOKHYIO CTPYKTYPY M CIJIOKHO€ MOBEJCHHE IpU IUIACTHYECKOM J1e()OpPMHUPOBAHUM, U COOTBET-
CTBEHHO TpeOyeTcsl MPeUI0KUTh HOBYIO MOJENb stueiku. [l uccieqoBanus IpoLeccoB YIJIOTHE-
HUS U CXBATbIBAHUS YACTHI] MEXIy COOO0M MpeaokeHa MOJENb STUEUKH MPe/ICTaBUTEIBHOTO 00be-
Ma KoMmrio3uTa (puc. 2 a). [ns ynpoiieHus, HeCMOTpPsSI Ha UPPETYIAPHYIO GOPMY YaCTHI] MMOPOIIKA
[ITM-1, B Monenu ucroJib3yeTcsi IpaBwiibHas cpepuyeckas popma, kak u y yactun BT-22. Mo-
JeNTb TOCTpoeHa Jytst yactull AuameTpoM 100 MM, Tak Kak (GU3MIECKUE IKCIIEPUMEHTHI POBOIUIIN
Ha nopouikax [ITM-1 u BT-22 ¢pakuuu 100. Ilonydyennas stueika umeet pazmep 100x100x100
MKM U COCTOUT U3 8 wactei: 1/8 kax o u3 yactwil, mo 4 gactuibl u3 marepuaioB BT-22 u [ITM-1
i MonenupoBanus cocraBa BT-22(50%)+I1TM-1(50%) (puc. 2 6), u 6 yactuu BT-22 u 2 vactu-
bl [ITM-1 ana mogenupoBanus coctaBa BT-22(75%)+I1TM-1(25%) (puc. 2 8) B kauectBe usea-
JU3alUU TPUHUMAETCS CAMMETPUYHOE PACIIOI0KEHUE YaCTHII.

HavanmpHast oTHOCHTEIbHAS IUIOTHOCTH SIMEHKH COCTaBISCT Pory—0,524. B ciryuae paBHO-
MEPHOI'0 OJHOOCHOI'O CXAaTHsl sSUelKa paBHOMEPHO COKMMAETCS a0COJIOTHO YKECTKUMHU MOBEPXHO-
CTSMH JI0 OINPENIEIEHHOTO NEePEMEILEHHUS C TPEX CTOPOH C MOCTOSIHHON CKOPOCTHIO, OCTAJIbHBIE
3 CTOpOHBI OrpaHHUYEHbl B NepemelleHuu. [Ipu 0JHOOCHOM CHKaTUM SYelKa CKUMAETCsl C OJJHOM
CTOPOHBI, 5 CTOPOH OTpaHHUYEHBI B MepemelieHuu. [Ipu 3ToM uMuTHpyeTcs BO3IEHCTBUE OKpYXKa-
IOLUX SYEHKY COCEIHUX YaCTHIl IPH KOMIAKTUpoBaHUH. CHUJIbI TPEHUS MEX]Y IUIOLIaJAKaMHU KOH-
TaKTa s/MEeUKHU M BCIIOMOTaTEIbHBIMU [TOBEPXHOCTSIMU HE YUUTHIBAJIUCH. TpeHHE MEXKIY YaCTHUIIAMHU

3a/1aBaJIoCh 10 3akoHy KyroHna.
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a 0 8

Puc. 2. Monens siueiiku peAcTaBuTEILHOTO 00BeMa JIsl KOMITO3UTa (@) € COIepKaHUEM
BT-22(50%) + IITM-1(50%) (6) ¢ conepxxkanuem BT-22(75%) + [ITM-1(25%) (8)

[Ipr UMUTAIMOHHOM MOJETMPOBAHWU 3a CUET M3MEHEHUSI 00bEMa MOP BapBUPYETCS OTHO-
cuTeNbHas TIOTHOCTH B uHTEpBase 0,524...0,995. OTHOCHUTENBHAS TIFIOTHOCTh PACCYUTHIBACTCS Ue-
pe3 mepeMeneHre TpalHu TYeHKH ¢ 1o Gpopmyram:

— B CIIy4ae PaBHOCTOPOHHETO C)KaTHUs

p = Vs Rg
omn 6 u R (1)
(Ro _*)3
2
— B CJIy4ya€ OJHOOCHOI'O CXKaTusa
T R
pomn - (2)

6 u,-
(R =)

rae Ry — Ha4aJIbHBIN painyC YacTHIl, ¥ — IEPEMEILICHUE TPAHU TYEHKHU.

Marepuan 4acTui] KOMIO3UTa 00JIalaeT YIPYyro-rjacTUYeCKUM CBOWCTBaMH. MexaHude-
CKHE€ CBOMCTBAa YaCTHUIl 3aJIal0TCs C UCIMOJb30BaHueM monenu J[xoncona-Kyka [14]. [Tapamerps
MOJIENIM MaTepuala OIpe/ieieHbl 10 KPUBBIM TEUEHHUS U3 JUTepaTypsl [15] u ¢ ucnonbszoBaHueM
MOANPOrpaMMbI THOPHUIHOTO MOJIEIIMPYIOLIETO KOMILIEKCA.

Jis pemieHust 3a1a4 YIIOTHEHUS, IPOTHO3WPOBAHUS TIPOYHOCTH M HACHTU(UKAIIIH MOICITH
TEKY4eCTH KOMIIO3UTHOTO MaTepuaa ¢ UCIOIb30BAHUEM MOJIENIN SUEHKHU MTPEICTaBUTEIBHOIO 00b-
emMa pa3paboTaH MPOTPAMMHBIM MOJIYNb JISi CHCTEMBbl KOHEYHO-3JIEMEHTHOTO aHanmm3a Abaqus,
BXOJISIIIIETO B THOPUIHBIN MOICTUPYIOIIUNA KOMIUICKC.

Jnst onMcanus peosIoTMYecKOro TeYeHHs IOPOIIKOBOM Macchl UCNOJIb30BaHa MOAU(ULIUPO-
BaHHas Mozenb Tekydectu Jpykepa-IIparepa. Mcronp30BaHne MOAEIH TEKYYECTH MO3BOJISIET MO-
JIeIUPOBaTh KOMIIAKTUPOBAHNE U3ACIUIN CI0XKHOU (POPMBI, ONIPENEISITh HAIPSHKEHHOE COCTOSIHUE B
KaKJ0M Touke AeQOopMUPYeMOM 3arOTOBKH, XapakTep W KapTUHY TEUEHUS MaTepualia, pacCUUThbI-
BaTh ONTHMAJbHBIE TEXHOJIOTHYECKUE yCHius. VaeHTUHUKAIMS YCIOBHS TEKYyYECTH IPOM3BOIH-
Jach Ha OCHOBE IOCTPOEHHUS JEMHUCKATHI MO XapaKTEPHBIM TOYKaM, MOJIYYEHHBIM MOCPEICTBOM
MMUTAMOHHOTO MOJIENIUPOBaHUs JeopMaluy STYEHKU MPeICTaBUTENbHOro o0bema. [ uneHTu-
¢dukanuu mapamMeTpoB B paboTe Hcmosb3oBasiack MeToauka [13]. Jns onpeneneHust XapaKTepHBIX
TOYEK M ONMCAHUS CBOMCTB IMOPOIIKOBOTO MaTE€pHala ¢ HCIIOJIb30BaHHEM MOAU(DUITUIPOBAHHON MO-
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nemu tekydectu [pykepa-Ilparepa tpebyercs cmonenupoBath aeopManuu sUEUKH MpU PaBHO-
MEPHOM BCECTOPOHHEM U OJTHOOCHOM CKaTHUH.

)\

™~

W
< Sl< >ib ©
= m

Puc. 3. 'eomerpuueckas unteprnperauus DPC Moznenu B MI0CKOCTH G — T HOPOLIKOBOTO MaTepuaa

Ha puc. 3 npencrasiiena reomeTpuueckasl HHTEPIIPETalus B INIOCKOCTH G — T ( G — cpe/iHee
HOPMaJIbHOE HaIpsDKEHUE, T — UHTEHCUBHOCTD HalpsDKEHUN caBura). Touku, MoydeHHbIE B XOJ€
MMUTAMOHHOTO MOJIEIUPOBaHuUs AepopMmanuu sUeHKU IMPEeACTaBUTEIBHOTO 00beMa, COOTBET-
CTBYIOT HANPsHKEHHOMY COCTOSIHUIO: @ —OJIHOOCHOTO CXKaTwsl, b — BCECTOPOHHErO0 PaBHOMEPHOIO
cxatus. [lo Tpem ToukaMm, BKIIIOYas HA4aja0 KOOPAUHAT CTPOUTCS JeMHuckara bepnymnu. Jlemuuc-
Kata [ WCHOJB3yeTCsd B KAue€CTBE MOJEIH allPOKCUMHUPYIOLIEH KpUBYHO TekydecTu Jlpykepa-
[Iparepa 2, ¢ TOUHOCTBIO MPUEMIIEMOM JIJIsl MH)KEHEPHBIX pacueToB. Ha puc. 3 orpaxeHna oTinyu-
TeJIbHasi 0COOCHHOCTh MOPOUIKOBBIX MAaTEpPUAJOB B CPAaBHEHUU C MOPHUCTHIMH MaTepHaIaMy —
PABEHCTBO HYJIIO IIPe/ieia TEKYYECTH Ha BCECTOPOHHEE PACTSKEHUE.

3. Pe3yabTarhl M 00CyKIeHHE
3.1. Hmumayuonnoe moodenuposanue npoyecca 0epopmuposanus A4eiuKy KOMno3uma

Ha puc.4 npencraBiensl sueiku mocie aedopMaiii Mpyd paBHOMEPHOM BCECTOPOHHEM H
O0JTHOOCHOM CxaThu. OJTHOOCHOE C)KATHE STUCUKH OTPaKAET COCTOSIHUE YACTHUIl MPU KOMIIAKTUPOBA-
HUU B XKecTKou Martpuiie. [lo pesynbratam MoAenupoBaHUs ISl ONMMCAHUSI CBOMCTB MOPOIIKOBOTO
Marepuaia ¢ UCIOJIb30BaHHEeM MOAUPUIIMPOBAHHON Moaenu TekydecTu [pykepa-Ilparepa ompene-
neHbl Kodpdunmentsl aus matepuana KoMmro3utoB BT-22+I1TM-1 ¢ cootHomenusimu 50/50 u
75/25. Tlony4yenusie k03 duiineHTs! npuseaeHsl B Taba. 1. OTHOCHTENbHAS TIJIOTHOCTD UCAIU3H-
POBAHHOT'O MaTepHaja BapbupoBasiach B HHTEpBaJe 0,6< pomy <0,9.
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Puc. 4. Pacnipenenenne cpeiHEr0 HOPMAJIbHOTO HAIMPSKEHHS TIPU BCECTOPOHHEM
paBHOMEpPHOM (a ¥ 8) OJTHOOCHOM ( 6 ¥ 2) CKATUH JIJIST KOMIIO3UTA C TPOIEHTHBIM
conepxxanuem BT-22 50% (au 6) u 75% (6 u 2)

3.2 Mooenupoeanue npoyecca KOMRAKMUPOGAHUus

VYkazanHble B Ta0s. 1 mapameTpbl MOJIENH TEKY4YECTH MCIIOJIb30BAIN Ul 3a/1aHUs CBOMCTB
MaTepHaJIOB TIPH MOJCIMPOBAHUN KOMITakTHpoBanus cmecei 50/50 u 75/25 BT-22+I1TM-1 B 3a-
KpBITOH TIpecc-hopme. 3a1ada pemanach B MAJIHHIPHISCKON CUCTEME KOOPAMHAT 7, ¢, z. [Iporiecce
paccMmarpuBajcsi B OCECUMMETPUYHOW IOCTaHOBKe. lcrosib30BaHa paBHOMEpHas CETKAa 4YeTbl-
PEXy370BBIX KOHEUHBIX 3JIEMEHTOB.

Tabmuna 1 — [TapameTprl moBepxHOCTEH Tekydectn pykepa-Ilparepa

[Topomox BT- OtHocuTenbHAS i B
22+I1TM-1, % IUIOTHOCTD Pory ¢ m g "
0,9 371 166 0,36 1,79
50/50
0,6 76 83 1,02 0,69
0,9 388 176 0,38 1,93
75/25
0,6 82 91 1,07 0,75

Ha puc. 5 moka3aHo oceBoe ceueHHe MUIHHIPUIECKOTO OpUKeTa U3 KOMITO3UTA C IBYMSI CO-
craBamu. J{ns cocraBa 50% BT-22 + 50% IITM-1 cpennee 3HaueHHE OTHOCUTEIbHON MIOTHOCTU
coctasiset 0,8, a g cocraBa 75% BT-22 + 25% I1TM-1 0,75. B ropu3zoHTaibHOM HaIlpaBJICHUH,
B CJl0€, MpHJIETAONIEM K Je(OopMHPYIOIIEMY HHCTPYMEHTY, TUIOTHOCTh PAcTeT OT IEHTPa K MepH-
(bepun, TOrIa KaKk B CJI0€ HAXOIIEMCs Ha JIHE KOHTEeHHepa, Ha000pOT — IUIOTHOCTH PacTeT OT Tie-
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pudepun k neHTpy. HeoqHopoHoe pacnpeenieHue MIOTHOCTH 10 00beMy OpHrKeTa 00yCIOBICHO
3aTpaToil yCWJIHs MPECCOBaHMS Ha MPEOJI0JICHNE BHEITHETO TPEHUS IMPECCYEeMON MacChl O KOHTaK-
TUPYIOIIAE C HEW MOBEPXHOCTH 3JIEMEHTOB mpecc-opmel. [lo pe3ynpTaram MOIeTUpOBaHHS TIO-
CTPOEHA 3aBUCUMOCTb CPEAHEH OTHOCUTEIHHOM MIIOTHOCTH OT AaBJICHUS IIpeccoBaHus (puc. 8).

pows i Pors P
i 0,82
0.8

0,86
0,84
0.82
0,80
0.7
076

Z

a 0

Puc. 5. Pactipenenenne 0OTHOCUTENBHON MIJIOTHOCTH B OCEBOM CEYCHHH IMIITMHAPUIECKOTO OprKeTa
nu3 kommnosura: a — 50% BT-22 + 50% IITM-1, 6 — 75% BT-22 + 25% IITM-1

3.3. Ouenka npo4yHoOCTH OpPUKeTA

st ocyiecTBiaeHUs] XOJIOJHOW CBapKH METAJUIOB (CXBAaTbIBaHHUS), HMOKPBITHIX OKHCHBIMHU
WIN JAPYTUMU IIJIEHKAMU, HEOOXOIMMO UX pa3pyLIUTh U CONMU3UTH IOBEHUJIbHBIE ITOBEPXHOCTH Ha
paccTosiHue MeXaTOMHBIX cuil [16]. OnuH U3 BO3MOXHBIX CIIOCOOOB pa3pyIlIeHHs! IUIEHOK — pacTe-
KaHUe MMOBEPXHOCTEH MpHU TutacTrdeckoi aedopmaruu. OT BeTHMUUHBI AehOpMaIiu, TPEAIIeCTBY-
IOLIEH pa3pyLIeHUI0 OKMCHBIX IUIEHOK M MOCIEAYIOIIeH 3a HUM, 3aBUCHUT IUIOIIA/b FOBEHUJIbHBIX
MIOBEPXHOCTEH, a CJIEeIOBATENIbHO M MPOYHOCTh MOJYYEHHOIO COEIMHEHUs, ONpelestomas Kaye-
CTBO F'OTOBOTO U3EIUS.

Juis pusmueckoro mpepcTaBICHUST Mpollecca CXBATHIBAHHUS OyJIeM CUMTATh, YTO KaXKIbIH
CJIOM MeTajula Ha CBOCH MOBEPXHOCTH MMEET OKUCHYIO TUICHKY. TakuMm 00pa3om, MPOUCXOIUT COB-
MecTHOe Ae(opMHUpOBaHUE CIIOEB METAIUIOB C OKUCHBIMU TUICHKaMU. OKHCHBIE TUICHKH, KOTOPBIE
MOJIBEpraroTcsl IIacTUUeCKOr aedopmalriy, o0JalaloT OMNpEesIEHHBIM 3alacoM IUTaCTUYHOCTH.
[Ipeanonaraercs, 4To (eHOMEHOJIOTHYECKasT MOJIeNb pa3pyuieHus [17] crpaBemmBa U 1T OKHC-
HOW TIeHKH. J{narpaMMa IjiacTUYHOCTH OKMCHOMW TUIGHKH TIPH 3TOM 3aBUCHUT HE TOJIBKO OT Oe3pas-
MEpPHBIX WHBAPUAHTOB TE€H30pa HanpsikeHui 6/T U [L;, HO ¥ OT TOJIIIMHBI IJICHKH, TIPH 3TOM TIICH-
Ka HACTOJBKO TOHKA, YTO €€ HAampspKeHHO-Ie(hOPMUPOBAHHOE COCTOSIHUE COBIIAJAET C TaKOBBIM
npuieratomero Metania. [locine Toro kak 3akaHUMBaeTCs pecype IJIACTUYHOCTH W 3HAYEHUE I10-
BPEXJIEHHOCTH IJICHKU JOCTUraeT 1, OKMCHasl IJIEHKA OXPYHMYHUBAETCs, MOSBISIOTCS MaKpOTPEILH-
HBI 1 OOHAXKAIOTCS JISKAIINE TI0]] CJI0OEM OKHCHOW TNICHKH IOBEHIJIbHBIE TIOBEPXHOCTH METaJlIa.

Jist TOro 9TOOBI OIEHUTH MPOYHOCTh OpPHKETa, HEOOXOMMO OIPEICIUTh CTEIEHb IIaCTH-
4eCKOW neopMaIuy B CJI0€ OKCHIHOM IJICHKHU JUTS KXo u3 vactull. [Ipu pemennu 3amxauu Oy-
JIEM CUUTaTh, YTO TOJIIMHA OKCUIHOW IJICHKU CONOCTaBMMa U paBHa pa3Mepy OJHOTO KOHEYHOTO
aneMenTa. [Ipu ncuepnanum pecypca miacTUMHOCTH OKCUAHOMW IJIEHKU HA OJHON U3 KOHTaKTUpPYye-
MBIX YaCTHI] IPOMCXOIUT CXBaThIBaHUE MKy HUMH. CterneHb aedopmarum, Tpedyemyro s pas-
PYLIEHUS] OKCUTHON IJIEHKH, OTPEAEIIUIN IPU UMUTALIHOHHOM MOJIEJIMPOBAHUU CKATHUS AYEHKU U3
YaCTHI[ OJTHOTO MaTepuasa U CpaBHEHUH C IKCIIEPUMEHTAIBHBIMH NaHHbIMU [18,19].
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PEEQ
(Avg: 75%)
+9.640e-01

PEEQ

(Avg: 75%)
+1.045e+00
+0.405e-01
+8.360e-01
+7.315e-01
+6.270e-01
+5.225e-01
+4.180e-01
+3.135e-01
+2,090e-01
+1.045e-01
+0.000e+00

+8.676e-01
+7.712e-01
+6.748e-01
+5.7842-01
+4.820e-01
+3.856e-01
+2.892e-01
+1.928e-01
+9.640e-02
+0.000e+00

Puc. 6. Crenenp mnactuyeckoi nedopmanuu ssueiiku komnosura: a — 50% BT-22 + 50%
[ITM-1, 6 — 75% BT-22 + 25% I1TM-1

NmMutanmorHoe MoAenMpoBaHue MOKa3biBaeT (cM. puc. 6), 4to mpu aedopmanuu sdeiku
MPOUCXOAUT paBHOMEpHOE pacTekanue dactuu IITM-1 Bokpyr wactuun BT-22. Hecmotps Ha oT-
CYTCTBUE IJIacTHUECKON aedopmanuu B yactuax BT-22 crenens mnactuyeckoit aepopmanuu va-
ctut] IITM-1 nocrarouna juist pa3pyuieH|s] OKUCHOM MJIEHKU U CXBAThIBAHUS YaCTULl MEXAY COOOI.
[Ipu cxxarum stueviku cmecu 75/25 gactuisl [ITM-1 00TekaroT TOJBKO COCENCTBYIONINE C HUMHU Ya-
ctunbl. B o6nactu konTakra yactuny BT-22 mexmy coboit aedopmarnuisi HeI0CTaTOYHA TSI pa3py-
LIEHUS] OKUCHOM TUIEHKH, YTO HE MOXET CIIOCOOCTBOBATh 0OPa30BaHUIO JOCTATOYHOIO KOJIMYECTBA
FOBEHUJIbHBIX NMOBEPXHOCTEN. [Ipunnanue 4acTull B TAKUX MECTaX MOXKET OTCYTCTBOBATb.

3.4. Dkcnepumenmanvnoe uccnedosanue

Jlis cpaBHEHUS! pe3y/bTaTOB MMUTAILMOHHOTO MOJEIMPOBAHMS MPOBENIU CEPUI0 IKCIIEPH-
MEHTOB N0 KoMnakTtupoBaHuto komnosnura BT-22+IITM-1 ¢ npoueHTHbIM coaep)aHUEeM B CMeECU
50/50 u 75/25. KauecTBO OpUKETOB HOCIE KOMIAKTUPOBAHUS YIOBIETBOPUTEIBHOE, IIPU 3TOM B
psae ciaydaeB ais oOpas3noB ¢ conepkanueM BT-22 75% HaOunronanoch ocblllaHuE HUKHEN KpoM-
ku. KoMmnakrupoBaHue OpUKETOB MPOBOJMIM HA FUAPABIMYECKOM IIPECCE B 3aKPBITOM pa30opHOit
npecc-ocHacTke (puc. 7). [Ipu aTom ukcupoBanmu ycuime, IeHCTBYIOIEe HA MTyaHCOH, U TIepeMe-
nieHue myancona. [lo ycunutio, neicTByromEeMy Ha IyaHCOH, PACCYUTAIN JaBlieHHe. 3aBUCUMOCTh
OTHOCHUTEJIbHOM IJIOTHOCTH OT JABJIEHUS KOMIIAKTUPOBAHUS IIpejcTaBiaeHa Ha puc. 8. Kak BugHO u3
rpaduka, pe3yapTaThl MOJECIUPOBAHUSA, KaK MPHU 1e(OPMUPOBAHUM SUEHKU, TaK U HCIOIb30BAHUU
MOJIENIU TEKY4ECTH, XOPOILIO COrJIacyloTCsl C IKCIEPUMEHTAIbHBIMU JaHHBIMH. OTKIOHEHUE 3Haue-
HUM, NOJy4YEHHBIX NPU MOJIEIMPOBAHUH, OT 3HAUEHUH, MOJYYEHHBIX IKCIEPUMEHTAIBHO, HE Ipe-
BbImaer 5 %. OTo J0Ka3bIBa€T BO3MOXHOCTh IPUMEHEHHUS MOJIENH SYEHKU MpPeICTaBUTENBHOTO
oObema JUIsl aJIeKBaTHOTO pacyeTa MpU PElIeHUH 33aJaud KOMIIAKTUPOBAHUSI B )KECTKOW MaTpule U
IIPOrHO3UPOBAHUS MMPOYHOCTU H3JEIUM M3 KOMIIO3UTHOIO MaTepHualia, a Takke HIACHTU(PUKAIIU
MOJENU TEeKYYECTH JUIsl pEIICHUs 33/1a4l KOMIIAKTUPOBAHUS U3JEIINN CI0KHON (DOPMBI.

Jliia onpenenenus “chlpoil’” MPOYHOCTU CHPECCOBAHHBIX, HO HE CIIEYEHHBIX OPUKETOB IpO-
BEJIM CEpUI0 UCHbITaHuM. J[aBieHne KOMIIAKTUPOBAHUSI OPUKETOB, MOJArOTOBJICHHBIX JUISI UCIbITA-
Huit, 1000 MIla. IIpoyHOoCTh OPUKETOB OLIEHHWBAJIM IO pE3yJbTaTaM OIBITOB HAa OCEBOE C)KaTHE
(ocanky) Ha YHUBEpCAIBHOM MCHBITATEILHOW MamuHe. B MOMEHT Hauasa pa3pylieHusl 3arOTOBKH
(buKCHpOBAIM yCUJINE U ONPENEISUIN Ipeaell “Chlpoil” MPOYHOCTH Ha C)KaTue MpU TEKyUIei mioT-
HOCTH G,. B pe3ynbrare 3KCIIeprMMEHTOB MOIy4€Hbl OPUKETBI C OTHOCUTENIBHOM IIJIOTHOCTBIO U TIpe-
JICJIOM TIPOYHOCTH Ha C)KaThe, YKazaHHbIMU B Tabm. 2. [IpuBeaeHbl COCTaBBI CMECEH W YUCTHIX T10-
POILIKOB, U3 KOTOPBIX MONy4ymin OpukeTsl. bpukersl u3 uncroro BT-22 nocne KOMIakTHUPOBaHUS
paccoinanuch. B oimune ot BT-22 nopomok I1TM-1 oTinuuHO npeccyeTcsi, MoydeHHbIE OPUKETHI
HUMEJH IIOTHOCTbh, OJIM3KYIO K TEOPETHUECKON, 1 OTHOCUTENIBHO BBICOKYIO “‘CBHIPYIO” IPOYHOCTb.
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Puc. 7. O6muii Bua (a) u cxema (6) Ipecc-0CHACTKH JIJIsl OpUKETUPOBAHUS METATUIMUECKUX
MOPOIIKOB. / — KOHTEHHED, 2 — KOPIYC, 3 —TIIUTa, 4 — IIyaHCOH, S — TIOPOIIOK, 6 — 3ariyIKa
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Puc.8. 3aBUCUMOCTh OTHOCHTEIBHOM IIIOTHOCTH OPUKETOB Pory OT AABICHHUS p IS COCTABA
BT-22(50%)+I1TM-1(50%): I — s3kciepuMeHT, 3 — MOJIETMPOBAHUE KOMITAKTUPOBAHUS; J1J1s1
coctaBa BT-22(75%)+I1TM-1(25%): 2 — skcriepuMeHT, 4 — MOACTIUPOBAHNE KOMITAKTUPOBAHHS

Tabnuna 2 — OTHOCUTENbHAS IUIOTHOCTD U IPEJEI “ChIpOil” MPOYHOCTH Ha CHKATHE

Cocras, Mac.%
N BT TITM-1 Por o p, Mila
1 50 50 0.81 2.83
2 75 25 0,76 047
3 100 : : .
4 : 100 0,986 7.54

[Tonydyennsie Opuketsl u3 cmecu 50/50, B omymuue ot cMecu 75/25, UMeNn HEMHOTO BBITIIE

OTHOCHUTEJIbHYIO TUIOTHOCTD U 00Jiee BBICOKUM Ipejien MpoYHOCTH. Pa3Hulia Mex 1y OTHOCUTEIbHON
IUIOTHOCTH M MIPOYHOCTU OPUKETOB ABYX cMecel 0OBSICHSIETCS C MOMOLIBI0 UMUTALIMOHHOTO MOJIe-
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nupoBanus. B cmecu 50/50 tBepapie wactuipl BT-22 He nedopmupyrores u cienoBaTeabHO TpeOy-
€TCsl MEHbIIIee YCWINE JUISl JOCTHKEHMsI paBHOM OTHOCUTENbHOH IUIOTHOCTH. Tak Kak oOpasibl
KOMITaKTUPOBJIUCH IIPH OJIMHAKOBOM YCHJINHU, OpukeTsl u3 cmecu 50/50 nomyuunuce ¢ 6osbiiei ot-
HOCHUTEHFHOM TIOTHOCTHIO. B cocraBe 75/25 wactunst BT-22 nedopmupyrorcs, HO HE CHETUIIOTCS
MeXay coO0M, 4TO, MO-BUIMMOMY, 0OYCIIOBJICHO NMPaBUIbLHOW POPMON YaCTHUI] U HAJTUUYHUEM OKCUJ-
HOM IJIEHKU C BBICOKUM PECYPCOM IUIACTUYHOCTH HA MMOBEPXHOCTH YACTHIL.

4. 3akJa0ueHune

BBINOTHEHO MMHMTAIMOHHOE MOJEIMPOBAHME IpOILecCa KOMIAKTHUPOBAHUS ITOPOIIKOBOTO
KOMIIO3UTa, COCTOSILETO U3 YacTull TUTaHOBOTO criaBa BT-22 u turana mapku IITM-1 ¢ ucnomns-
30BaHHUEM SUYCHKHU MpeCcTaBUTENbHOIO oObeMa. PelieHsl 3aiaun, aarouue npejactaBieHus o ¢op-
MOM3MEHEHUH YacTHIl ¥ YIJIOTHEHUU IPYU PaBHOMEPHOM BCECTOPOHHEM U OJIHOOCHOM CXKAaTHHU. 3a-
Jlaud pellIeHbl C KCIOJb30BaHUEM pa3padOTaHHOTO MOAYJNA JUIsi TUOPUIHOTO MOJIEIHUPYIOLIEro
KOMILJIEKCa, IIOCTPOEHHOro Ha 0a3ze cucTeMbl MHXKEeHepHoro aHanuza Abaqus. [lokaszaHo, 4To yBe-
JUYEHUE MPOLIEHTHOTO cojnepkanus BT-22 Oonee 50% B cmecu He o0ecrieunBaeT paBHOMEPHOTO
pactekaHus 06oJee TIaCTUYHON KOMIIOHEHTHI B BUjie nopoiika [ITM-1. Mexannyeckue xapakrepu-
CcTUKHU U chepuueckas popma yactui nopoimka BT-22, a Taxxke TBepAas oKCUAHAS MJIEHKA HA IO-
BEPXHOCTH YacTULl C OOJIBIIUM PECypcOM IUIACTUYHOCTU MPENSATCTBYET CXBAaThIBAHUIO YaCTHII
MeXay co00i. DTO MPUBOAUT K YXYALIEHUIO KaUeCTBa U YMEHBIICHUIO TPOYHOCTU HE CIIEUYEHHOTO
uznenusi. Pe3ynbraTel MoenpoBaHus JeOPMUPOBAHUS STUEUKH IIPEICTaBUTEILHOTO 00beMa 103~
BOJIWJIM MACHTUQUIMPOBATh NapaMeTpbl Mojenu Texkydectu [pykepa-Ilparepa ans nmopouikoBoro
kommno3uta cMecu BT-22 u [ITM-1 ¢ cootHomenuem 50/50 u 75/25. C ucnosib30BaHUEM MOTy4YECH-
HBIX KO3()(QUIMEHTOB MOJEIN TEKYYEeCTH PELIEHBbl 33aJaud KOMIAKTUPOBAHUS B 3aKpBITOM Ipecc-
dopme. i MOATBEPKIEHUS aJ€KBATHOCTH PEIICHUH, TOJYYEHHBIX C MOMOIIbI0O UMUTALMOHHOTO
MOJEIUPOBAHUS, IPEJICTABICHBI PE3YIbTATHI IKCIIEPUMEHTOB 110 KOMIIAKTUPOBAHHUIO U OCa/IKe OpH-
KETOB YHCTBIX IMOPOIIKOB M UX CMECHU B JIByX COOTHOIIEHHUAX. [lonydeHHOe pelieHue oTpakaer
BO3MOYHOCTb MCIOJIb30BAaHUS MOJEIHU SIMEHKH MPEICTaBUTEIILHOIO 00beMa Ui MPOTHO3UPOBAHUS
MIPOYHOCTU U UAECHTU(UKALIMY MOJIETN TEKYYECTH KOMIIO3UTHOTO MaTepHaia.
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The paper proposes a model of strain resistance of alloy under high-temperature defor-
mation. The model describes hardening of alloy due to the increase of dislocation density, as well as
the barrier effect of blocking free dislocations, boundaries of grains and subgrains by dispersoids.
The model also takes into account the softening processes associated with the recovery and dynamic
recrystallization. The model has been tested on the rheological behavior of an Al-Mg alloy named
AMg6 at temperatures of 400 and 500 °C in the range of strain rates from 5 to 25 s™'. It was found in
this temperature — strain rate range that the curve of strain resistance of the AMg6 alloy consists of
several portions. First there is hardening of the material, then there is material softening, which is
again replaced by hardening of the material. With the use of the electron backscatter diffraction
technique and transmission electron microscopy, it was found that the main process of softening at
investigated temperatures is dynamic recrystallization. The appearance of the second portion of
hardening on the strain resistance curve is the inhibition of dynamic recrystallization, as well as
manifestation of the barrier effect of blocking free dislocations, grain and subgrain boundaries by
dispersoids.

Keywords: Al-Mg alloy, AMg6, strain resistance model, strain resistance, rheology, high
temperature deformation, recrystallization, microstructure, dispersoids, barrier effect.

1. Introduction

Processes associated with material hardening and softening occur in metal materials under
deformation at high temperatures. Depending on temperature — strain rate conditions of defor-
mation, dynamic recovery, polygonization or recrystallization may prevail in a material, or these
processes can take place simultaneously in different or equal portions [1-3]. The main mechanism
of hardening in alloys is the process associated with an increase in the dislocation density and im-
peding the motion of free dislocations. The softening process can be inhibited due to the barrier ef-
fect connected with blocking free dislocation motion by impurity atoms and inclusions and with the
growth of grains and subgrains by pinning on various inclusions [4]. The barrier effect of free dislo-
cation blocking is usually associated with the Portevin—Le Chatelier and Savart—-Masson effects and
the inverse relation between strain resistance and strain rate [5—13]. The inhibition or blocking of
grain and subgrain boundaries on inclusions generally occurs in metal matrix composites
and high alloys [7, 11, 12, 14-24].

The physical processes of hardening and softening occurring under deformation change the
form of the strain resistance curve and affect the final physical-mechanical properties of alloys
[2, 25]. For example, the impeded growth of grains under deformation results in the prevalence of a
certain grain orientation over the others thus improving the mechanical properties of products in this
direction, and this may have a positive effect in the designing of crucial products. The barrier effect
of dislocations blocked by inclusions or impurity atoms, as a rule, has a negative influence on the
final technological properties, such as lower corrosion-resistance, strength and fatigue strength
[13, 26-28]. Since the processes of structure formation affect the strain resistance curve, a mathe-
matical model of strain resistance should include components describing the physical processes of
hardening and softening. A large number of models have already been proposed in the literature,
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which take into consideration separately the influence of discontinuous dynamic recrystallization
[29-37], in-situ recrystallization [38—41] or the Portevin—Le Chatelier effect [5—7] on strain re-
sistance. However, in the literature we have not found any models of strain resistance for alloys un-
der high-temperature deformation that would describe the combined influence of hardening, recov-
ery, recrystallization and barrier effects.

Previously, we developed and tested a model of strain resistance for a number of aluminum
alloys and steels with an fcc lattice [42—44] within a wide temperature — strain rate range. The abil-
ity of the model to predict the part of the dynamic recrystallization with acceptable engineering pre-
cision under time-varying strain rate of the specimen was shown in [45].

The paper proposes a new rheological model of strain resistance, which is based on the
model found in [45] and takes into account the viscous properties of an alloy under plastic defor-
mation, its softening due to recovery and recrystallization and its hardening due to the barrier effect
of blocking the motion of free dislocations and the growth of recrystallized grains by inclusions.
The model has been identified by experimental data obtained for the AMg6 alloy.

2. Material and investigation procedure

Cylindrical specimens with a diameter of 8§ + 0.1 mm and a height of 12 + 0.1 mm were ma-
chined from 10-mm AMg6 alloy rod (Al 92.4; Mg 6.56; Fe 0.27; Si 0.16; Cu 0.013; Mn 0.05;
T10.04; Zn 0.02; Be 0.0012%). They were compressed at 400 and 500 °C by a cam plastometer in-
stalled in the "Plastometriya" center for collective use at the Institute of Engineering Science, UB
RAS. The specimens were annealed in vacuum at 500 °C for 4 hours before deformation.

To avoid heat losses during testing, the specimen was wrapped by kaolin wool and placed
into a metal container together with heads. The container with the specimen inside was heated in an
electric furnace up to the temperature of testing and then transferred from the furnace to the work-
ing space of the apparatus where the specimen was deformed. The specimen temperature during
heating and the temperature variations inside the container during testing were monitored by a
chromel-alumel thermocouple. Since we could not avoid specimen temperature fall while transfer-
ring the container from the furnace to the start of compression, the specimens were overheated to 4
degrees above the intended testing temperature. As a result, the guaranteed temperature for the be-
ginning of deformation was 400+2 and 500+2 °C. Graphite was used as a lubricant between the
specimen and the heads, with the Coulomb friction coefficient j1=0.1 at temperatures ranging be-

tween 300 and 400 °C and p=0.15 at 500 °C for aluminum alloys.
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Fig. 1. Experimental curves representing strain rate £ as dependent on deformation time ¢ (a) and
strain resistance o, as dependent on the amount of strain ¢ (b).The blue curve corresponds to

loading form I, and the orange curve corresponds to loading form II.
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The dotted curves in Fig. 1 show experimental data on compression. While constructing the
graphical dependences, we consider that the experiment deals with a uniaxial stress state. The spec-
imen strain rate ¢ is calculated as

£(t) = h(t)/n(1), (1)

where A(?) is the current height of the specimen at a time moment ¢, h(t) = h, — Ah(t). Strain re-

sistance o, is calculated by the formula
o, ()=PW)/F(1), )

where P(¢) is the current pressing force; F(¢) is the current specimen cross-sectional area deter-
mined from the constant volume condition for the specimen and the assumption of its strain homo-
2

geneity under uniaxial stress, F'(¢) z% (A, is the initial height of the specimen; d, is the ini-
tial diameter of the specimen). It is obvious from Fig. la that the strain rate of the specimens was
varied during the experiment. The necessity of compressing specimens with variable strain rate
within one experiment is a peculiarity of the model parameter identification procedure based on the
principles of dynamic object identification. According to these principles, only one experiment is in
principle enough to evaluate the parameters of a mathematical model, see [46]. The obtained pa-
rameter values are valid only in the investigated interval of strain rates. To extend this interval, ex-
periments for each temperature were carried out with realizing two different functions of time-
varying strain rate (hereinafter referred to as loading form) presented in Fig. 1a, at least four exper-
iments being made for each form.

The microstructure was studied by the method of electron backscattered diffraction (EBSD)
with the use of a MIRA 3 TESCAN raster electron microscope with an OXFORD HKILNordlysF+
detachable device installed at the Institute of Engineering Science, Russian Academy of Sciences
(Ural Branch), and by the method of transmission electron microscopy (TEM) with the use of a
JEM200CX microscope installed at the Testing Center for Nanotechnologies and Advanced Materi-
als, a collective use center belonging to the Institute of the Physics of Metals, Russian Academy of
Sciences (Ural Branch). The scanning step for the EBSD analysis was 300 nm. The microstructure
analysis was made by one representative specimen in a series of similar experiments. We assumed
that the grains had misorientation exceeding 15° and that the subgrain misorientation ranged from 2
to 15°. When restoring the specimen microstructure, we assumed that a grain could not be smaller
than the double step of scanning, i.e. each grain must have at least two points with a certain crystal-
lographic direction. The volume portion of dynamic recrystallization that had occurred was calcu-
lated with the use of data on the mean misorientation of the lattice inside a grain ®,,,; and the criti-
cal misorientation angle ®,,,, [47]. In [45] a technique for calculating ®,,,, was proposed, and its
value for the AMg6 alloy was found to be 1.3°. To determine the value of ®,,,,, the middle misori-
entation angle ®,,,; was calculated for each grain. Then, using a search with a step of 0.05, we cal-
culated the critical misorientation angle ®,,,, so that the increase or decrease in the value of ©,,,,
does not turn the deformed grains into recrystallized grains, and vice-versa. Figure 2 shows an ex-
ample of determining recrystallized and deformed grains. The portion of dynamically recrystallized
grains V., is here calculated as the ratio between the total area of recrystallized grains and the total
area of grains.
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Fig. 2. An example of determining the recrystallized (b/ue) and deformed (red) grains
when ©,,,,=1.3°

3. Results and discussion

3.1 Analysis of hardening and softening

The specimen microstructure was analyzed in the specimen center. Figure 3 shows the mi-
crostructure before and after deformation of the specimens. On the microstructure images in Fig. 3,
the pixel color corresponds to definite crystallographic orientation. Each crystallographic orienta-
tion is represented in the color scale of the inverse pole figure, see Fig. 3d.

Figure 3a shows the microstructure of the AMg6 alloy specimen before deformation. It is
obvious from the microstructure images that in the specimen center there are large elongated grains.
Figs 3b and 3¢ demonstrate the microstructure images in the center of the specimens compressed
according to form II (Fig. 1) at temperatures of 400 and 500 °C, respectively. Figure 4 shows a dis-
tribution map of deformed and recrystallized grains at ®,,,,=1.3° after specimen compression. In
Figs 3 and 4 big black spots symbolize areas with indefinite crystallographic orientation and, gener-
ally, they are dispersoids. According to [48], the dispersoids may be the following compounds:
AlzMg,, AlsMn, Mg,Si and AlFeSiMn.

Figure 4 shows that the portion represented by recrystallized grains in the residual micro-
structure of the deformed specimens is significant. Thus the volume portion of dynamic recrystalli-
zation V,y, 1s 82 % for 400 °C and 90 % for 500 °C. The portion of dynamically recrystallized
grains is here calculated as the ratio between the total area of recrystallized grains and the total area
of grains.
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Fig. 3. The microstructure of an AMg6 alloy specimen in the central zone before deformation (a)
and after deformation according to loading form II (Fig. 1a) at 400 (b) and 500 °C (c¢).
The inverse pole figure (d)

[em———

a b

Fig. 4. A distribution map for deformed and recrystallized grains after deformation at 400 (a) and
500 °C (b). The red color shows deformed grains; the blue color shows recrystallized grains
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Fig. 5. Dispersoids and dislocations in the AMg6 alloy

The presence of a large fraction of recrystallized grains in the residual microstructure sug-
gests that, at high strain, the growth of the grains was delayed by the growth of the neighboring
grains [1-3]. As a result, the rate of material softening gradually decreased and that may cause ma-
terial hardening. However, material hardening may be induced not only by decelerating recrystalli-
zation, but also by the presence of a large number of inclusions in the specimen microstructure.
These inclusions block the motion of free dislocations and prevent the motion of boundaries and
subboundaries. In the specimen microstructure before and after deformation, there are dispersoids
sized between 60 nm and 2 pum, see Fig. 5. According to the images made by a transmission elec-
tron microscope, there doesn’t seem to be a noticeable change in the number of dispersoids in the
microstructure during deformation. Therefore all the dispersoids in the alloy were formed in the
previous stages of material treatment. However, the large density of dispersoids gives rise to a sig-
nificant number of areas where dislocations, which were involved in plastic deformation, were
blocked and that is certain to have resulted in the hardening of the material.

3.2 Strain resistance model

The paper [42] proposed a strain resistance model describing the rheological behavior of al-
loys in conditions when an alloy exhibited viscous properties during plastic deformation, when
hardening took place due to increasing dislocation density and softening occured due to dynamic
recrystallization and recovery. The works [44, 45 and 49] showed that the developed model de-
scribed, with a good accuracy, the rheology of the AMg6 alloy at a temperature of 300 °C in a wide
strain rate range. It was found that the main process of softening was dynamic recrystallization,
which occurred to a significantly smaller degree than at temperatures of 400 and 500 °C. At strain
temperatures of 400 and 500 °C, the recrystallization was active, and the influence of the barrier
effect on the growth of grains and the blocking of free dislocations increased. As a result, the ab-
sence of structural constituents in the strain resistance model, which would describe the barrier ef-
fect, caused the incorrect description of the strain resistance curve.

A new strain resistance model has been made on the basis of the previously developed mod-
el described in [45]. The entire volume of an alloy is divided into three portions named V,, V), and
V,. The value V, is the volume portion with dynamic recrystallization; the value V), is the volume
portion with dislocations blocked by dispersoids and impurity atoms; the value V, is equal to the
remaining portion of the alloy volume. This decomposition satisfies the equality

V,+V,+V,=1. 3)

At the initial moment of time before deformation,
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V,=1, V.=0, V, =0. 4)

It is assumed that all the plastic deformation is concentrated in the volume V,,, that the in-
crement of yield stress due to the shear k in the Mises plasticity condition is attributed to plastic
deformation and that this increment is proportional to the volume V), the increment of dislocation
density and the volume V.

During plastic deformation, free dislocations involved in plastic deformation are pinned by
dispersoids or impurity atoms thus causing material hardening [4, 13]. At the same time, at high
temperatures due to high mobility of dislocations, dynamic recovery occurs actively, and this results
in the annihilation of pinned dislocations and, as a consequence, in the reduction of the volume V.
Thus, during plastic deformation, the volume V), can both increase and decrease due to two compet-
Ing processes.

Based on the above, the strain resistance model taking into account the barrier effects is pre-
sented in the following form:

B3

o, = \/gk + 73q,
k=ay,+pV,(a,+ aan)a]z 5
p = a,exp(—a,p)e — a,p;

n

V,=as¢-a, 1 )

+p
dR
2 . .
ase,R Z iV, <ag (5)
—_ a7
A A AR
l-aq
v when V. = ag;

R
dt

q=agIn(1+a,é).

¢,
£ = Jé‘dl‘; d—zg'p when p>ay;
0

Here ¢ is a function describing the viscous properties of the material; p is the quantity pro-
portional to the dislocation density increment induced by plastic deformation; ¢ is strain rate (for
the uniaxial stress state under compression & = |v|/ h; v is the speed of the testing machine grip; /4 is

the current height of the specimen under deformation); €, is the strain accumulated before the onset
of dynamic recrystallization; R is the radius of a recrystallized grain, R(¢,) =0, ¢, is the time moment
of the dynamic recrystallization onset defined by the condition p = a4; a; (i =0, ... ,14) are the model
parameters to be identified by the experimental data. The dot above the symbols indicates a time
derivative.

The system of equations (5), together with conditions (3) and (4), represents the physical-
mechanical hierarchical rheological model describing, in the aggregate, the viscous and plastic
properties of a medium. The model deals with plastic hardening due to the dislocation density in-
crement and the blocking of the motion of free dislocations by dispersoids, as well as softening due
to dynamic recovery and recrystallization.
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3.3 Identification of the strain resistance model

The model parameters have been found by minimizing the root-mean-square deviation of
the calculated values of strain resistance o, () from the experimental ones z(f) simultaneously
with respect to two experimental strain resistance curves for each temperature separately, as

T

Jag,....a,) ij[a -z )] dr,

J=lo

(6)

where 7 is the time of specimen deformation. The identification results for the strain resistance
model are shown in Fig. 6b by solid lines. The model parameters are given in the Table.

Table — The parameters of the strain resistance model
I.,°Q ao| ai a as as| as as | a7 | as| ay| ap| ai| a| aiz| aua
400| 64| 10125| 0.03] 0.003 82| 0.009 0.254| 4.58] 13.8{ 3.6 03 1.4 1.13| 0.04| 0.14
500( 44| 10577 0.02| 86.747| 14.7) 0.021] 0.67| 2.52| 13.4| 19| 024, 02| 1.62| 0.04| 0.27

The average relative deviation & of the experimental curves from the calculated ones is 1.4
% for the test temperature of 400 °C and 1.6 % for the test temperature of 500 °C. The value of 6

is calculated by the formula:

1 =2
NS T
I z(¢)dt

0

SR S

0= -100% ,

(7

where j is the experiment number; N is the total number of tests in all the experiments used for
identification (N = 2); T] is the time of specimen deformation for the j-th experiment; z denotes

the experimental values of strain resistance and ¢ denotes the values obtained from the identifica-
tion of the strain resistance model for the j -th experiment.

:, o,
9 n MPa
s it
20 - F 160
/
/ |
/ ] 120
/ | \}
/
10 Y ey 80 -
- - o - \
| -~ =i \ 40 4
0 ’ ' . 0 . . '
0 0.05 0.1 0.15 L s 0 03 06 0.9 £
a b

Fig. 6. Strain rate £ as dependent on deformation time ¢ (a); strain resistance o, as dependent on
strain € (b)
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The experimental data is indicated by the dotted curve and the calculated one is shown by
the solid curve. The blue dotted curve corresponds to loading form I and the orange one corre-
sponds to loading form II.

Figure 6b shows that strain resistance increases at the beginning, then reaches its peak value,
decreases and increases again. The proposed mathematical model of strain resistance takes into ac-
count this rheological behavior of the material. This means that the model reflects qualitatively cor-
rectly the physical processes of structure formation in the alloy during deformation.

The obtained parameters of the strain resistance model (see Table) can be used to construct
strain resistance curves for a constant strain rate within the range of strain rates used in the experi-

ment. Figure 7 shows strain dependences of strain resistance o, at constant strain rates equal to 5,
10 and 20 s

-

MPa 400 °C
<0 /F\\t

A 500 °C
120 4~

60 -

0 02 04 06 08 1 €

Fig. 7. Strain resistance o, as dependent on strain ¢ at a constant strain rate, s': 5 (blue curve),
10 (green curve) and 20 (orange curve)

4. Conclusion

1. In this paper we have constructed a strain resistance model describing the rheological be-
havior of alloys at high-temperature plastic deformation when the processes of hardening due to the
dislocation density increment, dynamic recovery, recrystallization and the blocking of the motion of
free dislocations by inclusions occur simultaneously in a material.

2. It 1s illustrated by the AMg6 alloy that the strain resistance model qualitatively and quan-
titatively correctly describes the behavior for the strain resistance curve of the alloy at temperatures
0f 400 and 500 °C when & =5-25 s

3. Applying the method of electron backscattered diffraction, we have established that the
main process of AMg6 alloy softening at temperatures of 400 and 500°C when & =5-25 s is dy-
namic recrystallization resulting in the formation of new grains. The volume fraction of dynamic
recrystallization is 80 and 90 % of the total volume at test temperatures of 400 and 500 °C, respec-
tively.

4. The appearance of the second hardening segment on the strain resistance curve (see
Fig. 1b) is caused by the slowdown of dynamic recrystallization and the barrier effect of dispersoids
blocking free dislocations as well as grain and subgrain boundaries.
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The dependence of ultimate plasticity on the triaxiality parameter and the Lode-Nadai coefficient
is obtained for steel X80. The fracture locus allows the plasticity of the investigated materials to be
evaluated for the whole range of the Lode-Nadai coefficient. Cylindrical specimen tension, bell-type
specimen tension and compression and membrane extrusion are used for fracture locus calibration. The
results can be used for plasticity resource estimation for steels under a complex stress-strain state in
main pipelines subject to extreme loads.

Keywords: high-strength steel, fracture locus, plasticity resource, main pipeline.
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BJAUAHUE HAITPAKEHHOI'O COCTOSIHUSA HA ITPEAEJIBHY IO IIVIACTHUY-
HOCTb TPYBHOM CTAJIM I'PYIIIBI IPOYHOCTH X80

1 2 1
. U. Buuyxanun *, B. A. Xorunos”, C. B. CMmupHoB
' ®eoepansroe cocyoapemeennoe Grooacemnoe yupescoenue nayku Hncmumym mawunosedenus Ypansckozo omoere-
Hust Poccutickou akademuu nayk, yia. Komcomonvckas, 34, Examepunbype, Poccuiickas @edepayus

2 @rAOY BIIO «Vp®@Y umenu nepsozo Ipesudenma Poccuu b.H.Envyuna.» Hncmumym mamepuanosedenus u me-
mannypeuu, yi. Mupa, 28, Examepunbype, Poccuiickas @edepayus

"OTBETCTBEHHBII aBTOP. DIEKTPOHHAs rodyTa: mmm@imach.uran.ru ; Axpec s nepercku: yir. Komcomonsckas, 34,
ExarepunOypr, Poccuiickas ®enepanus; Tenedon: +7 (343) 375-35-96; daxc: +7 (343) 374-53-30

[TonydyeHa 3aBUCUMOCTB MPEAEIbHON INTACTUYHOCTH CTaJIu IPyIIbl IpodyHOCTH X80 OT 1o-
Ka3arelsl HalpsyKEHHOTO cocTosiHUA M nokaszarens Jloge — Hanmau. JIlmarpamma mo3BosisieT OLEHH-
BaTh IJIACTUYHOCTH UCCIIETYEMBIX MAaTEPHAIOB BO BCEM MHTEpPBaJIC M3MEHEHHS MokazaTesns Jlome —
Hanau. Jlynst mocTpoeHus nuarpamMmbl MUIACTUYHOCTH MCIOJIB30BAIMCh MUCIIBITAHUSI HAa PACTSHKEHUE
[IAJIKUX [MWIAHIPUIECKUX 00pas3IioB U 00pasIoB ¢ BRITOYKOM, PacTsHKEHUE U C)KaTHe 00pas3IoB TH-
Ma «KOJIOKOJIBYMK», BbIAABIMBaHUE MeMOpaH. Pe3ynbrarhl nccineqoBaHuid MOTYT OBITh MCIIOJB30-
BaHBl JUISI OIEHKH pecypca IUIACTUYHOCTH CTaJIed B YCIOBHSIX CJIOXKHOTO HampsHKEHHO-
nehOpPMUPOBAHHOTO COCTOSIHUS MPHU IKCTPEMATIBHBIX HArPY3Kax MarucTpajibHbIX TPYOOTIPOBOIOB.

Kniouesvie cnosa: evicokonpounvie cmanu, ouazpamma niacmuiHoCmu, pecypc nidcmuyHo-
cmu, MA2UCmMpatvbHblil mpyoonposgoo.

1. BBenenue

MarucrtpaiibHble TPyOOIIPOBOIBI MOTYT 3KCILTyaTUPOBATHCSI B PA3IMYHBIX MOPOH 3KCTpe-
MaJIbHBIX KJIMMaTUYECKUX YCJIOBHSX. [Ipr 3TOM OCHOBHBIMU (haKTOpamu, BIUSIOIMIMMHU Ha HaIpsi-
AKEHHO-Je(POPMUPOBAHHOE COCTOSIHUE, SIBJISIIOTCSI BHYTPEHHEE JABJIEHWE U IPOJOJIbHBIE YCHIIMS,
BbI3BaHHbIE NIEPETAJOM HAIPSHKEHUH B JIMHEWHOM yacTH TpyOOIIpOBOJa BCIEICTBUE PA3IUYUs TEM-
MepaTypHBIX YCIOBUM CTPOUTENBCTBA U IKCILTyaTaluu. Takxke He UCKIIIOUEHBI U leopMalnu, CBs-
3aHHBIC C TOJBW)KHOCTBIO TPYHTA, HEMPOCKTHBIMH HArPYKECHUSMH B YCIOBHSX IMaBOJKOB U T. II.
[ToaToMy B mpoliecce IKCIUTyaTalluyd YCJIOBUS TEPMOMEXAaHUUYECKOTO BO3/ECHUCTBUS HA TPyOy Maru-
CTpajbHOrO TPyOOIPOBOJA MOTYT U3MEHSTHCS B LIMPOKOM JMana3oHe 3HadeHUi. B cBsi3u ¢ Bbllie-
CKa3aHHBIM OOJIbIIOE 3HAYEHHE MMEET OLlEHKa Je(PpOpPMalMOHHBIX CBOMCTB U pecypca IIaCTHYHO-
CTH OCHOBHOTO Me€Tajla TpyO M CBapHBIX COEAMHEHUN TPyOONpoBOJa, HAKOIUIEHHOM B IpoOIecce
SKCIUTyaTalUu.

Pa3paboTka HOBBIX cTanel W UCHOJIb30BAaHUE COBPEMEHHBIX TEXHOJOTUN MO3BOJIMIM IMOJY-
4aTh BBICOKOIIPOYHBIN JIUCT W, COOTBETCTBEHHO, CBApHBIE TPYOBI C HCKIIOYUTEIBHO BBICOKHUM
YPOBHEM BSI3KO-TUIACTHYECKUX XapakTepucTHK [ 1, 2]. Tak, ctanu kinacca mpouHoctu X80 obmagaroT
YIBTPAMENIKO3EPHUCTON CTPYKTYpoil (epputa ¢ no3upoBaHHBIM (~30%) KoaudecTBOM O€WHHU-
Ta/MapTeHCcUuTa, (OPMUPYIOLIECICS B TOPSIUEKATaHOM JIUCTE MO0 TEXHOJOTUU KOHTPOJIUPYEMOM Ipo-
KaTK{ U MOCJIEAYIOIIEr0 YCKOPEHHOTO oxJlaxaeHusa. Takas cTpykTypa oOecriedrBaeT UM KpaiiHe
BBICOKHI ypoBeHb yaapHo# Bsizkoct KCV ~ 3,0 MJI)K/M2 BIUIOTH JI0 HU3KUX TEMIIEPATYpP UCIBITA-
HUSA tyen = —40°C [3, 4]. OnHAaKO B YCIOBHUSX UCIBITAHUI HA YIAPHYIO BSI3KOCTh MaTepUasl HCCIIEy-
€TCSl B KOHKPETHBIX YCIIOBHUSX HANPsDKEHHO-IAC(HOPMHPOBAHHOTO COCTOSHUSA, KOTOPHIE B TOJHOM
Mepe He peallu3yloTCsl IPU dKCITyaTanuu Tpydomnpososa. [IpoBenenue nosHoMacuTabHbIX MOJIHU-
TOHHBIX (HATYpPHBIX) UCTIBITAHUMN [5, 6] OCYIIECTBIISIETCS B YCIOBUSAX, OJIM3KUX K YCIOBUAM IKCILTY-
aTaluu, OJJHAKO TPeOyIOT CYIIECTBEHHBIX 3aTpaT. KpoMe Toro, B 3TOM ciiydyae HE yUYUTHIBAECTCS HC-
YyepraHue pecypca IUIACTUYHOCTU CTajieil MpPH TEePMO-YIPYTro-IUIACTUYECKUX CTATUYECKUX U LIHK-
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JUYECKUX AepopManusix, MHULUUPYIOIINX YCKOPEHUE Ipoliecca BOZHUKHOBEHUS U Pa3BUTHUS Tpe-
uuH. [loaToMy B 1aHHOM CcTaThe clellaHa MOMbITKA OLEHUTH J1e(OPMallMOHHYIO CIOCOOHOCTh Ma-
Tepuajsa TpyObl U MOBPEXIACHHOCTh B IIMPOKOM JMANa3oHE M3MEHEHHH HanpsHKeHHO-
1e(OPMUPOBAHHOTO COCTOSIHUSI ITyTEM HMCIIOJIb30BaHUSI MPOCTHIX JA0OPATOPHBIX SIKCIIEPUMEHTOB.

Ha pedopmanmonHyo crnocoOHOCTh MaTepuajga MOTYT BIMSTH pa3jIU4HbIE MapaMeTpbl
HaNpsLKEHHO-1e(hopMHUPOBAaHHOTO cocTosHuA. Tak, B paborax [7-11] Obu10 MOKa3aHO CYIIECTBEH-
HOE BJIMSHUE THAPOCTaTHYECKOro aaBieHus. B paborax [12—15] medopmarnmonHas cnocoOHOCTh
MaTepuajga paccMaTpuBajach TakKe B 3aBUCMMOCTH OT BMJIa HAINPSKEHHOT'O COCTOSAHHUS. B kaue-
CTBE KpUTEPHUS], TO3BOJISIOIETO OLIEHUTh Je(OPMALIMOHHYIO CIIOCOOHOCTh MaTepualia, MOXKeT ObITh
HCII0JIb30BaHA BEJIMYMHA TOBPEXKIEHHOCTU. BriepBble KMHEMAaTHYECKHE YPABHEHMsI HAKOILJICHUS
MOBPEXACHHOCTH OblH TIpeasioxkeHnsl KaganossiM [ 16] u PaGoTHOBBIM [17].

DEeHOMEHOJIOTUYECKUE MOJIETN TOBPEXISHHOCTH MPHU OONBIINX IJIACTUYECKUX Aedopma-
uusx oM paszpadortansl B.JI. KonmMoropoBbiM U mpencTaBUTeNsIMU €ro HaydHOU 1Kol [18-20].
3a pyOexoM pa3BUTHEM MO/IEJIEN MOBPEKICHHOCTH 3aHMMAJIUCh Takue yueHble, kak Kokpadr, Jla-
taM, ["apcon, Jlxoncon, Kyk, Jlamatp, BepxxOunkuii u ap. [21-26].

B cootBercTBUM ¢ (hEeHOMEHOJIOTMYECKOW TEOpUEH MOJ| MOBPEXKIAECHHOCTbIO MMOHUMAETCS
cKaysipHbIil mapameTp w [18-20], koTopslii n3Mensiercs oT 0 B HauaabHBIM MOMEHT JedopMaluu 10
1 npu paspymenuu. B oOuiem ciiyyae MOKHO BBIIENIUTH J1BA KPUTHUECKUX 3HAUCHUS MOBPEK]ICH-
Hoctu ®° = 0,2 — 0,4 u ©** = 0,6 — 0,8. DIEKTPOHHO-MUKPOCKOTTMYECKUE UCCIIEAOBAHUS MOKa3a-
JM, YTO JIOCTHKEHUE MOBPEXKJACHHOCTHIO 3HAUEHUS O CBA3aHO C OOpa30BaHHWEM 3HEPreTUYECKU
YCTOWYMBBIX MHUKPOMOpP, a ®* — ¢ KoaJeCLUEeHUUEH H30JIMPOBAHHBIX MHUKpPOIOpP U 0Opa3oBaHUEM
MUKpOAE(EKTOB B BUJE 1nMop U MUKpoTpeuuH [20]. 3HaueHus " 1 @™ He OJMHAKOBBI JJISl Pa3HbIX
MaTepuaioB. B cooTBeTcTBUM ¢ Teopueil MOBPEXAEHHOCTh ® B YCIOBUSAX MOHOTOHHOU Aedopma-
MU MOXKET OBITh OmpeierieHa o Gopmyie:

_ (AdA (1)

= OAp’

rae dA = fot Hdt — crenenp nedopmarmu capura; H — HHTEHCHBHOCTb CKOPOCTEH nedopManuu
caBura; A, (k, uy) — mnactuunocts [18], onpenenseMas Kak IpeieibHas CTENeHb AepOopMalUu
C/IBUT'a, HAKOIJIEHHasi 00pa3loM K MOMEHTY pa3pylIeHUs MPU MEXaHUUYECKUX UCIBITAHUSIX B yCJIO-
BUSIX MOHOTOHHOTO JIe(pOPMUPOBAHHUS MIPH MOCTOSIHHBIX HAa BCEM Ipoliecce JepOopMUPOBAHUS MTOKa-
3aTes HapsHKEHHOTO cOCTOsTHUS k 1 mokasarens Jlone-Haman p;:

ke=Tipe =272, 2)

V117033

rae o = §(011 + 05, + 033) — cpeaHee HopManbHOE Hampsbkenue; T = 0,55;;S;; — wHTEHCHUB-
HOCTb KacaTelbHBIX HAIPSOKEHUH; S;; — KOMIIOHEHTBI JIEBUATOPA HANIPSIKEHUM 01, 053, 033 — [JIaB-
Hble HamnpsbkeHus. COBOKYITHOCTH ITOKa3aTeseH K | [, OJHO3HAYHO XapaKTepH3yeT HaNpsHKEHHOE
COCTOSIHME TIPH TUIACTUYECKON AedopmMaliui, KpoMe TOTO, SBJISISICH MHBAPUAHTHBIMU U Oe3pa3zMep-
HBIMH, OHU TIO3BOJISIIOT COMOCTABIATh HAMPSHKEHHOE COCTOSIHUE MATEpPUaiOB C Pa3IUYHBIM YpOB-
HEM IPOYHOCTHBIX CBOHCTB. I'paduueckas muTepnperanus ¢yakumu A, (k, i) HaspBaeTCs Ha-
rpamMmoii ractuaHocTH [18].

Hean manHO pabOTHI — MOCTPOCHHUE JUATPAMMBI MPEACIBHON TUIACTHYHOCTH UCCIIEyeMOU
ctanu rpymnmbl npouyHocTd X80. B manmpHelinieM, TpoMOJEIMPOBAB MPOIECC HATPYXKEHUS TPyOo-
MPOBOJIa U BOCMOJIb30BABIIMCH AUATPAMMON IUIACTUHYHOCTH, MOYKHO OLIEHUTH MOBPEXKJACHHOCTh Ma-
Tepuaia TpyoornpoBoaa. Takke BO3MOXKHO CpaBHEHHUE AC(POPMAIIMOHHBIX CBOMCTB Pa3IMYHBIX Ma-
TEpUAJIOB IIyTEM CPaBHEHUS MX JUarpaMM IIaCTUYHOCTH.
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2. MaTepuaJ 1 MeTOAMKA

B kauectBe Marepuana A HCCIENOBAHMS MCIOJIb30BaJIaCh HHU3KOYIIIEPOJUCTAsl CTajlb
rpynnel pouHocTr X80, comepxkamas 0,07% C, ~ 2%Mn ¢ coaepxanuem V+Nb+Ti > 0,15%.
JlaHHast cTajib IPUMEHSIETCS U1 CBapHBIX TPYyO Oobiioro nuamerpa (1420 MM) ¢ TOJIIUHON CTEH-
K1 27,7 MM, U3rOTOBJIEHHBIX M3 JIUCTA, MOJYYEHHOIO IO PEXUMY KOHTPOIUPYEMOUM MPOKATKHU C
YCKOPEHHBIM OXJIaXIAeHUEM. [[i1s1 onpeneneHnss MexaHH4eCKUX CBOWCTB CTaJIl IIPOBOAUIUCH UCIIbI-
TaHUs NATUKPATHBIX LWIMHIPUYECKUX 00Pa30B IMaMETPOM 5 MM Ha pacTsSKEHUE Ha UCIbITATelb-
Ho#t ycraHoBKe INSTRON 8801. Ckopocts ucnbiTanus cocrasmia 1 Mmm/muH. ConpoTHUBIIeHUE Jie-
(dbopmaluu gg 10 MOMEHTA Havyasia 00pa30BaHUs IEHKU ONPEeIsiiin 1o popmyIe:

P
o5 ==, 3)

rae P — Texyuiee ycunue HarpyxeHus; F — Tekymas miomiaip nonepeyHoro ceueHus oopasua. [lo-
ciie 00pa3oBaHMsl LIEWKH CONPOTHUBIIEHUE AehOpMalluU ONIPECIISUIN ¢ YUETOM MompaBKku JlaBueH-
koBa—CNUpUAOHOBON HA TPEXOCHOCTH HAIIPSHKEHHOTO COCTOSIHUSA B 1Ielike [27]:

P
% = o) @

rae d/R — Oe3pasMepHbIN IapaMeTp, XapakTepusyromuil GopMmy mielku oOpasua; d — TeKyLui

MUHUMAaJbHBIA JuaMeTp o0pasna; R — TeKkyluii MUHUMAaIbHBINA paJuyc KpUBHU3HBI 0Opa3yrolel B

meiike. BenmuunHel d 1 R onpenensiii B MPOIEecce MCIBITaHUS NPU MOMOIIA OSCKOHTAKTHOTO OTI-

TUYECKOTO KOMIUIEKCa It aHam3a (GopMbl, TIOJIeH repemenieHnit u aegopmanmii StrainMaster.
Benuuuny crenenu negopManuu € Npu pacTsLKEHUU ONPENEssuId 1o popMyie:

e =2In(d,/d), (5)

rne dy — HadanbpHBIH auamerp oOpasmna. [lo pesynapraraMm pacdeToB KpHBasi YIPOYHEHHS Oblia ar-
MIPOKCUMHPOBAHa CTETIEHHOH 3aBUCUMOCTBIO

og = 580 + 412£937 (MIla). (6)

Jis onpenenenus Gynkuun A, = A, (k, ) OBLIM TPOBENEHBI UCTIBITAHUS Ha PACTSIKEHUE
[NIAJKUX [WIMHAPUYECKUX 00pa3lioB W HUIMHIPUYECKHUX OOpas3LOB C BBITOUKOW, UCHBITAHUS Ha
pacTsbKeHHe M cxkaThe oOpa3loB TUIA «KOJIOKOJIbUMK», BblAaBiHBaHHEe MeMOpaH. VccienoBanus
BBINOJIHAIM Ha ucnbiTaTenbHOM ycTtaHoBke INSTRON 8801. Ckopoctps ucnbiTaHus cocTaBuia 1
MM/MHH. Mcnionb30BaHue pa3iMyHbIX BUIOB UCIBITAHUN MO3BOJISIET B IOCTATOYHO IIMPOKOM JUa-
Ma30HE BapbUPOBATH MIOKA3aTeNb HAIPSHKEHHOTO COCTOSTHUS k 1 mokasarens Jloge-Haman ;.

3. Pe3yabTarhl U 00CyKICHUE

3.1 Hcnovimanusa na pacmsasyicenue yuauHOpU4ecKux oopa3uoe

Ha mannom srtamne uccnenoBaHui MPOBEACHBI UCTIHITAHUS HA PACTSHKCHUE TIAAKUX ITUIJIHH-
IpudecKrux o0pasioB M 00pa3loB C BHITOUYKOW. B JaHHOM BHE MCIBITAaHUHN MOKa3aTeNnb f, = —1
Ha NPOTSHKEHUU BCETO MPOLECCa UCTIBITAaHUS.

['magkue mummMHAPUYECKHE 00pa3Ibl UMENIH CICAYIONIME pa3Mephl: JJIMHA pabouel 4acTh
2540,1 mm; nuametp paboueit yactu 510,06 mm. luamerp 00pa3IoB ¢ BHITOYKON COOTBETCTBOBAI
8 MM, paguyc BBITOYKHM B MPOJOJIbHOM HampasieHuu 2,5+0,06 MM, guameTp B MECTE BBITOUYKH
540,06 mm.
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N3meneHne mokasaress K mpu pacTsHKEHUH PpacCYUTHIBAIH 10 Gopmysie [20]:

k=g (1+3%) O

3Ha4YeHHs TEKYIIero auaMerpa d W MpOoJOJIEHOTO pajiyca BRITOUKU R B MpOIecce UCTIBITA-
HUS ONpPEAeNsUIN MPU MOMOIIM OECKOHTAKTHOTO ONTHYECKOro KoMiuiekca StrainMaster. B pesyinb-
TaTe OBUIM TMOJYYECHBI 3aBHCHMOCTH M3MEHEHHS IMOKa3aTess HANpsHKeHHOTO COCTOSIHUSL K B TIPO-
11lecce MCTBITaHMS BIUIOTH 10 paspymeHus (puc. 1). IlpenensHas creneHs nedopmainuu casura A
IIpH pa3phiBe I1aIKOro oOpasua cocraBuia 2,25, a obpasua ¢ BHITOUkoi — 2,04.

OO0pa3zer ¢ BEITOUKOH

K /
2 r

1,5
1

0.5 i OGpa3el1 0e3 BEITOUKH
0

0 d 2 A

Puc. 1 V3meHeHune mokasaress HanpsHKeHHOTO COCTOSIHUS K B mporiecce AedopManuy MuIHHIPH-
YEeCKUX 00pasIoB

3.2 Ucnvimanus Ha pacmadiceHue u corcamue o6pa3uoe muna «KOJ/10KOJ/1b4UUK))

W3BecTHO, 4TO CyIIECTBYET OIpeeIeHHas po0ieMa HCCieI0BaHus IIaCTUYHOCTH MIPH T10-
CTOSIHHOM TMokazarene U, = 0. i uccienoBaHuii MOTyT MCIOJIb30BaThCSl UCIBITAHUS HA Kpyde-
HUE TWIMHIpUYECKUX 00pa3noB. OHAKO ATOT BUJ HCIBITAHUI HE MO3BOJSET BapbUpPOBAaTh BEIH-
YHHY T0Ka3aTessl HaNpsHDKEHHOTO cocTosTHUA K. [lomydnTh 3HaueHHs TOKas3arens kK B OTpUIATEIhb-
HOM MHTEpBaJje 3HaUCHUH MOKHO ITyTeM MPUIOKEHUs K 00pa3ily BICOKUX THIPOCTATHUECKUX J1aB-
nenuil [20]. TexHuka BBICOKMX JaBJICHHUI JOCTaTOYHO CJIOXHA B AKCIulyatauuu. B pabote [11]
IpeioKeH o0pasel], MO3BOISIONINNA TPOU3BOIUTh UCHBITAHUS B IIMPOKOM JHarna3oHe W3MEHEHUS
MOKa3aTessl HapsHyKEHHOTO COCTOSIHUA IMPH MOCTOSIHHOM mokasatene U, = 0. lnsg ucnsitaHuit o0-
paslia HeoOX0AMMO HCIOJIBb30BaTh UCIBITATEIbHYIO MAIUHY CJI0KHOW KOHCTPYKLHUHU C JIBYMS HC-
MOJIHUTEIbHBIMU OPraHAMHU.

[ToaTomMy ObLT MpeanokeH odpazel THIA «KOJIOKOJIbUYUK» (pUc. 2 @), MO3BOJISIOIMUI B 1IU-
POKOM JHaria3oHe BapbUpOBATh 3HAYCHHS ITOKA3aTelsl HAIPSHKECHHOTO COCTOSHUS K MIPpH HEU3MEH-
HOM noka3zarene U, = 0. B ciiyuae ucnpiTanuii naHHOro Buja 00pa3loB Ha pacTsLDKEHHE B MECTE
paspyuieHus npeoOagaloT pacTsIrUBaloIINe HANPsSKEHUs, B CIIydae UCIBITAHUM Ha CXKaTHe — CXKU-
Maromue. Pa3zpymennbsie 00pa3iibl moka3aHbl Ha puUC. 2 6 U 2 ¢ (U1l HarIsAHOCTH 00pasIlbl pase-
JIEHBI BJIOJIb OCH CUMMETPHH).

HanpsioxkenHo-neopMupoBaHHOE COCTOSIHME B 0Opasle OLEHUBAJIOCH MO PE3ysbTaTaM Mo-
JIeMPOBaHMs Ipolecca UCHBITAHUNH METOJ0M KOHEYHBIX 3JIEMEHTOB C HCIIOJIb30BAHUEM IaKeTa
ANSYS v. 14.0. PacueTsl BBINOJHSAIUCH HAa BBIYUCIUTEIBHOM KiacTepe «YpaH» MHCTUTYTa
UMM VYpO PAH. [ns marepuana obpasia NpuHHUMAIACh W30TPOIHAS YIPYrO-TUIacTHYECKass MO-
nenb AeOpMaMOHHOTO YIpOYHEeHHsl. PacueTbl OblIM BBINOJIHEHBI B MIPEAINOJIOKEHUHN 0CECUMMET-
PUYHOTO 1e()OPMUPOBAHHOTO COCTOSIHUA B oyare aedopmaluu, No3ToOMy MOJIEIUPOBAIACh TOJIbKO
MI0JIOBMHA MPO/I0JIBHOTO CeUeHUs 00pa3La.
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Ha puc. 3 npuBeneHo pacnpeseseHue SKBUBAJIEHTHBIX IUIACTUYECKUX JehopMaluii €, 10

ceueHuto oOpasla B Mpoliecce UCIBITaHUI Ha pacTsHKEHHE U CKaTHE K MOMEHTY pa3pyuieHus. Be-
JIMYMHY Egq PACCUMTHIBAIM 1O (hOpMyITE

€eq = Zn(deeq)n s (3

1/2
2
rae de,q = (E de;jde; j) , N — KOJIMYECTBO IIaroB pacuera.

b

a 0 8

Puc. 2 O6pazer Tumna «KOJIOKOJIBYHKY»: a@ — J0 UCIIBITAHUS; O — TTOCJIC UCTIBITAHUS Ha PACTSKEHUE; 8
— IIOCJIC UCITBITAHUS Ha CKATHC

[To pe3ynpratamMm MOJEIMPOBAHMS YCTAHOBJIEHO, YTO B MECTE Pa3pyIICHHUS BETUYMHA MOKA-
3atens U, = 0 ¥ MpakTHYEeCKH HE M3MEHSIETCS Ha MPOTSHKEHUHU BCETro Mporiecca 1eGopMUpoBaHUs.
W3meneHne mokaszaTelis kK B IpoIiecce UCIBITAHUH BIDIOTh JI0 MOMEHTA Pa3pylIeHUs MPEACTABICHO
Ha puc. 4. JlaHHble Ha puc. 4 ObUIM MOJIy4Y€HBl B MECTaxX pa3pylieHus (cM. puc. 3). AZeKBaTHOCTb
pe3ynbTaTOB MOJCIMPOBAHMS OIICHUBAIACH IYTEM CPAaBHEHMsSI PACUETHOTO yCHiIus AedopMHpOBa-
HUS, C SKCTICPUMEHTAIBHBIMUA JaHHBIMU. OTKIOHEHHE PACUETHBIX M SKCTICPUMEHTAIBHBIX JAHHBIX
He npeBbImano 7 %. 3HaueHue npeaesbHon aedopmaluu caBura A B MecTe pa3pylieHus sl uc-
MIBITAHUS HA PaCcTsHKEHUE COCTaBMWIIO 1,74, a yIst UCOIBITaHUS Ha Ckatue — 3,44.

3.3 Bovloaenueanue memopan

Jlyisa mpoBeieHUs UcIbITaHui OblT pa3paboTaH obpaszer (puc. 5) U OCHACTKA K UCHbITaTelNb-
Holl mammHe INSTRON 8801. s cHuxeHHs] TpeHHsI MEeXIy oOpa3ioM U J1eOpMUPYIOLIUM UH-
CTPYMEHTOM B JIOHBIIIKE 00pa3lia uMeeTcs yrirydjaeHue, B KOTOpOe MOMEIIaeTcsi cMas3ka B BUJIE TO-
pomkooOpa3noro rpadura. Ilepen Hayanom ucnbITaHUi 0Opaser] / yCTaHABIMBAECTCS Ha ONopy 2
(puc. 6). Cepxy oOpazen 3axumaercs Kpblikoi 3. B ciyyae, korja He00X0IMMO MPOBOIUTH HC-
MBITAHUS B YCIIOBUSIX IIPEe00IIaaonX CKMMAIOIIUX HaNps>KeHUH, oy MeMOpaHO! ycTaHaBIUBa-
Csl M3TOTOBJICHHBIN M3 MaTepuajga MeMOpaHbl MOANIOP 4, KOTOPBIA Takxke AehOpPMUPYETCS B MPO-
necce ucnbiTaHuss. CHU3Y MOANOp HOJDKUMAeTcsi BUHTOM 5. B kaudecTBe negopMupyromiero uH-
CTPYMEHTA UCIOJIb30BAJICS IIAapUK 6 auamerpoM 9,5 mm. [ledopmupyroliee ycuiive Ha MApUK TIe-
pelaBaioCch 4epe3 MyaHCOH 7/, YCTAHOBJICHHBIM B 3aXBaT€ HMCHBITATEILHOW MallvHbL. McrbITaHus
MIPOBOMIIMCH JI0 TIOSIBJICHUS TPEIIMHBI Ha oOpasie (puc. 7). [lpu ucneITaHUAX ¢ MOAMIOPOM pa3py-
eHne MeMOpaHbI MPOUCXOIMIIO HE B IIEHTPE, @ HA HEKOTOPOM PAaCCTOSIHUU OT HETo (puc. 8).
HanpsiokenHo-neopMUpoBaHHOE COCTOSIHME B MEMOpaHe OLIEHMBAJIM MO pe3yibTaTaM Ma-
TEMaTU4YEeCKOT0 MOJIEIMPOBAHUSI [TPOLIECCAa METOJJOM KOHEUHBIX 371eMeHTOB B nakere ANSYS.
Hedbopmupyromuii UHCTPYMEHT (IIApUK) B MOJEIH MPUHUMATH KaK aOCOIIOTHO YKECTKOE
teno. s nepopmupyemoro marepuaia MeMOpaHbl M NOANOPKH MPUHUMAIH U30TPOIHYIO YIIPYTO-
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IJIACTUYECKYIO MOJIeNb J1e(hOpMallMOHHOTO yIpOouHeHus. PacueTsl ObLIM BBINOIHEHBI B MPEATNOIIO-
HKEHUU O0CECUMMETPUYHOIO Je(POPMUPOBAHHOIO COCTOSIHUS B oudare aedopMaluu, O3TOMY MOJe-
JIUPOBAJIM TOJIHKO MOJIOBUHY CEUEHUS 00pa3lia U MOMOPKH.

2237064 ,447527 . 611291 .B95055
.111882 .3356486 .5594089 . 783173 1.00694

MecTo pazpymeHus

0 438202 .876404 1.31461 1.75281
.219101 . 657303 1.09551 1.53371 1.97191

6

Puc. 3 Pacnipenenenuie s5KkBUBaJICHTHBIX IUIACTUYECKUX JeopMalivii O CEYeHHI0 00pasiia pu uc-
MBITAHUAX Ha pacTsDKeHHE (a) U Ha cxaTtue (0).
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Ha xoHTakTHBIX MMOBCPXHOCTAX HAIMPSXKCHUS TPCHUS OIMUCBIBAIIN, UCIIOJIB3YA 3aKOH TPCHUMA
A.H. JleBanona [28]:

t=Kn % |1- exp(—l,ZS)i], 9)

rae Ky - dakrop TpeHus; p - HOpMalbHOE KOHTAKTHOE JIAaBJIEHHE; Gg - COIPOTUBIICHHUE JedopMa-
LMY B IPUKOHTAaKTHOM cjoe. 3akoH TpeHus A.H. JleBanoBa ObLa BEIOpaH B CBS3U C TEM, YTO 3aKOH
TpeHust AMontoHa—Kynona, ucnonbs3zyembiii B ANSY'S, 3aBbliiaeT Hanps>KeHUsS! TPEHUS B YCIIOBUAX
3HAYUTENIbHBIX KOHTAKTHBIX JABJIECHUNA. DTH YCJIOBMSI BO3HUKAIOT IPU BBIJABIMBAHUU MeMOpaH C
npoTuBOAaBeHHEM. 3akoH TpeHus A.H. JleBanoBa siBisercss 000OIeHneM 3aKOHOB AMOHTOHa—
Kynona u 3ubens.

K lcnpITaHHe Ha pacTA/KEHHE
1
0,5
0
05 0 1 2 3 A
1 \__/
-1,5
2 \ HcnpITaHue Ha c;KaTHE

Puc. 4 3meHeHne mmokasareis HalpsHKEHHOTO COCTOSTHUS K B mporiecce aedopmarum
00pasIoB THMA «KOJOKOIHYUK

[Ipy HU3KMX KOHTAKTHBIX JABJICHUSAX HampspkeHus TpeHus mo A.H. JleBaHoBy Onm3ku k
HAIPsHKEHUSIM TpeHHst 10 AMOHTOHY—KYITOHY, a IpH BBICOKMX KOHTAKTHBIX JABICHHUAX — 0 3HOEIO.
3amanne 3akoHa TpeHHs (9) OCYMIECTBISUIM C TOMOIIBIO IMOJB30BATEIBLCKOW MOAMPOTPAMMBI
USERFRIC. ®akrop tpenus K = 0,05 onpenensiiu B COOTBETCTBUU ¢ MeTOIMKOM [28] o Oouko-
00pa3oBaHUIO MUIUHAPUIECKIX 00pa3IOB IIPU OCAJIKE.

| /

[TomocTh 111 cMa3KH

~ , ||i‘i||mlﬂ\‘\\'\ﬂ\“ il

1 2 3
a o

Puc. 5 O6pazen «memOpaHa»: a — IpoI0JIBHOE CEYCHHE; O — HATYpHBIN oOpa3ell

Ha puc. 9 npuBeneno pacrpejeneHie 3KBUBAJICHTHBIX IJIACTHUECKUX Aedopmaiuii no ce-
YEeHUI0 00pa3la K MOMEHTY paspyuenus. Ilo pe3yiabTaram MoeIupOBaHUs ObUIO YCTAaHOBIIEHO U3-
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MEHEeHHUe Toka3atene k u i, (puc. 10) st yaacTKOB 00pa3ioB, T/ie B UCIBITAHUAX ObUIO 3aHK-
CHUPOBAaHO BO3HMKHOBEHHUE TPEUIMHBI. AJEKBATHOCTh MOJYYCHHBIX MPH MOACIHUPOBAHUN PE3YIbTa-
TOB OIIGHWBAJIACh IyTEM CPaBHEHUS YCWJIHS Ae(pOpMHUPOBAHUS, IOTYIEHHOTO TIPYU MOICITHPOBAHUT
C DKCIIEPUMEHTAIBHBIMHA JaHHBIMHA. OTKIOHEHHWE PACUYETHBIX M SKCIEPUMEHTAJIBHBIX TaHHBIX HE
npeBbImaeT 8 %. 3HaueHHe MpenebHON nedopMaluy CABUTa A B MECTe pa3pyIICHUs IS UCIIBITa-
HUS Ha BBIAABIMBaHHE MeMOpaHbl O6e3 moanopa coctaBmwio 1,41, a [uist UCTIBITAHNS HA BBIJABIINBA-

HUE ¢ moArnopom — 2,32,

h W R = O

o

Puc. 6 Cxema oCHaCTKH TS BBIJABIMBAHUS MEMOpaH

P by -

.

Puc. 7 O6pa3zern mocie ucnsITaHuii 6€3 moamopa
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[Toamop

Puc. 8 O6pazer mocie UCIbITaHAN C TIOIOPOM

3.4 Hoenmugukayusn ouazpammol na1acmuiHocmu

OyHKIUSA, ONPENeNsIoNas qiarpaMMy IUIACTUYHOCTH, B OOIEM Cllyd4ae 3aBHCHUT OT JIBYX
nmokasareneit — k u [, 1 MOKeT OBITh anmpoKCUMUpoBaHa Gopmyioi [19]:

Ap = ao(k) + ay (k) - po + ax (k) - i3, (10)

rae ag(k), a;(k), a, (k) — HeussecTHbIE PYHKIMU OT MOKA3aTENs HANPSHKEHHOTO COCTOSHUA Kk, KO-
TOPBIE 3aBUCAT OT CBOMCTB KOHKPETHOTO 00pabaThiBAEMOro MaTepHalia.

[Ipy TOCTOSHHBIX, HA MPOTSHKEHUH BCETO Ipolecca JAeGopMUPOBAHHUS, 3HAYEHHUAX TTOKa3a-
tens Uy=-1; 0; +1 dopmyia (10) MoxkeT ObITH 3amKcaHa B BUJIE:

Ap_, = aog(k) —a (k) + ay(k),
Ap, = ao(k), (11)
Ap,, = aog(k) + a; (k) + a, (k).

OneIT IPOBENIEHHBIX paHee uccieaoBanmii [19, 20, 29] noka3an, 4To npu GUKCHPOBAHHBIX
3HAYCHMSAX IIOKA3aTENs [L; 3aBUCUMOCTD /\;, XOPOLIO ONHMCHIBACTCS (DYHKIIMEH:

A, =a-exp(f-k), (12)

rie a u ff — sMmnupudeckre KodpuuueHTsl. [Ipy MocTOSHHBIX 3a MPOoIece 3HAUYSHHX TOKa3aTes
u, = —1; 0; +1, popmyny (12) 3anuwem B Buje:
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Ap_, =0yq- exp(B1 : k),

Apy, = 05" exp(B2 -k), (13)

Ap,, =03 exp(B3 -k).

.206639 .413278 .619917 .826556
.309959 .516598 723237 .929876

MecTto pa3pyuieHHA

0 .361472 . 722944 1.08442 1.44589
.1B0736 .542208 .90368 1.26515 l.62662

6
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Puc. 9 Pacnipenenenuie s5KkBUBaJICHTHBIX IUIACTUYECKUX JeopMalluii IO ceUeHnto0 00pa3iia Mpu Bbl-
JaBIMBaHUKM MeMOpaHbl 0e3 nojmnopa (a) u ¢ noAnopom (6)

[ToxcraBuB mpasble yacTH ypaBHeHu# (13) B ypaBHenus (11), momyuum cucremy ypaBHe-
HHUI:
Oy - eXp(Bl 'k) = ao(k) — a;(k) + a,(k),

%) 'eXP(BZ 'k) = ao(k), (14)

03 -exp(B3 -k) = ay(k) + a, (k) + a,(k).

k Ho He  k Heo He
1,2 cm— / 1 1,2 e 1

) \ T s i ‘r/_\/\ 0,8
0,8 / 0,8

k 0,6 0,6
0,6 e I k 0,4

0,4 i 0,4 '
0,2 0,2 0,2 e

0

) 05 i M P 0,5 1 1,5 2 A
a o

Puc. 10 M3menenue nokaszareieid k u [, B mpoliecce BbIIaBIMBaHUSI MeMOpaHbl Oe3 moarmopa (a),
BBIJABJIMBaHUSI MEMOPAHBI C TOANIOPOM (0)

Pemas cucremy ypasaenwuii (14), Beipasum dyukuun ay(k), a, (k) u a, (k) yepes smmupu-
4ecKre KOIQPHUIMEHTBI 0y, Oy, 03, B, B, B,:

ay(k) = o, -exp(B2 -k),
a, (k) =az - exp(B3 -k)/2 =0y - exp(B1 -k)/2, (15)

a,(k) = ag -exp(B3 -k)/Z + o exp(B1 . k)/Z —a, -exp(B2 -k).
[ToncraBus Gopmyisl (15) B ypaBuenue (10), o0koHUATETHHO TOJIYIUM

Ay = “2'eXP(Bz'k)*'<a3-eXp(z3'k)-al-eXp(zl'k)>-;gj+

(16)

+<a3-w+al-W—az-exp(Bz-k)>-p§.
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Hewuspectrbie k03hUIHCHTH &4, &5, A3, B1, f2, B3, BXxoasmue B Gopmyiy (16), ompene-
JISUTA TTyTEM MHHUMH3AIUK (YHKIIMOHAA KBaIPATHYHBIX OTKJIOHCHUW 3HAUYCHUH MOBPEKICHHOCTH
@ OT 3HAYEHUS YCIIOBHS pa3pylmieHUs @ = 1, paCCYUTAHHBIX JUIS BCEX IIECTH BUOB HCITBITAHHA:

6 ,(1 — wy)? - min, (17)

rje i — HoMep HCIbITaHHOTO oOpa3ua. Pesynbrarsl ucnbiTanuil npusBeaensl Ha puc. 1, 4 u 10. [lo-
BPEXJIEHHOCTb w; paccuuThiBaiu 1no ¢opmyine (1). BappupoBanue HensBecTHbIX KO3()(ULIMEHTOB,
Bxoaaumx B opmyny (16), ocymectsisiin MmerogoM Xyka — Jxxusca [30]. s uckiatodeHus mo-
NajaHusl B JOKaJIbHBIM MUHUMYM (YHKIIMOHAJIA KBaIpaTUUHbIX OTKIOHEeHuH (17) BeIOMpanu He of-
HY HadaJbHYIO0 TOUYKY IIOMCKA, @ HEKOTOPOE UX MHOKECTBO. JJIs Kak/10i HauaJbHOW TOUYKHU MOMCKA
BBINIOJIHSIM TTpouenypy merona Xyka — JlkxuBca. Ilpu 3ToM HavanbHble 3HAaYEHHUS] HEU3BECTHBIX
K03 (ULIMEHTOB BapbUpOBaIU B MHTEpBajie oT — 5 1o 5 ¢ marom 0,5. B pesynprare nmomyuuiau
3HAYCHUS HEHM3BECTHBIX KodpdumumeHToB o = 2,46; a, = 2,38; a3 = 2,376; B, = —0,089;
B, = —0,29; B; = —0,678.

Ha puc. 11 uzoOpakeHa nuarpaMma IJIaCTUYHOCTU CTaju rpynnsl npoyHoctd X80. [ua-
rpaMMa M03BOJISI€T OLIEHUBATh INIACTUYHOCTh UCCIIEAYEMbIX MaTEPHAJIOB BO BCEM MHTEpBaje U3Me-
HeHus nokasarens Jlone — Hagau. M3 nuarpaMMel BUIHO, YTO IJIACTUYHOCTH CTAJIM HEOJHO3HAYHO
3aBHCUT OT BHJIa HANPSHKEHHOTO COCTOSIHUS: B OOJNIACTH pacTsAruBarommx HanpsokeHuid (k > 0)
cTajp Haubojee IUIaCTUYHA HpH JedopMaluU MO CXeME OCECHUMMETPUYHOrO PaCTKEHUS

(U = —1), a B o0macTi cxUMarOmuX HanpspkeHui (k < 0) — mpu UCTIBITAHUSAX HA CPE3 U BbIIABIIH-
BaHHE MeMOpaH. DTOT (PaKT CBUAETEILCTBYET O TOM, YTO CTaHJAPTHBIE HCIIBITAHUS HAa PACTSKEHHUE
(Uy = —1) u ynapuyto BsBKOCTh (U, = 0) HE MO3BOJSAIOT AJECKBATHO OICHUTH Je(HOPMAITMOHHYIO

CTIIOCOOHOCTH CTaJIM MPH BCEM PAa3HOOOpa3Hy BO3MOXKHBIX YCIOBHUN PabOTHI MaruCTpajabHOTO TPY-
6ompoBoga. [locTtpoeHue MoJHON aUArpaMMbl IJIACTUYHOCTH MO3BOJISIET 3HAYUTEIHHO PACHIUPUTH
CBeZIeHUs 0 AepOpMAIMOHHOM CIIOCOOHOCTH MaTepuaia.

> 1 0

Puc. 11 lnarpamma niaCTU4HOCTHM CTaJIM TPYIIIBI IPOYHOCTH X80

3.5 Bo3moscnoe npumenenue pe3ynomamos uccie008anusi

[TokaxxeM BO3MOXKHOCTb HCIOJIB30BAHUS MOJYYEHHOW AUarpaMMbl IJIACTUYHOCTHU HA IpH-
Mepe MOJEIMPOBaHUS IPoliecca HEHOPMATUBHOTO TiepeMerienus TpyoonpoBoaa [31]. Paccmorpen
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pPEYHOM TOABOJHBIA YJaCTOK MAarucTpajbHOTO TpyOompoBoaa. Ilog Bo3meHCTBHEM pa3IUYHBIX
NPUPOIHBIX (PaKTOPOB (TIOABIKKKA W APO3UST PEYHOTO JHA, Pa3MBIB pycia HUT.IL) MPOH3OILIO pa3-
MBbIBaHUE TOJIBOJAHOTO TPYOOIIPOBOJa, B PE3yJbTaTe YEro y4acTOK TPyObl OKa3ajcs MOJHOCTHIO B
Bojzie. IIpu 3TOM TpyOOTMPOBO BCILIBLI MO JEWCTBHEM BBITAIKMBAIOIICH CHUIIBI BOABI (puc. 12).
Crpena apku noabema TpyObl gocturia nopsaka 1000 mMm. MonenupoBaHue OCYyIIECTBIISIIA METO-
JIOM KOHEYHBIX 371eMeHTOB. [ MaTepuana TpyObl NPUHUMAIU MU30TPOMHYIO YIPYrO-IIACTHUYECKYIO
MOJIeNb 1e(OPMAIIMOHHOTO YIIPOYHEHHUs. B pe3ynbpTare MoAeIMpoBaHys IOIYIEHO pacipeeiicHue
MOBPEKACHHOCTH TI0 ceueHuto TpyOsl (puc. 13), paccuntannou mo dopmyne (1). B mpouecce ne-
(dbopMHpOBaHWS Ha HIDKHEH CTEHKE TPyObl 0Opa3oBajiach CKIIajKa, IMOJA00HOE SBICHHE HaOJIO/a-
JIOCh B PEATTbHBIX KCIIEPUMEHTaX Ha U3ru0 TpyObl, BRIMIOJHEHHBIX B padore [32]. Buano, uro mno-
cite nedopmanuu TpyOompoBoaa (Jake ¢ 00pa3oBaHUEM CKIIAJIKH) IMMOBPEKICHHOCTH 110 TOJIIIHHE
CTEHKH TPYOBbI IMEET JI0OCTaTOYHO HU3KKE 3HAUCHMUS, T.€. OJI00HBIE ehopMaIy TpyOooIpoBOIa HE
MIPUBOJIAT K €r0 pa3pylIieHui0. AHAIOTUYHBIE BHIBOIBI C/IeNaHbl B paboTte [31].

u{ )33 éﬁi{/ﬁi Cj ; 7 /I:z ,aH Tf:; 0]

Damage

0333

0.222

0111

0.000
0.000 Min

0.333 Max

Puc. 13 Pacnpenenenue moBpeXI€HHOCTH IO CEUSHHUIO TPYOBI MaruCcTPaIbHOTO TPyOOIIPOBOIA
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4. 3akJa0ueHne

[TonyuenHas auarpaMma IJIACTUYHOCTH MOJKET OBbITh MCIIOJIb30BaHA [yl OLIEHKH pecypca
IJJACTUYHOCTH  CTAJIM  TIpymmbl  NpoyHOocTH X80 B YCIOBHAX CJHOKHOIO — HAIpPsHKEHHO-
Ne(OPMUPOBAHHOTO COCTOSIHUSI MPU IKCTPEMaIbHBIX Harpy3KaxX MaruCTpalbHbIX TPYOOIIPOBOJIOB.

PaGora BbInosIHEHA B COOTBETCTBUU € cOBMeCTHBIM npoekToMm ¢ CO PAH Ne 12-C-1-1030.
WcnpiTanus nposeneHsl Ha 00opynoBanuu LlenTpa kosnexktuBHoro nois3zoBanus MMAILLL YpO
PAH.
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A synthesis mechanism of nanoparticulate zirconia-modified Al,_Fe,Os solid solutions has
been studied with the application of X-ray diffraction, IR spectroscopy, DTA, particle-size analysis
and chemical analysis. The solid solutions have been prepared via heat treatment of ammonium
hydroxycarbonate complexes. The nanoparticles are shown to consist of crystalline rhombohedral
a-Al_Fe, O3, monoclinic and tetragonal (M-ZrO, and T-ZrO;). The synthesized mixed oxide offers
a high polishing ability (3 to 4.5 times as high), as demonstrated in polishing of titanium, and
ensures surface roughness values R, ranging between 0.019 and 0.009 pm.

Keywords: aluminum-iron oxides, zirconia, X-Ray diffraction, polishing, titanium, nano-
roughened surface.

1. Introduction

For the development of precision engineering and electronics, it is necessary to obtain the
surface of various metals and non-metals with minimum roughness R,, for example, less than
0.005 um. For this purpose, surface processing is applied, with the last stage being final polishing
with the use of abrasive nanodispersed materials, such as natural and synthetic nanodiamond
powders, boron or silicon carbides, cubic boron nitride and ultradispersed powders based on
aluminum oxide (corundum) and silicon dioxide with a granularity ranging between 0.01 to 0.3 and 6
to10 um [1-10].

When ultradispersed nanodiamonds, corundums, silicon carbides, boron carbides or nitrides
are used, i.e. abrasive materials with high hardness, polishing is primarily a mechanical process of
roughness microcutting and relief smoothing. It should be taken into consideration that the
polishing process is long and multistage. Final polishing is usually performed 3 to 5 times, with a
consistent reduction in the grit of abrasive slurries used in preliminary operations, finishing and fine
finishing.

The mechanical polishing process is a complex interaction among the material being
processed, the pad and the abrasive particles. Exploring the mechanism of polishing of different
metals with nanodispersed abrasives, one cannot but state that it is governed by a mechanical
impact on the surface with the formation of new solid phases at the interface, that is, with a
chemical process. According to many authors, productive abrasive materials for final polishing of
metals include medium hardness abrasives based on transition metal oxides or their solid solutions
[11-15].

For final polishing, promising is the development of the synthesis of nanodispersed
tribochemical active abrasive materials on the basis of solid solutions of transition element oxides.
The application of nanodispersed tribochemical active abrasive materials based on solid solutions of
aluminum-iron oxides with the crystal structure of corundum and hematite reduces the number of
finishing operations of polishing with the view of obtaining a nano-roughened surface as a result of
changing from mechanical polishing to mechanical-chemical polishing. As a result of the use of
these materials, a nano-roughened surface is achieved for hardened solid steels, non-ferrous metals
(particularly, aluminum) and their alloys [16, 17].
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A challenge is to produce a nano-roughened surface of titanium and its alloys. The most
widely used methods include electrochemical polishing of titanium. However, the achieved surface
roughness is R,-0.25 0.20 um [18].

The mirror surface of pure titanium and titanium alloys, with R, less than 0.1 pm, is known
to be achievable by using abrasive ALO; grains for intensive mechanical polishing, the contact
pressure being 0.1 and 0.4 MPa [19].

The ratio between the microhardness of the material being polished and that of the abrasive
material is significant in the processes of polishing. Thus, the microhardness Hv of titanium is
1800 MPa. For mechanical-chemical polishing to be feasible, i.e. with chemical reactions in the
near-surface layer, the ratio between the microhardness of the material to be polished and that of the
abrasive material must not exceed 1.8. Therefore the use of complex oxides of aluminum and iron,
with the hardness Hv of 1650 to 1700 MPa, was proposed for polishing titanium and its alloys [20].

Various techniques of fabricating nanosized particles of powders based on aluminum oxide
are known, for instance, synthesis by pulse heating, hydroxide sol-gel deposition with subsequent
thermal treatment, self-propagating high-temperature synthesis (SHS), or mechanical-chemical
methods [21-26].

However, complex aluminum-iron oxides are less effective for final polishing of such
materials as titanium and its alloys. Polishability can be increased by modifying complex
aluminum-iron oxides with, e.g., zirconium oxides. It has long been recognized that the
polymorphism of zirconium oxide can be tuned by doping with Y>*, Yb*", Ca*", Ce*, etc., yttrium
(IIT) being widely used as a stabilizer of the tetragonal phase. The monoclinic phase was retained
when yttrium oleate was added in the ripening stage of monoclinic ZrO,. Therefore ion doping must
occur during the ZrO, nucleation and growth stages [27-32].

Promising is a solid phase method for synthesizing solid aluminum-iron solutions obtained
by heat treatment of hydroxy-complexes like M | M ((OH)»(X")ynemH,0. The structure of
these compounds is composed of positively charged hydroxide layers [M . M, (OH),]*" and
anions X" The necessary bond structure is formed in the first stage, namely, the deposition and
formation of hydroxy-complex. A significant advantage of this method is unrestricted variation of
the atomic ratio of the elements during deposition. In total, the formation of intermediate complex
compounds of hydroxycarbonates followed by thermohydrolysis yields qualitatively new functional
properties.

This work studies the synthesis of zirconia-modified complex aluminum-iron oxides
proposed as an abrasive material for final polishing of titanium and its alloys.

2. Experimental Procedure

The solid solutions of aluminum-iron oxides and those modified by zirconium dioxide were
prepared by heat treatment of precipitated ammonium hydroxycarbonates at temperatures between
950 and 1150°C. In the course of precipitation, zirconyl ions were added in the form of a 0.1 M
ZrOSOy solution. The iron oxide concentration in the reaction product was varied in the range
between 0.12 and 0.2 mol %, and the zirconium dioxide concentration was varied from 0.001 to
0.008 mol %. The content of aluminum and iron in the samples was determined by standard
procedures of the X-ray fluorescence analysis with the use of an EDX-900HS energy dispersive
spectrometer, with a relative statistical deviation of +0.0005 mol %. The contents of NH," was
determined photometrically, and the contents of CO;> was determined volumetrically as follows:
the samples dried at room temperature were heated to 220-250°C, and the carbon dioxide was
captured by an alkali solution [33]; the total content of the OH™ and COs> groups was determined by
the oxalate method.

The following methods were applied to the examination of the samples: IR spectroscopy,
with the use of a Shimadzu JR-475 spectrophotometer, the samples being pressed into tablets with
KBr; XRD analysis with a STADI-P diffractometer using a software program for comparing
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diffraction peaks with the data from JCPDS-ICDD PDF2, with CuKa, radiation (nickel filter). The
step scan is 0.03° and range of 2@ was 5 to 70°, the counting was 5 to 25 s for each step.

The particle-size analysis of the samples was performed by gravity sedimentation by a
Shimadzu SA-CP2 centrifugal analyzer, the viscosity of the dispersion medium being 0.0093 P and
the density of the liquid phase 1.0 g/cm’, and by a scanning electron microscopy with a Tescan
VEGA 11 XMU scanning electron microscope, U, = 15 kV. The thermal and thermogravimetric
effects in the course of heating of the samples in the AlL,O3-Fe,03-ZrO;-system were measured
using complex thermal analysis on a Q-1500 derivatograph (Hungary), heating rate of 10—
11°C/min, 20-1000°C, 500-mg samples.

The abrasive properties of the samples in the polishing processes were assessed by standard
procedures of measuring polishability and surface roughness (R,) with a Wyko NT1100 optical
profiler and by atomic force microscopy (AFM) with a Nanoscan scanning probe microscope
working in the hard contact mode. The topography was registered as a discrete function Z = f (x, y)
defined on a two-dimensional array of discrete variables. In the measurement of surface roughness
by scanning at maximum 9 X 9 um (9.70 um x 9.32 um), with a resolution of 512 x 512 pixels, the
scanning speed was 30 um/s. The AFM study of roughness is a series of shots with various surface
parts. In each frame the parameters of the standard deviation of the heights were calculated. The
resulting surface roughness on this scale was assessed as a value, averaged over a set of the same
frame size. The value of the standard deviation of the heights of the surface topography can be
calculated as follows:

o\/l/N{ZZiJ—E} . (1)

Surface roughness R, is the arithmetic mean of the absolute value deviations within the
profile length, and it is determined as follows:

R=1mX|y]. 2)

The starting samples, VT1-00 titanium (99.9 % T1), had initial surface roughness R,=1.3—
1.6 um. In the experiment, each point was determined on five samples. The results obtained were
processed by methods of mathematical statistics and the sampling was verified for the normal
distribution of the results.

The polishability was determined as:

P=AM/St, (3)

where AM (mg) is the mean weight loss due to polishing, S (cm?) is the area of the polished surface
and ¢ (min) is the duration of polishing. The titanium cylindrical samples had the following
dimensions: diameter 17 mm, height 20 mm.

To simulate the polishing process, a specialized unit based on a “Metapolan 2” vibration
device was installed (fig. 1). The samples were placed in special cells on platform 1, covered with a
cloth, where there was room for polishing paste serving as a sanding pad (2). The samples were
pressed by load of 18 to 30 kPa (9); the rotation of the samples was due to the rotation of the
spindle (7) from an electric motor (4), the speed being adjusted by a resistor (5). The sample
rotation rate was 89 rpm. The polishing suspension was prepared from the abrasive powder (10 g)
and distilled water (90 ml) with a suspension pH of 7-8. A woolen cloth was used as a polishing
pad, with a polishing paste consisting of water and abrasive powder being applied to it every 15
minutes, as the optimal experimental time. The process was monitored against the change in the
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metal removal and the surface quality. The agglomeration of the polishing paste did not occur
during the whole process of polishing.

th

PRy

Fig. 1. Flowchart of polishing: / — platform; 2 — pad with slurry (polishing paste); 3 — sample; 4 —
electric motor; 5 — resistor; 6 — AC source; 7 — spindle; 8 — electromagnets; 9 — load.

3. Results and Discussion

The experimental data and IR spectroscopy have shown that the precipitated ammonium
aluminum-iron hydroxycarbonates doped with zirconyl-ions contain hydroxyl and carboxyl groups.
Studying the synthesized samples and their heat-treatment products at temperatures ranging
between 25 and 1150°C by XRD analysis, one can represent the general formula as
NH4ALFe(OH)s(CO3),nH,0. When in the first stage aluminum, iron and zirconium precipitate
from the sulfate solution (the results of IR spectroscopy and chemical analysis), ammonium
aluminum-iron hydroxycarbonates and zirconium hydroxycarbonates are formed. These compounds
are similar in the composition to the ammonium hydroxycarbonates of cobalt, aluminum and
chromium previously studied earlier in [34]. The overall reaction of aluminum-iron
hydroxycarbonate precipitation can be represented as follows:

FeSO4 +A12(SO4)3 + ONH,HCO; = NH4FGA12(OH)5(CO3)2 + 4mH4)QSO4 +2H,0 + 7CO.. (4)

The formation of ammonium hydroxycarbonates is characterized by the stability constant K
and determined by the equilibrium constant K = 1/K; of the decomposition of the compound
NH4F€A12(OH)5(CO3)21

NH,FeAl,(OH)s(CO;), = Fe(OH), +2A1(OH)COs + NH,OH. (5)

As in the process of decomposition iron hydroxide and aluminum hydroxycarbonate are
formed, the equilibrium constant is characterized by the ammonium hydroxide dissociation constant
K4, and it depends on the concentration of Fe?t AP " OH and CO5°. This can be represented as:

K, =K4[Fe*" [AP" [OH*[CO5* (6)

2
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where Ky is the ammonium hydroxide dissociation constant equal to 1.8:10°. As a result of
calculations, the stability constant for the complex is 0.17-10°, ie. the complex of
hydroxycarbonates is a stable compound in the synthesis reaction.

The precipitation of zirconium from the solution can be represented by the following
reaction [35]:

27rOS0O4 + 6NH4HCO; = mH4)QZI‘202(OH)2(CO3)2 +4CO, + 2H,0O +2(NH4)2SO4. (7)

From the theoretical concepts of olation in the formation of polynuclear complexes of
hydroxide compounds and from the data of IR spectroscopy and chemical analysis, in view of the
oxidation of Fe*" into Fe’", the composition of the hydroxycarbonates of ammonium, A’* and Fe*"
can be represented by the following scheme:

N !
o Loe L
\/L/ O\A‘I <~ ’ \AI e \A|/ nNH,"
v i ~ 7 ‘ N7
Q 7 OH (8)
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For zirconium hydroxycarbonate, the scheme is as follows:
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On the IR spectrums of the samples there are the following absorption bands: intense narrow

bands in the region of the stretching vibrations of the OH™ groups with pronounced peaks at 3200
and 3450 cm ', which correspond to the stretching vibrations of the bond of the associated Fe-O-H
and Al-O-H hydroxyl groups; the bands at 860 and 985 cm ' are the deformation vibrations of the
OH’ groups; the 1100 cm™' band is due to the deformation vibrations of OH™ characteristic of the
hydrogen bridge bond, and this confirms the polymeric nature of the compound. The bidentate
nature of the carbonate group is confirmed by the split frequencies of degenerate vibrations v; with
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the symmetric states of the monodentate and bidentate groupings C,, and Cs (absorption bands
1395; 1445-1449 and 1540 cm™).

At the second stage in the process of solid-phase synthesis, when hydroxycarbonates are
treated at temperatures ranging between 950 and 1150°C, Fe*” is oxidized into Fe’" and solid
solutions of aluminum-iron oxides are formed, as well as zirconium dioxide, and this is supported
by the data of the chemical and X-ray diffraction analyses.

The process of heat treatment of ammonium hydroxycarbonate with inclusion of zirconium
dioxide can be represented as follows:

NH4A12F6(OH)5(CO3)2+ mH4ZI‘202(OH)2(CO3)2—) AIQFG(OH)402 +ZI‘202(OH)2 —>
(10)

—)A1203'F6203am0rp + ZrOZamorp—) A12—xF6x03cryst + ZrOZcryst-

The equations for the reaction of the decomposition of hydroxycarbonates during heat
treatment are:

4NH4FGA12(OH)5(CO3)2 + 1002 = 2F6203 +4A1203 +4NH3 +8C02 + 12H20, (1 1)

(NH4)2Zr205(0H)(CO;), = 2Zr0; +2CO; + 2H,0 + 2NHs. (12)

The formation of a solid solution of aluminum-iron oxides of a rhombohedral modification
with the R-3c spatial group is confirmed as follows: a-Al, x\FexO; (85.9 mass %) — by the diffraction
lines (012), (104), (110), (116), a-Fe;Os3 (7.7 mass %) — by the skl lines (012), (104), (110), (116);
the formation of tetragonal zirconium dioxide (1.9 mass %) with the P42/nmc spatial group is
corroborated by the Akl lines (101) (110), (112), and the presence of monoclinic ZrO; (3.7 mass %)
with the R21/c spatial group — by the Akl lines (011) (-111), (111).

In addition, orthorhombic AlFeOs (3.7 mass %) with the Pna2l spatial group is formed (hkl
lines (011), (111), (022), (122)). Figure 2 is a diffraction pattern for the samples of ZrO,-modified
complex aluminum-iron oxides (2a: the diffraction lines of tetragonal ZrO, are marked with “o0” and
the diffraction lines of monoclinic ZrO; are marked with “x”; 2b: unmodified complex aluminum-
iron oxides).

The chemical X-ray fluorescence energy-dispersive analysis shows the following
composition: 70.0 % ALOs; 25.0 % Fe,03; 5.0 % ZrO,, this being in good agreement with the XRD
data. In the study of the Al,O3; — ZrO, system under solid-phase synthesis at a temperature of 1150
to 1200°C it was found that rhombohedral aluminum oxide a-Al,Os (hkl lines (012), (104), (110),
(113), (116)), tetragonal zircontum dioxide (A4l lines (101), (110), (112)) and monoclinic phase
(lines Akl (011), (-111), (111)) are formed. M-ZrO, formation is consistent with the data found in
[36, 37].

The chemical X-ray fluorescence energy-dispersive analysis shows the following
composition: 63.1 % ALOs; 36.9 % ZrO,, this being in good agreement with the XRD data.

The data obtained from the sedimentation and electron microscopy studies demonstrate
(fig. 3, 4a, 4b) that the samples of complex aluminum-iron oxides (0.12 to 0.156 mol % Fe,Os and
0.04-0.08 mol % ZrO;) contain nanoparticles: the main fraction is particles sized 50 nm. The
samples with the concentration 0.08 mol % ZrO, (fig. 4b) contain nanoparticles more than 50 nm.
The samples contain nanoparticles up to 10 nm in size, which are collected into larger particles
through electrostatic attraction. But these particles quickly fall apart into small nanoparticles;
therefore, in polishing, no scratches are left on the surface sample.
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Fig. 2. XRD patterns of aluminum-iron oxide samples: («) modified with 0.004-0.008 mol % ZrO,

(the diffraction lines of tetragonal ZrO, are marked with “o” and the diffraction lines of monoclinic

ZrO, are marked with “x”), the counting being 5 s for each step; () unmodified (Miller indices for
a-Al, -, Fe,O3), the counting being 25 s for each step.

Koroleva L. F. / Nanoparticulate zirconia-modified solid solutions of aluminum-
iron oxides for polishing titanium metal
http://dream-journal.org page 90102



| Diagnostics, Resource and Mechanics of materials and structures
FHI Issue 1, 2015 97

Oper-access ournal

Percentage
of Particles

——1

—-—2

—A—3

01 1 10
Size, micron

Fig. 3. Differential particle size distributions for an mixed aluminum iron oxide: (/) unmodified, (2)
modified with 0.004 mol % ZrO,, (3) modified with 0.008 mol % ZrO,

Fig. 4. SEM-micrograph of abrasive material based on a complex oxide of aluminum and iron
modified with zirconium dioxide: a) with 0.004 mol % ZrO,; b) modified with 0.008 mol % ZrO,

The investigation into the process of polishing of titanium by zirconia-modified complex
aluminum-iron oxides (a solid solution of aluminum-iron oxides) has resulted in the following
regularities. Zirconia-modified complex aluminum-iron oxides derived from hydroxycarbonate
complexes exhibit high polishability in the final polishing of titanium and its alloys and offer a
surface roughness R, of 0.009 to 0.019 um, this being attributed both to enhanced tribochemical
activity of abrasive particles and to increased abrasive material hardness in relation to the
unmodified complex oxide.

Figure 5 demonstrates the kinetics of the changes in the polishability of the abrasive material
based on solid solutions of aluminum-iron oxides when used for titanium polishing. Modification
with zirconium dioxide increases polishability by a factor of 3 to 4.5 (curves 2 and 3). The initial
surface roughness R, was 1.29 to 1.63 um, the applied contact pressure was 18 kPa, the rate of
sample rotation being 89 rpm. The contact pressure is one-fifth that for the known data on polishing
with corundum [19].
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Fig. 5. Kinetic curves for polishing titanium (P, mg/cm’min) by zirconia-modified Al,_,Fe,Os solid
solutions: / — unmodified; 2 — with 0.008 mol % ZrO,; 3 — with 0.004 mol % ZrO,. The
experimental results have been processed by methods of mathematical statistics.

The increase of contact pressure to 30 kPa during polishing results in the plastic deformation
of the titanium surface, deep stripes are observed. The zirconium dioxide concentration can be
varied, namely, the concentration of 0.08 mol % ZrO; is preferable within the first 15 to 30 min, and
then follows 0.04 mol %, since the process of polishing accelerates due to a change in the hardness
of the abrasive material.

Final polishing with complex oxides is based on the oxidation of the metal surface. An
alteration of the electron subsystem, for instance, for titanium, occurs: oxidation Ti* — T it Ti*,
The electron spin changes in the partially occupied sublevel can be presented as follows: 3d*4s* —
3d%4s° — 3d'4s°—3d°4s’. As a result, under friction in the presence of chemically active abrasive
material and environment, there occurs nearly instant oxidation of the surface layer and the
formation of an oxide film, which is destroyed and removed from the surface. The highest degree of
oxidation is possible at contact points where microcracks are generated. As a result of oxidation and
film destruction and removal, the surface is smoothened. At the initial polishing stage, as a result of
the chemical action of paste components and the mechanical action of abrasive particles, oxides are
formed in subsurface layer; for example, they can change into oxides as follows:

Ti+ O, — TiO — Tiz05 —-T1,03—Ti0,. (13)

If mechanochemical polishing is a process occurring at the interface between solids (including
the oxidation and formation of an oxide phase in the subsurface layer), then the overall system can
reasonably be considered a two-phase system with a separating surface and ion exchange. Such
processes are identified as heterogeneous topochemical; their kinetic regularities can be described
by the Erofeev—Kolmogorov—Avrami equation found in [38]:

a=1-e" (14)

K, =nk"", (15)

where a is the degree of transformation of metal atoms to oxides, which is defined as the relative
intensity of metal removal Ci/Cmax (it is assumed a priori that the factor of the mechanochemical
action of the abrasive is the main one), » is the number of consecutive stages during the formation
of the center of the new oxide phase, £ is the process constant, ¢ is the duration of polishing, and K,
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is the constant of the oxidation rate. These equations have been used successfully to describe the
kinetics of polishing ShKh-15 steel with the participation of the reactions in the surface layer [39,
40]. As a result of studying the kinetic regularities of polishing with the use of equations (14) and
(15), experimental values of n, k, and K, for polishing titanium are obtained: n=0.78; k=0.10;
K,,=0.05 with standard deviation §° = 0.005. Figure 6 shows the kinetic curves depicting surface
roughness behavior during the polishing of VT1-00 titanium samples with different abrasives.
These results have been obtained with the use of an optical profilometer. For comparison, curve (/)
shows the behavior of titanium surface roughness for polishing with unmodified solid solution of
aluminum-iron oxides. It is obvious that R, achieved within 45 min of polishing is 0.19 um,
whereas the modification of solid solutions of aluminum-iron oxides with zirconium dioxide
enables one to achieve 0.019-0.009 um within the same time (curve 3). The graphics are in the
logarithmic units.

0 20 40 60 80
Time, minute

Fig. 6. Kinetic curves for the behavior of surface roughness R, upon the polishing of titanium
samples: / — Al, ,Fe,Os solid solutions; 2 — by zirconia-modified Al,_.Fe, O3 solid solutions with
0.008 mol % ZrO,; 3 — with 0.004 mol % ZrO,.

Figure 7 illustrates the polishing effect on the surface topography of titanium samples: a —
initial surface roughness, R, = 1.3—1.6 um (when the surface texture is rough, the surface area is
chosen to be 0.9 x 12 mm); b — typical images of the surface topography of titanium specimens
polished within 60 minutes, R, = 0.019 um (R, 19.04 nm, sampling 161.85 nm, S*1.51). According
to the AFM results, R, = 0.009 pm (R, 9 nm). S? is equal to 1.51 when n=5. As a result of these
definitions, the interval R,= 0.009-0.019 um was selected.

a b

Fig. 7. The polishing effect on the surface topography of titanium specimens: a — initial surface
roughness, R,=1.3—1.6 um; b — typical images of the surface topography of titanium samples
polished within 60 min, R, = 0.019 um (R, 19.04 nm, sampling 161.85 nm, S* 1.51).
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The attainment of high-grade surface processing is attributable to the use of zirconia-
modified Al, Fe, O3 solid solutions with a nanoparticulate particle size offering a high tribochemical
material activity in polishing processes.

4. Conclusion

The effect of zirconium dioxide on the formation of Al, Fe,Os solid solutions during heat
treatment of ammonium hydroxycarbonate complexes, NH4FeAl,(OH)s(COs), nH>O has been
studied by XRD, IR spectroscopy, DTA, electron microscopy, and particle-size analysis. The
nanoparticles have been shown to be constituted from crystalline rhombohedral a-Al, (Fe,Os,
monoclinic and tetragonal ZrO, (M-ZrO;, and T-ZrO,). The synthesized mixed oxide offers a high
polishability, namely, 3 to 4.5 times as high as the unmodified oxide. For titanium polishing, the
surface roughness R, reaches the interval 0.019-0.009 pm.
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