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FEATURES OF MAGNETOSTRICTION IN CARBON STEELS
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Magnetostriction of the tempered 60G steel in the magnetic field of a solenoid is studied.
A technique is proposed for dividing magnetostriction into components, namely those induced
by the displacement of interdomain boundaries and those caused by the mechanism of rotation of
spin magnetic moments. The dependences of the magnetostriction components on the tempering
temperature of the hardened steel are constructed. This contributes to an increase in the effective-
ness (accuracy) of evaluating elastic stresses in a steel structure by magnetoelastic methods. The
essence of the technique lies in the application of the Langevin function to describing the experi-
mental magnetostriction curves of the tempered 60G steel.

Keywords: magnetostriction, displacement of domain boundaries, magnetic rotation of magnetic
moments, ferromagnetic, elastic stresses.
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[IpoBenensl ucciaenoBaHrs MarHUTOCTPUKIUM cTanud 601" B MarHUTHOM IOJI€ COJIEHOUAA
nocne ee ornycka. [Ipennoxena Meroauka pa3faeneHus MAarHUTOCTPUKIIMYA HA COCTABIISAIOIINE, BbI-
3BaHHbIE CMELICHHUEM MEXJIOMEHHBIX I'DAaHUI] U MEXaHHU3MOM BpAIEHMS CIMHOBBIX MAarHUTHBIX
MOMEHTOB. [IoCTpOeHbI 3aBUCHUMOCTH COCTABIISAIOMIMX MArHUTOCTPUKLIUYA OT TEMIEPATYPHI OTITYCKA
3aKaJICHHOH cTaJli. DTO COCOOCTBYET MOBBIIICHUIO YPPEKTHBHOCTH (TOYHOCTH) OLEHKH YIPYTHX
HaIpsHKEHUN B CTAJIbHOM KOHCTPYKLIMM MarHUTOYNpyruMu Metonamu. CyTh METOIMKH 3aKIFOUEHA
B IpuUMeHeHUN QyHKIMK JlaH)keBeHa AJi ONMMCaHus YKCIEPUMEHTANIbHBIX KPUBBIX MarHUTOCTPUK-
uuu uccneayemon cranu 601 mpoueaneit oTmyck.

KutroueBble cji0Ba: MarHUTOCTPUKIINS, CMEILIEHUE IOMEHHBIX IPaHUILl, MArHUTHOE BpallleHHE Mar-
HUTHBIX MOMEHTOB, ()epPOMArHeTHK, YIIPYrue HanpsKeHUs.

1. BBegenue

MarHuToCTpUKIUS SBISETCA OJHUM U3 BXKHBIX [1apaMETPOB, BXOASIINX B BhIPAXKEHUE IS
MarHuToymnpyroi sueprun peppomarunetuxkoB [1-3]. OHa cka3bpIBaeTCsl Ha KPUBBIX HaMarHU4HBa-
Hust [2-3], mapameTpax MeT/id TUCTepe3rca (KOAPIMTUBHON CHile, OCTATOYHON HaAMarHMYCHHOCTH U
JIp.) ¥ UX U3MEHEHUSX MPU MEXaHUUECKOM BO3JIEHCTBUH [1—5], TEKUT B OCHOBE MAarHUTOYIPYTOro
pa3MarHWYMBaHKUs M TbE30MAarHUTHOTO 3(dekra OCTaATOYHO HAMArHUYEHHOTO COCTOsHHS [4-6].
[Tonesast 3aBucuMoCTh MarHuTOoCTpuKIHU A(H), 3aBUCHT OT XMMHYECKOTO COCTaBa W BHJIA TEPMO-
obpabotku [2-4], ynpyroi [6-7], maactuueckoii [3, 8], ycramoctHoi aedopmarnuu [8—10] u gys-
CTBUTENbHA K PA3IMYHBIM TEKCTypaMm (KPUCTANIMUYECKOW TEKCTYpe, OPUEHTUPOBAHHBIM Hampshke-
HUSIM, TEPMOMAarHUTHOM 00padoTke) [2—4].

TUNUYHBIA BUJ 3aBUCUMOCTH MAarHUTOCTPHKIIUH Kelle3a U HU3KOYTIIEPOTUCTHIX ciaboiie-
TUPOBAHHBIX CTAJIeH TpeAcTaBieH B Bujae kpuBbix A(H, ) (puc. 1). DxcriepuMeHTaIbHbIE PE3yilb-
TaThl, HAUMHAS C TOYKU Meperuda, anpoKCUMUPOBAIUCEH (YHKITUEH:

A =C;L(0yH) + C,, 1)

rae L(x) = cth(x) — i .

Features of magnetostriction in carbon steels / V. F. Novikov, K. R. Muratov, S. M. Kulak, A. S. Parakhin, and R. A. Sokolov //
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Puc. 1. IToneBasi 3aBUCMMOCTh MArHUTOCTPUKIMU A cTanu 45 (Touku) [8]: @ — B HEHArpy>keHHOM
COCTOSIHMM; O — 110 JeHCTBUEM pacTsruparolero Hanpspkenus 209 MlIla. CromiHast tuHus —
KpHBas annpokcumanuu (kpuBas Jlamxesena) ¢ mapamerpamu: a — C; = 12,3395 - 107¢;

C, =-10,1060 - 1076; 6; = —0,00206; oTkIIOHEHHE 0,011~1076; AKCTPaNoJISIIUs 2,23-1076;
6—-C, =17,0631-107% C, = —17,0269-107%; o, = —0,001540;
orxsionenne 0,007 1076; SKCTPAIOIAIUS 0,0362-10’6

C pocToM 1oJisi MAarHUTOCTPUKLIMSI HEHATPY>KEHHOTO KeJie3a WU CTaIN JOCTUTAET MOJIOKH-
TEIBHOIO0 MaKCHMyMa, YObIBAEeT, IPOXOJIUT Y€pe3 HOJb, CTAHOBUTCS OTPULATEIBLHON U B OOJIBIINX
noJiAx gocturaer HacelmeHus (puc. 1 a u 1 6). [lpu npunokeHUn pacTATUBAIONIUX HAMPSKEHHUH
MIOJIOKUTENIbHASL COCTABJISIIOIIAs MAarHUTOCTPUKIIMM YMEHbIIAETCsl MO 3KcnoHeHTe [13] u mpu
HanpspkeHusax nopsaka 50-300 MIla moneBast 3aBUCMMOCTh MarHUTOCTPUKILIMU BBIPOKIAETCS B
KpUBYIO OOYCJIOBJICHHYIO IMpOIlECCaMU BpallleHus. B Teopuu geppomMarHeTuzMa 3T0 O0O0BsICHIETCS
KOHKYPEHLIMEN JBYX MEXAaHU3MOB HAMATHUYMBAHMS: MEXaHU3MAa CMELICHHSI MEKJOMEHHBIX TPAHNULL
1 MEXaHM3Ma BpAIIEHUs CIMHOBBIX MAarHUTHBIX MOMEHTOB (B JaJIbHEHUIIIEM MEXaHU3MOM CMEILEHUS
U BpaieHus). MarHUTOCTPUKINS HACBILIEHUS AS HM30TPOMHOTO MOJMKPUCTAJUIMYECKOTO JKelle3a
ompezessiercst Beipakenuem[ 1-2].

As = (2/5 " Aioo +3/5 " A111), (2)

rie Aqigo ¥ Aqq1.... KOHCTAHTBI, ONpEAEISAIOIINE BEIMUYMHY MarHUTOCTPUKIMU. Tak Kak KOHCTaHTa
MarHUTOCTPUKIIMY JK€JIe3a Aq1q UMEET OTPHUIATEIbHOE 3HAYEHUE, TO As SIBIISETCS Pa3HOCTBIO JIBYX
HE3aBUCUMBIX (PYHKIMN MarHUTOCTPUKLIUH.

PaznenbHbli aHAMM3 KPUBOM MarHUTOCTPUKLUHM MPOBOJIMIICSA TJaBHBIM 00pa3oM Ha MOJH-
KPUCTAUNIMYECKUX MaTepHagax MOHOKpHCTAJIAX XKeJe3a, HUKels, KPEMHUCTOrO XKeJe3a, JKele3a—
kobaneToM U np. [2, 3, 10, 13]. OxHako B OCHOBHOM MCHOJB3YeTCSl SKCIEpHUMEHTaIbHas (MHTe-
rpajbHasi) KpUBasi MAarHUTOCTPUKIIUK U U3y4YalOTCSl 3aKOHOMEPHOCTH €€ U3MEHEHHS B 3aBUCUMOCTHU
OT HampsDKEHUH, OT CTPYKTYphl, MapKu CTajlu U Bujaa orxura [2, 3]. B pabGore [4] Obuia cnenana
MOTBITKA PA3JENIUTh SKCIIEPUMEHTAIbHYIO KPUBYIO MArHUTOCTPUKIIMN Ha COCTaBJISIONLINE Tpaduye-
CKUM CIIOCOOOM U MCHOJb30BATh UX JUIA yUeTa UyBCTBUTEIBHOCTH KOAPIUTUBHOM CUJIBI K YIIPYTHM
HanpspKeHUsSM. Pa3HOCTh COCTABIIAIOIIMX CKPBIBAET MX 3HAYEHHE, O3TOMY UX pa3JelIeHue MOXKET
OBITH TIOJIE3HO I OLEHKH a0COJIFOTHOW BETMYMHBI COCTABISIONINX, BBIACHEHHS UX POJIM B MarHu-
TOYNPYIUX SIBJICHUSX. 3aBUCUMOCTb COCTAaBJISIOUIEH MarHUTOCTPUKIMM CTajiel, 00YyCIOBIEHHOM
mporeccaMy BpalleHHust cinabo u3ydeHa. B wacTHOcTH, HE ompesesieHa ee YyBCTBUTEIBHOCTH K
YIPYTUM HANPSOHKEHUSM U IIaCTUYECKOH edopMarii.
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2. IToctanoBka 3aJa4Yu U ME€TOAbI PCIICHUS

Ilenp paboThl — mouck Oosiee 0OBEKTUBHOTO CIIOCO0a pa3/iesieHus] KpUBOU MOJIeBOI 3aBU-
CUMOCTH MarHUTOCTPUKIIMHM HA COCTABJISIONINE: IMOJOXKUTEIbHOW, 00YCIOBIEHHOM MpoIeccamMmu
CMEIIEHHUsI, U OTPULATEeNIbHOW, BBI3BAHHOM BpallleHMEM BEKTOPOB HaMarHW4eHHUs, OLEHUTHb Ha
npumepe cranu 60" BousHUE TepMUYEeCKOH 00pabOTKM Ha M3MEHEHHUS 3THX COCTaBJISIOLIUX.
B kauecTBe MaTepuanoB JIa McCiIeA0BaHUs ObUIH BBIOpaHbl cTaidb 601" u ctanp 45 [9]. Maruu-
TOCTPUKIIMS M3MEpsAJach B MarHUTHOM II0JIE€ COJICHOMJIa Ha CTAHIAPTHBIX oOpasuax, IIMHOU
10 MM u nuamMeTpoM 8 MM, MOCTOBBIM METOJOM C MOMOIIbIO HAKJIEUBAEMbIX TEH30JaTUHKOB.
Kanu6poBka ocymecTBisgach Ha HUKEIEBOM IJIEKTPOIUTHUECKOM dTajoHne. KospuutusHas cu-
Ja ompejessuiach B MarHUTOMETPUYECKOH ycTaHOBKe. /[ aHanm3a MCHOJIb30BAIUCH JIaHHbBIE
MOJIyYCHHBIE B PaboTe MO MU3YYCHHIO BIUSHUS PACTATUBAIONIMX HANpPSHKCHUN HAa KPUBYIO Mar-
HuTocTpukiuu [9].

B pab6ote [4] mpeiokKeHO BBIPAa3UTh IKCIEPUMEHTATFHO CHUMAEeMYIO 3aBUCHUMOCTh Mar-
HUTOCTPUKIIMU OT HampsbkeHHOcTH monst A(H) craneit [4] B BuIe cyMMBbl JBYX MOHOTOHHBIX
byHKIUH.

Aoxen(H)= Aen(H)(xpuBasil) + Agp(H), (3)

rae Acw(H) (xpuBasg 1) u Ayp(H) mpomopruoHanbHbl KOHCTaHTaM Aigg U A111 COOTBETCTBEHHO.
[lepBas ¢yHKIMS 00yCIOBIECHA NMEPECTPONUKON JOMEHHOM CTPYKTYpHI (IIOMEPEUYHON B MPOJIOIb-
HYI0) IMyTeM CMelieHus: Mexa0oMeHHbIX 90-rpalyCHBIX TpaHUll, BTOpas — MPOILECCOM MOBOPOTa
(BpallleHHs) BEKTOPOB HaMarHMYMBaHUs OT HAIPABJICHMS JIETKUX OCEH 10 HaIlpaBJICHUS MarHuT-
Horo moJisi. Ha kpucramnax skene3a u KpeMHUCTOTO skene3a [2, 13, 14] nnsa nanpaenenus [100]
[I0Ka3aHO, YTO KPUBasl II0JEBOM 3aBUCHMOCTH MarHUTOCTPUKIIMM MIOX0Ka Ha TAHT'€HC TUIepOoIu-
YeCKUI U B MOJIAX, HA MOPSAOK O0ombinX He, mTocTUraeT HachIEeHUs Am oy. Jasee ¢ yBennuenuem
noJisl Am oy MPAKTUYECKH HE M3MEHseTCs. B MOIMKpHUCTAIUIMUECKOM XKelle3e MaKCUMalbHOE OT-
KJIOHEHUE HauJieryaiiei Ocu OT HalpaBJIEHUs MOJs HE MPEBbIIIaeT 55 rpaaycoB, IO3TOMY HEOO-
XOJJUMO€ ISl HAChILEHUS I0JIe, KAK MUHUMYM JJIs TaKOro K€ KPUCTAJUIUTA, JOJKHO OBITH He
menee 1,74 Hy,.. Kpome toro, Benmmunaa Hy,. MONMMKpUCTAIIIMYECKOTO MaTepuaiia 3aBUCUT OT
CTPYKTYpBl U BHYTPEHHEr0 pa3MarHuyuBaromiero ¢akropa u ¢Gopmsl obpasua. Mbl ucxoaum u3
TOTO, YTO B TOJISIX Ha MOPSAIOK OONBIIMX, YeM KodpruTHBHas cuia (mopsaka 200—-4000 A/m),
MarHUTOCTPUKIIMS CMELIEHUS JOCTUTAeT HACBIILEHUS U IIEPECTAET BHOCUTh U3MEHEHUS B KPUBYIO
AKCIEPUMEHTAJIbHON MarHUTOCTPUKLIUU U TOCHeAHss OyJeT MpeacTaBiIsTh cOO0N KPUBYIO OTpH-
LATEJIBHOM COCTaBIISIIOIIEH MarHUTOCTPUKIMU CIBUHYTON BBEPX HA BEIMYUHY Am ov. B paboTax
[2, 7, 9] moka3aHo, YTO MPU PACTSHKEHUU IKeJe3a MOJOKHUTEIbHAS COCTABIISIONIAS MarHUTOCTPHUK-
AU Am oy CMEIIICHHST YMEHBINACTCSI 110 dKcnoHeHTe [13], mpu HanpspkeHusx nopsaka 50-300 MITa
BBIPOXKJIA€TCSl B KPUBYIO, IPUMEP KOTOpOH moka3aH Ha puc. 1 6. Kpusble HHCnagaronei Marau-
TOCTPUKIMHU OIYCKAIOTCS BHHU3 IMOYTH MNapajjIeIbHO APYr APYry € POCTOM pacCTATHBAIOIINX
HanpspkeHud. [lpu cxuMarommx HanpsKeHUSX BCS KpuBas NOAHUMAaeTcs BBepx. Poct wunum
YMEHBIIEHUE TOJO0KUTEIbHON MarHUTOCTPUKIIMK CIBUTAET COCTABJISIOUIYI0 MarHUTOCTPUKIIUU
BpaIllEHHUs] BHU3 UJIU BBEPX.

B nperaraemoit pabote ObIT IPOBEICH MOMCK aMmpoOKUMHpYyIonuX GyHKIni. Paccmorpena
¢bynkuus Jlamxkesena (3) s peppoMarHeTUKOB (MAarHUTHBIX JUIOJIEH) KOTOpask XOPOIIO COTJiacy-
eTcst ¢ akcnepuMeHToM [15]. O6paboTka FKCIIepUMEHTaIbHBIX PE3Y/IbTATOB MPOBOIMIACH 10 METO-
JMKe, ONrcaHHO# B pabotax [16, 17]. IIpumep annpokcumanuu i ctanu 601, otnyiieHHoi npu
700 °C, mpencrasieH Ha puc. 2. BugHo xopomree cornmacue ¢pyHKmn JlamkeBeHa ¢ IKCTIEPUMEH-
TaJLHBIMHU PE3yJIbTaTaMH (KBaJIPATHKH).
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Puc. 2. Crans 60I'. Otmyck 700 °C. [1apametpsl: C; = —6,2389 - 107%; C, = 4,0963 - 1075;
oy =-0,02355; orkinonenue 0,013:10°°

B npeanaraemom ananuse BTopas mojioBHHa rpaduka (auamna3oH OOJBIIUX MOJEH) sBiseTCs
KpHUBOW, IOAHATOM BBEPX HA BEIWYUHY IIOJOKUTEIBHOM COCTaBIIAIOLICM MarHUTOCTPUKIIMM.
IIpu H = 0 oHa HauMHAaeTCs ¢ KOOPAMHATHI Am oy. B JIaHHOM Cily4ae OHa paBHa 410°° (puc. 2).
CnBuHyTas BHU3 Ha Am oy OHA OYJET MPEACTaBIATh COOOM HAYMHAIOIIYIO OTCYET OT HYJS OTpHIla-
TEIbHYIO COCTABJISAIOLLYIO.

[To pe3ynbTaTaM pasznoKeHUs SKCIEPUMEHTAIBHBIX KPUBBIX JJIS MAaKCUMAaJIbHBIX MOJIeH Obl-
JIX TIOCTPOCHBI ueThIpe rpaduka (puc. 3): 3aBUCUMOCTH MOJOKUTEIbHBIX 3HAYEHUH MarHUTOCTPUK-
MU B MakcUMyMe (ITUKOBBIX) A, OTPUIIATENbHBIX 3HAUEHUH MArHUTOCTPUKIIUU B OOJBIIMX MOJSIX
As, PACUETHOTO 3HAUEHUS Am ¢y U OTPULIATEIHHON COCTABISIONICH MAarHUTOCTPUKIIUU, TTOTYy4YEHHOU
SKCIIEPHUMEHTAIBHO B HAHOOJBIIEM IOJE Am s, OT TEMIEPATYpBl OTIYCKa 3aKajeHHOM craym 601
C yBennyeHHeM TeMIeEpaTyphl OTIIyCKa BEJIMYMHA A, pacteT BIUIOTH a0 /50 °C, 3HadeHume Anm
Kxosebnercs mia nuamnazona 400750 °C BOmM3HM 3HAYEHUI 2-10°°. PacueTHoe 3HaueHME COCTaBIS-
IOIIUX B MAKCUMANBHBIX HONAX Am cy H Am sp HAMHOTO OOJBbIIE 3HAYEHUH Ay U Am U MOHOTOHHO
YBEIIMYUBAETCS C POCTOM TEMITEpaTyphl OTIycka (puc. 3).

[TepnuTHO-(heppUTHas cTaib MOCIE BHICOKOTEMIIEPATYPHOTO OTITyCKa COCTOUT U3 LIEMEHTH-
Ta U (eppuTa M YBEIUUYMBAETCS C POCTOM TEMIIEpaTyphl OTIycKa. B 4HCTOM BHJIE KOMIIOHEHTa
MarHUTOCTPUKIMHU Am 5o YUCTOTO XKejle3a papHa —12,8- 1076, a [[EMEHTHUTA COCTaBiIsIeT —2,4- 10°° [18].
C poctoM TeMIiepaTyphl OTITyCKa yBEIMUUBAECTCS KOMU4ecTBO eppuTHOi ¢a3pl. OO 3TOM roBo-
PUT YMEHbILIEHHE KO3PUUTUBHON cuiibl (puc. 4). OqHako MarHUTOCTPUKLHS CMECH HE CMOXKET
JOCTUTHYTh MarHUTOCTPUKIINU (HEeppPUTHOM (a3bl, Tak Kak (a3bl IEMEHTUTA U (eppuTa COpsiKe-
HBI JIPYT C IPYTOM, & UX BEJIUYUHBI CYIIIECTBEHHO OTIMYAIOTCS, TOATOMY MarHUTOCTPUKIUS (e p-
pUTHOTO 00BeMa Oy/IeT UCIBITHIBATH CKUMAIOIIINE HAMPSHKEHUS, PACTITUBAS COMPSIKEHHYIO ¢ HEl
a3y nemeHTHTa.

Ha puc. 5 npuBenensl rpaduku MOJMEBBIX 3aBUCUMOCTEH MArHUTOCTPUKIIUU JITMHHBIX 00-
pasuoB u3 ctaneit 15 XCH/ u 25 XCH/I B coctosinnu noctaBku. CyIieCTBEHHOE pa3inyie KPUBbBIX
00YyCIIOBJIEHO HE TOJBKO UX XUMUYECKHM COCTaBOM, HO U UX KpHUCTANIOTpaduiIeckoi 1 MarHUTHON
TEeKCTypoll (opMupyeMoii KoHeUHON TepMmooOpaboTkoil. IIpoBeneHHOE pa3iiokeHHe Ha COCTaBIIs-
IOIUe IS MaKCUMAIIbHBIX TOJeH (TaOiuila)oKa3bIBAaeT, YTO OCHOBHBIE COCTABIISIFOIIME OTM3KUX
10 COCTaBYy CTaJIel pas3IMualoTCs HE TaK CHJIBHO, KaK MX AKCIIEPUMEHTAJILHO YCTAaHOBJICHHBIE (pa3-
HOCTHBIE) MTapaMeTPBhI.
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COCTAaBIISIONIUX B MAKCUMYME CMEIeHUS (An) OTITyCKa
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Puc. 5. [ToneBas 3aBUCUMOCTb MarHUTOCTPUKIINY JUIsI TPYOHBIX CTajei:
1-15XCHA; 2 - 15XCH/; 3—-25XCH/L; 5 - 25XCH/A

Tabmauna — INonoxkurenbHas Am ey ¥ OTPULIATENBHAS Agp COCTABIAIONINE MATHUTOCTPHKIIUH As

Mapka cranu As® 10°° Am e’ 10°° Asp’ 10°°
15XCH/] 1,45 8,3 9,8
15XCH/] 2,0 8,6 10,6
25XCHI 6,7 9,0 15,7
25XCHI 8,0 9,1 17,1
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hioo = G Am) haxs = = (5/3  Ayp) (4)

Pacnionaras pesynabTaTamMu pasiioKeHUsl, MOKHO OLIEHUBATh B COOTBETCTBUU (1) KOHCTAHTHI
MarHUTOCTPUKIIMH HU3KOYTIEPOAUCTHIX CTANECH B M30TPOITHOM MOJIUKPUCTAIINYECKOM COCTOSTHUH.

3. 3aki0ueHmne

[TpensioskeH u peanu3oBaH CIOCOO ONpPEENeHUsl COCTABISIOMNX MAarHUTOCTPUKLIMU HU3KO-
YTIEPOJUCTBIX CTAJIEH B U30TPOITHOM COCTOSTHUU.

Bebiienenne KOMIOHEHT MarHUTOCTPUKIIMU CTAIM TO3BOJIMT 00Jiee TOUHO ONpeNeNaTh Mar-
HUTOYIIPYTYIO YYBCTBUTEIBHOCTb KOJIPLUUTUBHOM CUJIBI U OCTaTOYHOM HAMarHW4EHHOCTH CTaJIeH
K YIPYTUM HaIPsKEHUSM.
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The paper studies the influence of the composition of a thin-film composite magnetostrictive
ferromagnet on the magnetoelectric effect (ME) in ferromagnet/piezoelectric/ferromagnet laminated
trilayers at resonant frequencies. The PZT material was used in the piezoelectric layer. The graded
composite magnetostrictive ferromagnet with a thickness gradient of the magnetostriction coeffi-
cient was obtained by pulsed laser deposition of thin Feg7,Gag s Or Fep2C00.19Gag 19 films on the
surface of Metglas-type 440A amorphous ribbons. The ME was investigated at resonant frequencies
of 3 and 9.32 kHz. It is shown that the maximum ME value increases with frequency. The deposi-
tion of magnetostrictive thin films decreases the maximum ME value, but increases the Q-factor.
The results can be useful for developing sensors of static and low-frequency magnetic fields
for magnetic nondestructive testing applications under resonant excitation conditions.

Keywords: magnetic field sensor, resonance, amorphous alloy, thin films, magnetoelectric effect,
magnetic nondestructive testing.
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HccnenoBaHo BIMSHUE COCTaBa TOHKOIUIEHOYHOTI'O KOMIIO3UTHOIO MarHUTOCTPUKLIMOHHOIO
(deppomarseTuka Ha MarHuTosiekTpuueckuil 3¢ dexkr (MD) Ha pe30HaHCHBIX YAaCTOTaX TPEXCIO-
HBIX JJAMMHATHBIX CTPYKTYp THIA (heppomazHemuk—nve30d1ekmpuk—peppomaznemux. B kauectse
MbE302JIEKTPUKA UCIOIb30BaHbl MJIACTUHBI Mbe3okepaMuku PZT. KoMno3UTHBI MarHUTOCTPUKIU-
OHHBIH (eppoMarHeTHK C TIPaAMEHTOM KO3((UIMEHTa MarHUTOCTPUKLMU IO TOJILIUHE CIIOEB
MOJTy4Yalli  MMITYJIbCHBIM  JIa3€PHBIM  OC)KJICHHEM TOHKHX IUICHOK COCTaBOB Fep72Gagos wimm
Feo,62C00,19Ga0 19 Ha MoBepXHOCTh aMOpGHBIX JeHT 440A Tuna «Metrnacy. [IpencraBieHsl pe3yabTaTsl
SKCIEPUMEHTATIFHBIX HUCCIeNoBaHNM MO Ha uactoTax pe3oHaHcHoro Bo3OyxaeHus 3 u 9,32 kI
[TokazaHo, yTo MakcuMainbpHas BenuuuHa MO pacter ¢ yactoTol. IIpu 3TOM HaHeceHre MarHUTO-
CTPUKLMOHHBIX [UIEHOK YMEHBIIAeT BeIHMUuHY 3(dekra, HO yBeanunuBaeT J00pOTHOCTh. Pe3ynbra-
Thl MOTYT NPEACTaBIATh UHTEPEC NMPHU CO3JaHUN PE30HAHCHBIX JAaTUMKOB CTATUYECKUX U HU3KOYa-
CTOTHBIX MarHUTHBIX TOJIEH JIJIs HEpa3pyLIaoniero KOHTPOJIS.

KitoueBble cj10Ba: 1aT4YMK MarHUTHOTO MOJIS, PE30HAHC, aMOP(HBIN CIJIaB, TOHKUE IJICHKH, Mar-
HUTOAIEKTPUUYECKUH 3((PEKT, MarHUTHBIA Hepa3pyIIAIOLIHi KOHTPOIIb.

1. BBenenue

Bo3MoxHOCTh BbIsIBIIEHUS 1e()EeKTOB MPUOOpPaMU M YCTPOMCTBaAMHU MarHMTHOTO Hepaspy-
IIAIOIIETO0 KOHTPOJISI MIPEXkAE BCEro OMpeNeNsieTcsl YyBCTBUTEIbHOCTRIO HCIONIb3yEMbIX JAATYUKOB
MarHMTHBIX IoJIeH. B mocnenHue roapl NpucTallbHOE BHUMAaHHUE UCCIIE0BAaTENEH NPUBIEK MarHu-
TodNIeKTpuUecKuil 3gdext (M) B TpeXCIONHBIX JIJAMUHATHBIX CTPYKTYypax TUIIA MarHUTOCTPUKIIU-
OHHBII heppomacHemuk—nve3031eKMmpPUK—MacHUMOCMpPUKYUOHHblll  eppomacnemux [1]. Ilpu
NPUIOKEHUH K TaKOW CTPYKType cratmueckoro H u mepemenHoro dH,c MarHUTHBIX MOJICH MO
JeCTBUEM MAarHUTOCTPUKIMU (EPPOMArHUTHOTO CJIOS BO3HHKHET MeXaHHuecKas Jedopmanus,

Low-frequency resonance in laminated FeGa-FeCoGa/Metglas/PZT structures / A. P. Nosov, I. V. Gribov, N. A. Moskvina,
A. V. Druzhinin, S. S. Dubinin, V. V. Izyurov, K. A. Merentsova, and M. S. Artemiev // Diagnostics, Resource and Mechanics

of materials and structures. — 2021. — Iss. 5. — P. 15-23. — DOI: 10.17804/2410-9908.2021.5.015-023.


https://e.mail.ru/compose?To=gri@imp.uran.ru
https://e.mail.ru/compose?To=nat@imp.uran.ru
https://e.mail.ru/compose?To=druzhinin@imp.uran.ru
https://e.mail.ru/compose?To=Dubinin_S_S@imp.uran.ru
https://e.mail.ru/compose?To=iziurov.1994@imp.uran.ru
https://e.mail.ru/compose?To=merencovak@mail.ru
https://e.mail.ru/compose?To=cccp9697@mail.ru
mailto:nossov@imp.uran.ru

Diagnostics, Resource and Mechanics of materials and structures
Issue 5, 2021

g/ drean-ourmal g http://dream-journal.org ISSN 2410-9908

KOTOpast MPUBOMT K BOSHUKHOBEHHUIO AyiekTprueckoro moJis dE B mbe3oanekTpuueckom cioe. Uys-
CTBUTEILHOCTh K MarHUTHOMY TIOJIIO ONPEACIISIOT MarHUTOSJIEKTPUUYECKUM KOd(h(HIMeHTOM 110
Hanpspkeruto (MOKH wnmu MEVC), kotopsiit onpenensitor, kak oo = AE/Hae= dV /(tdHjc), rae dV —
BEJIMYMHA BOZHUKAIOIICTO AJICKTPUUCCKOTO HAMPSDKEHUS; T — TOJIIMHA MTbEe303JIEKTPUUECKOTO CIIOS.
Benuunna o omnpenenseTcs Kak (PU3MUECKUMU XapaKTEPUCTHKAMH MAarHUTOCTPHUKIIMOHHOTO ¢ep-
POMArHUTHOTO CIIOSI, & KMMEHHO ITbe30MarHUTHBIM K03 duruernrom = di/dH, rae 1 — koaddumm-
€HT MAarHUTOCTPUKIIMU, TaK M XapaKTEPUCTHKAMH IbE303JICKTPUICCKOrO CIIOS: Mbe3omoaysieM d
1 OTHOCHUTEJILHON AMAJICKTPUUECKON MTPOHHUIIAEMOCTHIO &.

Jlyist pernieHus 3a/1a4 HEpa3pyIIAIoNIEro KOHTPOJS HEOOXOUMBI CTPYKTYPhI C MAaKCUMAaIbHO
oonpuM 3HaueHneM MOKH. 3To MoeT ObITh JOCTUTHYTO 3a CUET ONTHUMHU3AIMU KaK MarHUTO-
CTPUKIIMOHHOM, TaK U MhE303JICKTPHUSCKON MOJICHCTEM.

[[Inpokoe mpuMeHEHHE B KOMIO3UTHBIX MD JaMUHATHBIX CTPYKTYpax HaxoasIT aMOpgHbIE
JICHTHI CILIaBoOB Kiacca «Metrinacy (Metglas) [2]. Otu amopdHbIe MarHUTHBIC MaTEpUAIIBI XapaKTe-
PU3YIOTCS OOJNBIION BETUYMHON MONOKHUTENHOTO K03 duiimenta Maruutoctpukuuu 4. Kpome to-
r0, OHA UMEIOT OOJIBIIIYIO HAa4a IbHYI0 MAarHUTHYIO TPOHUIIAEMOCTh U MAJIYIO KOOPIIUTUBHYIO CHITY.

B pabore [3] ObITO MOKa3aHO, YTO €CIIM B COCTaBe ()ePPOMArHUTHOM IMOJCUCTEMBI MCIIOJb-
30BaTh CJIOM MAarHUTOCTPUKIIMOHHBIX MAaTEPHAIIOB, UMEIONINX pa3HbIe 3HaKU Kod(duimeHTa mar-
HUTOCTPHKIIMH, T. €. CO3/IaTh TPAAUCHT KOAd(PPHUIIMEeHTa MArHUTOCTPUKIIUU TI0 TOJIITUHE, TO MOXHO
YBEMUYUTh BeMMuuHy (. ['pagueHT koddduimeHTa MarHUTOCTPUKIIMK IO TOJIIUHE MOXKET OBITh
CO3/IaH MyTeM HAambUICHHUs Ha TIOBEPXHOCTh MaTepHalia C OJHUM 3HAKOM /A CIIOSl MaTepHuala C Mpo-
THBOIIOJIOKHBIM 3HAKOM KoddduimenTa MmarautocTpukimu. Criael cucteMbl Fe-Ga uMmeroT otpu-
LATENbHBIN 3HAK 4. BO3BMOXHOCT MOTy4YeHHs] TAKUX CTPYKTYpP M UX MarHUTODIEKTPUYECKHE CBOM-
cTBa OBLIM PacCMOTpEHBI panee [4].

[ToBbimienue BenumunHbl MOKH MoXeT ObITh JOCTUTHYTO BO30YXKIECHUEM IbE303JIEKTPH-
YECKOTO CJI0SI Ha Pe30HAHCHBIX YaCTOTaX, MPU KOTOPBIX BBIXOHOE HAMPSIKEHUE MOXKET JIOCTUTATh
OOJBIINX BEIUYUH. DTOT PEXKUM pabOTHI ABJISETCS CTAHIAPTHBIM MPHU BO30YKIECHUU YIbTPaA3BY-
KOBBIX BOJH B aKyCTHYECKOM HEpa3pylIaloIieM KOHTpoJie. BO3MOKXHOCTH IMONTYYeHUS OYCHBb
6onpinx 3HaueHnit MOKH Ha pe30HaHCHBIX YaCTOTaX MbE30AJIEKTPUUECKHUX CJIOEB Oblia Mpoje-
MOHCTpHUpOBaHa B [5] s cTpykTyp 0e3 rpaaueHTa Kodp@uimeHTa MarHuTOCTPUKIUU 110 TOJI-
IIMHE clIoeB. Pe30HaHCHBIN pexuM BO30YKICHUSI KAaHTUIIEBEPOB HAXOAUT LIMPOKOE MCIOIb30Ba-
HUE B CKaHUPYIOMIEH 30H0BOH MUKPOCKOITMH U MHUKPOCEHCOpHKe. Ha ocHOBE 3TOrO peknma pa-
00THI BO3MOXKHA peaau3alus JaTYMKOB HIMPOKOTro Kiiacca (PU3NYECKUX BETUYHH (MAacChl, aBiie-
HUS, TEMIIEPATYPhl U T. II.) CO CBEPXBBICOKOH YYBCTBUTEIBHOCTHIO. [IpeMMyIIeCTBOM CTPYKTYP
¢ MOKH sBnsiercs 1ONMOTHUTEIbHAS BO3MOXKHOCTH YIPABIEHUS CBOWCTBAMH MOCPEICTBOM TP HU-
JIOKEHHST MArHUTHOTO TTOJIS.

B pa6ote nccnenoBan MOKH B 1aMuHaTHBIX cmpykmypax gheppomacHemuk—nbe3031eKmpuK—
geppomaznemux co cnosiMu peppoMarHeTKa ¢ rpalueHToM Kod(hPUIreHTa MarHUTOCTPUKITUU 110
TOJIIIUHE B YCIOBUSX PE30HAHCHOTO BO30YKJICHUS MBE30JIEKTPUIECKOro ciosi. deppomMarHuTHbIE
CJIOM C TPaiueHTOM K03(D(PHIIMEHTa MATHUTOCTPUKIIMH 10 TOJIIIWHE TOJyJaIi HAaHSCEHUEM TOHKHUX
cioeB cruaBoB Fep72Gag2s u Feg2C0019Gag 19 HA MOBEPXHOCTh aMOP(HON JIEHTBI METOJIOM HM-
MYyJILCHOTO JIA3€PHOTO OCaxkJeHus. MccnenoBaHo BIMsIHUE cocTaBa cioeB Ha 3HadeHuss MOKH Ha
Pa3HBIX PE30HAHCHBIX YacTOTaX.

2. Marepuaja 1 MeTOIHKA

B kauectBe MaTepuaia mbe303JEKTPUIECKOTO CIIOSI IAMUHATHBIX CTPYKTYp OBUIM HCHOJB30-
BaHbI IJIACTUHBI Nbe3okepamMuku Mapku PZT (#851) nmpousBoactsa komnanuu APC International,
[NencunbBanus, CILIA. Ha rutacTuHbI ObUTH HaHECEHBI KOHTAKTHBIE 3J1eKTPoibl. Bbun ncnonb3oBa-
HBI TUIACTHHBI C TAIMYHBIMU pa3MepaMu JuinHa; — 20 MM; mupuHa — 3 MM; TommuHa — 0,2 MM.

B kadecTBe MAarHUTOCTPUKIIMOHHOTO CJIOSI C TOJIOKUTENBHBIM KO3()(OUIIMEHTOM MarHuTo-
CTPUKIIMH HCTIONb30Basiu amop(Hble JieHThl cocTaBa 440A [6] npousBoacTBa kommaHnuu «l'amMma-
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met» (1. ExarepunOypr, Poccus) Tommuuoi 34 MkM. AMOp(dHBIE JIEHTBI UCIOJIB30BAIA B COCTOS-
HUU TIOCTaBKU 0€3 JOMOJIHUTEIBHBIX TEPMOOOPaOOTOK. DTOT COCTAaB XapaKTepU3YETCs BBICOKOM
temriepatypoil Kropu (420 °C), unaykiueid HachIILEHUS 1,5x10* T'c, MakCHMAJIbHOI MArHHTHOI
nponunaeMoctrio 10 200 000, kospuutuBHOM cuioit 0,05 3. MarHUTOCTPUKLIMIO U3MEPSUIA C HUC-
MOJIb30BAHUEM TEH30/IaTYMKA TPU OPUEHTAIMSIX CTATHYECKOTO MarHUTHOro moys H Bmomb (411=
+20x10°%/9)

u monepek (A2 = —15x10°%/3) Hanpapienns mpokaTKu JeHTE. BelMduHy Mbe30MarHUTHOTO K03(-
burpenTa onpeaessin Kak g = qp1 + Q2 = dA12/dH + dA12/dH u 11t Mcmonp30BaHHBIX JIEHT OHA CO-
craBisiaa § = +0,46x10°%/9.

OO6pa3ibl 00BEMHBIX CIIABOB COCTaBOB Feg72Gag2s 1 Fep 62C00 10Gag 19 MMOMydanu ayroBou
1aBKo# B atMocepe aprona. CruraBbl 3TUX COCTABOB XapaKTEPUIYIOTCS OOJIBITUMH OTPUIIATETb-
HBIMH 3Ha4eHHUSIMH KOX(p(UIIMEHTa MarHUTOCTPUKIIMU, BEIUYMHA KOTOPOrO MaKCHUMallbHa JUIs
koHueHTpanui raumust 0,19 wmm 0,28. JlermpoBanue cruraBoB cucteMbl FeGa kobanbToM yBeIn4u-
BaeT A. Jlng TOHKMX IUIEHOK cruiaBoB cuctembl FeCoGa 3HaueHuMe A MakCUMallbHO Yy COCTaBa
Feo,62C00,19Gao 19 [7].

Komno3uTHble crou ¢ rpagueHToM Kod(QuiMeHTa MarHUTOCTPUKIIMOHHBIE MO TOJIIHUHE
MOJIyYaal METOJOM HUMITYJIBCHOTO JIa3€PHOTO OCAKICHHS ITyTEM HAHECCHUS Ha IOBEPXHOCTH
aMOp(HBIX JIEHT TOHKUX IUIEHOK cOcTaBOB Feg72Gap s umm FegrC0p19Gag 19 TOMIIUHON 25 HM.
Hcnonp3oBancs skcumepnsiii azep CL 7050 (kommanust «OnrtucucteMs», r. Tpounk, MockoBcKast
00:1., Poccust). MI3amepeHus TONIIUHBI U MIEPOXOBATOCTH MOBEPXHOCTH MPOU3BOAMIN C UCIIOIH30BA-
HUeM ontudeckoro npodumomerpa ZY GO.

OObexTamMu HuccaeI0BaHUN ObUIH TPEXCIOWHBbIE JAMUHATHBIE CTPYKTYPHI, B KOTOPHIX B Ka-
YeCTBE BEPXHETO W HWKHETO CIIOCB HUCIOJIB30BATH aMOP(PHBIE MarHUTOCTPHKIIMOHHBIC JICHTBI,
HaKJICCHHbIE Ha MbE30MIACTHUHY KJIEEM Ha OCHOBE LIMaHOKpHiaTa. ToniuHa ciosi Kiest B TOTOBOM
CTPYKType He TpeBbIIIana 2 MKM. VCronp30BaHNE TPEXCIOMHBIX CTPYKTYP BMECTO JIBYXCIOWHBIX
mo3BoJsieT yBenuuuTh Benmuuuny MOKH. By nmpUrotoBieHsl CTPYKTYPBI CO CIIOSIMU U3 aMopd-
HOoMl neHTHl 440A 06e3 TOHKMX IUIeHOK (nanee — oOpasubl 440A), co crnosmu u3 jeHTbH 440A
C HaHECCHHOM TOHKOM TuIeHKON Feg72Gap 25 (nanee — oopasubl 440A/FeGa), a Takxke CO CIOSIMH 13
neHTsl 440A ¢ HaHECCHHON TOHKOM TUTeHKOH Feg 62C0010Gag 19 (nanee — oopasist 440A/FeCoGa).

Wzmepennss MOKH BBIONHSAIN B YCIOBHSIX MPUIOKEHHUS K CTPYKTypaM cratudeckoro H
¥ HU3KOYACTOTHOTO MEPEMEHHOTO Hac MAarHUTHBIX TOJICH, OPUEHTUPOBAHHBIX B IIIOCKOCTH 00pas3-
na. Mcnonp3oBanach TeoMeTpuUsl KaHTHIIEBEpa: B Mpoliecce M3MEPEHU OJMH KOHell oOpasiia ObLT
KECTKO 3aKpEIUIeH, a BTOPOM ocTaBayics CBOOOAHBIM. AMOp(HbIE JEHTHI MOKPHIBAJIN BCIO IIUPUHY
cB00OIHOTO KOHIA 00pa3ia. OTHOIIEHUE IITMHBI aMOP(hHO JIEHTHI K JUTMHE HEe3aKPETJICHHON YacTH
nbe3oruiacTuHbl cocrapisuio 0,47. HanpsbkeHne B mbe3odnekTpudeckoM cioe dV u3mepsuid CHHXpPOH-
HBIM JIETEKTOpOM Ha yactote Hye. Benmmunny MOKH Bbrurcisui o dopmyiie o = dE/Hq= dV/(tdHxc),
rae t — TonmmHa Mhe303IeKTPHUecKoro cios. VccnenoBanyu 3aBUCUMOCTH ¢ OT BEJIMUUHBI CTaTUYe-
CKOT0 MarHuTHOro mojii H u yactorel f HM3KOYACTOTHOIrO MEPEMEHHOI0 MAarHUTHOTO mmojsi. Bee
M3MEpEeHUs IPOBOIMIIM MPU KOMHATHOM TeMIieparype.

3. Pe3yabTaThl u 00CyKIeHHE

Ha puc. 1 npencrasnensl TunuuHbie 3aBucumMoctd MKOH 0T BeauM4MHBI MPUIOKEHHOTO
craruueckoro mons o(Hgc), caareie Ha vactote f = 3 x['m. Jlns BceX 4acTOT 3aBUCHMOCTH MMEIOT
cxoaHyo Gopmy ¢ MakcumymoM Tipu Hge = 30 3. [lonoxkeHne 3TOro MakCMMyma COOTBETCTBYET
MakcuMymy 3aBHCUMOCTH ((Hgc) ¥ HE3HAYMTETHHO M3MECHSETCS C M3MCHEHHEM COCTaBa MArHUTO-
CTPUKIMOHHOTO cJos. J[J11 BceX 3aBUCUMOCTEN 3HAYEHHMS 0 MOCTENEHHO YMEHBIIAIOTCS ¢ POCTOM
Hgyc > 40 O. U3 npuBeAeHHBIX JaHHBIX CIEAYET, YTO HAHECEHWE TOHKHUX TJICHOK YMEHBIIIAeT MaK-
CUMAIIbHYIO BEIMYUHY O, IPUYEM COCTaB HAHOCUMOMW IJICHKH CPABHUTEIBHO CIIa00 BIUSET HA Be-
TU4UHY 3 PexTa B MaKCUMyMe.

Low-frequency resonance in laminated FeGa-FeCoGa/Metglas/PZT structures / A. P. Nosov, I. V. Gribov, N. A. Moskvina,
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Puc. 1. CpaBuenue noseBbix 3aBucumocteit MOKH Ha wacrote fo = 3 k[t 1151 TaMHHATHBIX
CTPYKTYP C MAarHUTOCTPUKIIMOHHBIMU CJIOSMU TOJIBKO U3 amopdHoii nentsl (1 — 440A), u3 amopd-
HBIX JICHT C INICHKaMH Feo’72Gao'23 (2 — FeGa) u F90,62C00119Gao,19 (3 — FECOG&)

Puc. 2 mumtoctpupyer pe3oHaHcHyr0 yactoTHyro BenuuuHbl of) B mone Hye = 37 D u otcyT-
CTBHE €€ B HYJIEBOM II0JIE.

20 1 ﬁ :

5 It
X
3 10+ il .
=)
3
1
2
O ] T T T
2,5 3,0 3,5 4,0
AxI'm)

Puc. 2. YactotHas 3aBucumocts MOKH 11 1aMMHAaTHON CTPYKTYpBI
C MarHUTOCTPUKIMOHHBIMH CJIOSIMU M3 aMOP(HOI JIEHTHI ¢ TeHKoi Fegs2C0g19Gag 19
npu Hye =37 3 — 1 u B HyneBoM nojie — 2

Jnst cTpyKTypHI co cnosmu u3 amopdHoit ieHTh 440A 6€3 TOHKHX TUICHOK TIOBBIIIEHUE pPe-
3oHaHCHOH yactotsl 10 f = 9,32 xI'm mpuBoaUT pocty MakcumanbHO# Bemmurnabsl MKOH B 2,57 pa-
3a (puc. 3). [Ipu 5TOM MaKCHMyM HaOJIFO1aeTCs MPH TeX ke 3HaueHusX Hye = 30 D, uTo U Ha yacTo-
te 3 k['1. YBennuenne makcumanbHol Bennunabl MKOH Habmtogaercs v Ui CTPYKTYp ¢ TOHKMMU
mieHKamu. [Ipu 5TOM cOCTaB MICHOK NMPAKTUYECKU HE OKAa3bIBACT BIUSHUSA HA MAKCHMAJIbHYIO Be-
TuuuHy 3¢ dexra.

Low-frequency resonance in laminated FeGa-FeCoGa/Metglas/PZT structures / A. P. Nosov, I. V. Gribov, N. A. Moskvina,
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Puc. 3. CpaBHenue noneBbix 3aBucumocteii MOKH Ha vacrore fo = 9,32 k' uist TaMUHATHBIX
CTPYKTYpP C MArHUTOCTPUKIIHOHHBIMHU CIIOSIMU TOJIBKO 13 aMopdHOii jeHTsI (440A — 1),
13 aMOpHBIX JICHT C MIeHKaMu Fep 72Gap 25 (FeGa — 2) u Feg 2C0010Gap 19 (FeCoGa — 3)

Q T . T by T

804 ] .
70 - .

2
60 .
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40 . . . . .
440A FeGa FeCoGa

Puc. 4. CpaBHeHHEe 1OOPOTHOCTH PE30HAHCHBIX 3aBUCUMOCTEH Ha 4acTOTax:
1-9,32 x['u; 2 — 3 k' A1t TaMUHATHBIX CTPYKTYP ¢ MAarHUTOCTPUKIIMOHHBIMH CIIOSIMH TOJIBKO
¢ amopHoii ienToii (440A) u amopHBIMHE JIeHTaMHu ¢ TUIeHKaMu Feg 72Gag 23 (FeGa)
u FGoyezCOoylgGaoylg (FeCoGa)

OpnHako cOoCTaB MJIEHOK OKa3bIBA€T CYIIECTBEHHOE BIUSHUE HA JOOPOTHOCTH PE30HAHCHBIX
KpuBbIX (puc. 4). V3 nmpuBeIEeHHBIX JaHHBIX CIEAYET, YTO JOOPOTHOCTH CYIIECTBEHHO BO3pAcTaeT
NP HAHECEHUU TIUICHOK, MPUYEeM MaKCHUMAalbHOW TOOPOTHOCTBHIO XapaKTEpU3yeTCs CTPYKTypa
co cioeM Feg 62C0019Gag 19. Bemmunaa 1o0OpOTHOCTH CHITBHO YBETMYMBAETCS C YaCTOTOM.

DTO 00CTOSATENHCTBO MOKET OBITh BaXKHBIM MPEUMYIIIECTBOM IMPHU HUCTIOIb30BAHUM KOM-
MO3UTHBIX MArHUTOXJEKTPUUECKUX JIAMUHATHBIX CTPYKTYp C TPaJdeHTOM MarHUTOCTPHUKIINO H-
HBIX CBOMCTB MO TOJIIWHE (EPPOMATHUTHOTO CIOS B MOTEHIMATBHBIX MPHUIOKEHUSIX, UCIIOJI b-
3yIOIUX BO30YXJEHHE HAa PE30HAHCHBIX YAaCTOTaX, MOCKOJBKY YeM BBINI€ JOOPOTHOCTH, TEM
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nydie u30uparenbHbIe CBOMCTBA KOJIEOATEIHLHOTO KOHTYpPa, B COCTaBE KOTOPOTO MOXKET OBIThH
UCIIOJIb30BaHa CTPYKTYypa.

B menom crepyer OTMETHTH, YTO TIPH PE30HAHCHOM BO30YKICHHHU TPEXCIOWHBIX JIAMH-
HaTHBIX CTPYKTYp THIIA TOHKOIUICHOYHBIH KOMIIO3UTHBII MarHUTOCTPUKIUOHHBIN ¢ eppoMarHe-
TUK—TIbe30KepaMuka PZT—TOHKOMICHOYHBI KOMMO3UTHBIH MAarHUTOCTPUKIIMOHHBIA (eppo-
MarHeTHK CO3/IaHHue IpajJueHTa Kod(ppuuruenra MarHuTOCTPUKIMK MO TOJIIUHE (eppOMarHuT-
HOTO CJIOSI 3a CYET HAHEeCeHUs Ha IMOBEpXHOCTb amMop(pHbIX JIeHT 440A TOHKUX IUICHOK
Feo72Gap 28 1 Fep 2C0010Gap 19 HE yaydmmaeT MakcumanbHy0 Beanunny MOKH, ogHako moBbI-
maeT I[06p0THOCTb CTPYKTYpPHI B IICJIOM IIPH HMCIIOJb30BAHUM COCTaBa Feo,62C00,1gGao,1g.

4, 3akiroueHue

HccnenoBansl MOJEBBIE U YaCTOTHBIE XapaKTEPUCTUKH MAarHUTOAJIEKTPUUYECKOro ¢ dexra
10 HAIpsKEHUIO B YCIOBUSAX PE30HAHCHOTO BO30YXK/IEHHUS JIAMUHATHBIX CTPYKTYp THUIIA TOHKO-
IJICHOYHBIH KOMIIO3UTHBI MarHUTOCTPUKLIMOHHBIN (heppoMarHeTHk /mbe3okepamuka PZT/ Ton-
KOIUICHOYHBIN KOMITO3UTHBIH MarHMUTOCTPUKLHUOHHBIA (PEpPPOMArHETHK, MOJTYYEHHBIX Ja3€pPHbIM
OCaXJEHUEM TOHKHUX TUICHOK Feg72,Gap 28 1 Fep 2C0019Gag 19 ¢ oTpUmIaTenbHBIM KO3PPUITUESHTOM
MarHMTOCTPUKLMU Ha aMop(HbIe JEHTHl Tuna «MeTriacy ¢ MOJIOKUTENbHBIM K03 duuneHToM
MarHUTOCTpUKIUU. KomrosuTHas ¢eppoMarHuTHas MOJCUCTEMa C TaKOH CTPYKTYPOH XapakTe-
pusyercs rpafueHToM KO3(QUIMEeHTa MarHUTOCTPUKIIMU 1O TOJLIMHE cioeB. s ¢pukcupoBaH-
HOM 4acTOThl BO30YXK/IEHHUS HCIOJb30BAaHHUE KOMIIO3UTHBIX CJIOEB HE NMPUBOIAUT K YBEJIUYEHUIO
MKO3H. DxcnepumenTanbHO nokasaHo, yto MOKH cyliecTBeHHO yBEJIMUMBAETCS C POCTOM 4Ya-
CTOTHI BO30OYXeHHs1. HaHeceHne TOHKHX TUICHOK CYIIECTBEHHO yIy4llIaeT JOOPOTHOCTh, KOTOpast
TaK)ke pacTteT ¢ 4acToTod. HambGonbmuMu 3Hau€HUSMHU JTOOPOTHOCTH XapaKTEPU3YIOTCS CIIOH C
TOHKUMH TIeHKaMu Feg 62C0019Gag 19. ViccnenoBannple TaMHUHATHBIE CTPYKTYphl MOTYT Mpe-
CTaBJIATh MHTEpEC JUIs pa3pabOTKU BBICOKOUYBCTBUTENBHBIX JaTYMKOB CTATUYECKUX U HHU3KOUA-
CTOTHBIX MarHUTHBIX IOJIEW C PE30HAHCHBIM BO30YXKJAEHUEM ISl IPUOOPOB U YCTPONUCTB MarHu T-
HOT'O HEpa3pyLaroLEero KOHTPOJIS.
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Layered metal composites made of dissimilar metals and alloys occupy a special place
among modern composite materials. In particular, their use is considered promising when high
strength, fatigue resistance, and wear resistance are required. However, there are few data on the
abrasive wear resistance of such composites, and further study is necessary. In this paper, an at-
tempt is made to formulate some approaches to the development of wear-resistant laminated metal
composites in order to promote more detailed research. For this purpose, the abrasive wear re-
sistance at room (+25 °C) and cryogenic (—196 °C) temperatures of a layered metal composite con-
sisting of low-alloy and maraging steels was studied. The composite was obtained by explosive
welding. It is shown that the wear resistance of the composite is determined by the combined influ-
ence of a number of factors, namely the presence of interlayer boundaries, the structural state, hard-
ness, and toughness of the steels. It is concluded that, for better wear resistance of a layered compo-
site, the dissimilar layers must wear out evenly under existing environmental conditions.

Keywords: laminated metal composite, microstructure, microhardness, abrasive wear.

1. Introduction

Wear is one of the main factors limiting the service life of machine parts and structures
for various purposes. The most common type of wear is abrasive wear. Abrasive particles are pre-
sent in almost all natural and technological environments. The danger of abrasive wear is also due
to the fact that it causes a relatively rapid failure of the working surfaces. Therefore, the reduction
of losses from abrasive wear is an important scientific and practical task. For solving this task, the
development of new wear-resistant materials and coatings, including composites, is constantly un-
derway [1-16]. Among promising modern composite materials, layered metal composites made
of dissimilar metals and alloys occupy a special place. The physical and mechanical properties of
the composites can significantly exceed those of their constituents at room, elevated, and lowered
temperatures. The use of such materials is considered promising in cases where high strength, fa-
tigue resistance, and wear resistance are required [17-24]. However, in the literature there are few
data on the abrasive wear resistance of laminated metal composite materials [12].

Thus, the aim of the research is to study the abrasive wear resistance at room (+25 °C) and
cryogenic (—196 °C) temperatures of a layered metal composite consisting of low-alloy and
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maraging steels and to formulate approaches to the development of wear-resistant laminated metal
composites. The composite was obtained by explosive welding. The choice of parameters and the
wear test scheme was due to the fact that such composites are expected to be used in parts and
structural elements of transport systems operating at low climatic temperatures. It is known that the
wear of road vehicles is abrasive in 60 % of cases. This is due to the negative effect of dust and fine
sand particles falling into the gaps of tribological couples. Wear of this type is found in parts of
running gears, pin joints, open sliding bearings, and working bodies of road vehicles. The choice of
materials for the constituents of the composite was based on low carbon content in both steels
(0.12 wt% in the low-alloy steel and 0.02 wt% in the maraging steel), which provides them with
good deformability in a wide temperature range. It also makes it possible to conduct such heat
treatment of the composite that the layers of the maraging steel become as hard as possible and
those of the low-alloy steel become more ductile [19]. Besides, maraging steels have a high re-
sistance to brittle fracture and a low cold brittleness threshold, which can have a positive effect on
wear resistance at low climatic and cryogenic temperatures. However, this requires additional re-
search.

2. Experimental procedure

The structural low-alloy GOST 09G2S and maraging GOST EP678 steels were used as the
constituents of the composite. Table 1 shows the chemical composition of the steels, which was de-
termined by means of a SPECTROMAXX F optical emission spectrometer.

Table 1. Chemical composition of the steels constituting the composite, wt%

Steel C Si Mn Cr Ni Mo P S Al Ti Cu Nb
Logéae'l'oy 012|068 | 1.32 | 007 | 007 | 0.01 |0020]0010| 004 | - |o012| -
M‘Z{Z‘g;”g 002|016 | 0.08 | 1065 | 9.35 | 1.97 | 0.004 | 0.004 | 0.09 | 0.90 | 0.10 | 0.09

Prior to forming the composite, initial low-alloy steel sheets with dimensions of 9548542 mm
were normalized by heating to a temperature of 860 °C and holding at this temperature for 2 hours
followed by cooling in air. Maraging steel sheets with dimensions of 95x85x50 mm were quenched
by heating to a temperature of 920 °C and holding at this temperature for 30 min followed by cooling
in water. To form the ultrafine-grained microstructure, the sheets of maraging steel were subjected to
further processing, which included multidirectional (six-fold) isothermal forging in the temperature
range of 850700 °C and at a strain rate ranging between 1x107° and 54107 s ' using a PA2638 hy-
draulic press, with subsequent multi-pass warm rolling at a temperature of 700 °C using a DUO-300
mill. The thickness of the sheets was 24 mm after the forging and 1 mm after the rolling.

The laminated composite was formed by explosive welding [25-28]. Welding of a package
of the steel sheets was carried out in one step according to a symmetrical angular scheme (Fig. 1).
The multilayer package consisted of four alternating sheets of the low-alloy steel with a thickness of
2 mm and three sheets of the maraging steel with a thickness of 1 mm, the outer sheets being the
low-alloy steel ones. The maximum distance between the sheets was 7 mm. Ammonite was used as
an explosive for welding. After the welding, the laminated composite was cut into two parts, one of
which was left in its original state, and the other was subjected to heat treatment by heating to a
temperature of 500 °C and holding at this temperature for 3 hours followed by cooling in air.

The microstructure and features of the interlayer boundaries of the laminated composite, as
well as the microstructure of the steels constituting the composite, were studied using a Neophot-21
optical microscope and a Tescan Mira 3 LMH scanning electron microscope (SEM) with an elec-
tron backscatter diffraction (EBSD) analysis system. The microhardness was determined by means

Approaches to the development of wear-resistant laminated metal composites / R. A. Savrai, S. V. Gladkovsky, S. V. Lepikhin,
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of a Shimadzu HMV-G21DT instrument at a load of 0.49 N, with a loading speed of 40 mm/s and
holding under load for 15 s.

Fig. 1. Schematic formation of the laminated
composite by explosive welding
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Fig. 2. Schematic abrasive wear resistance

testing

Testing for abrasive wear resistance was carried out using a laboratory tribological setup
according to the “pin-plate” scheme [29] in air (at a temperature of +20 °C) and in liquid nitro-
gen (at a temperature of —196 °C) by reciprocating sliding of the composite specimens over a
fixed electrocorundum with a grain size of 160 mm (GOST 14A 16-N abrasive paper) at a load
P of 20 and 50 N, an average sliding speed V of 0.175 m/s, a stroke length of 90 mm and a
transverse displacement d of 1.2 mm (without unloading) after each reciprocating stroke of the
specimen (Fig. 2). In this case, the total length of the friction path L was 14.2 m. The rationale
for the structure of the wear test system, as well the parameters chosen, is that the “pin-plate”
scheme avoids noticeable frictional heating of specimens. In this case, the effect of temperature
can be clearly determined by external cooling. Prismatic specimens with dimensions of
10410410 mm were used. Before the testing, the specimens were rubbed until uniform contact
of the specimen surface with the abrasive was achieved. The sliding of the composite specimens
was performed both along (as shown in Fig. 2) and across the layers. To test the wear resistance
of the steels constituting the composite, the composite was divided into separate layers. The
testing of the specimens, which represented individual layers of the low-alloy and maraging
steels, was conducted on the bonding area of the layers. Thus, the area S of the test surface of
the composite specimens and the steels constituting the composite was 1 cm?. Four repeats were
made at each load and temperature. The specimens were weighed by means of laboratory scales
with an accuracy of 0.00005 g before and after the tribological tests. As a result of weighing,

the weight loss of the specimens Q was determined. The rate of abrasive wear was calculated by
the formula [30]

(1)

where 1y, is wear rate, dimensionless; Q is weight loss, g; ¢ is the average density of the specimen

material, g/cm®; S is the geometric contact area of the specimen with the abrasive, cm?; L is the total
length of the friction path, cm.
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3. Results and discussion
3.1. Structure and microhardness

As a result of explosive welding of the sheets of the low-alloy and maraging steels, a seven-
layer composite is formed (Fig. 3). Note that almost diffusionless bonding of metals occurs during
explosion welding [31, 32]. This is confirmed by a sharp difference in the chemical composition
between the layers of the five-layer composite obtained from similar steels [19]. Figure 3 also
shows that the interlayer boundaries are practically free of non-metallic inclusions or welding de-
fects, such as pores, incomplete penetrations and discontinuities. Besides, both wavy and plane in-
terlayer boundaries are formed, which may contain vortex zones with local molten areas (indicated
by arrows in Fig. 3). This is typical for explosive welding and primarily due to the collision velocity
of the welded sheets [32]. However, for each combination of the materials and the collision angle,
there are critical values of the collision velocity, at which the shape of the interlayer boundary
changes from plane to wavy. It is believed that the shape of the boundary does not significantly
affect the quality of the joints produced by explosive welding, but the presence of complexly shaped
interlayer boundaries somewhat increases the bonding strength of the welds [32].

Fig. 3. The structure of the seven-layer composite obtained by explosive welding:
L — the low-alloy steel layers; M — the maraging steel layers. The arrows indicate vortex zones
with local molten areas

The study of the microstructure of the as-welded laminated composite by optical and scan-
ning electron microscopy has shown that the low-alloy steel layers have a ferrite-pearlite structure
with a pearlite content of 10 % and an average size of ferrite grains of 10-12 mm (Fig. 4a). The
maraging steel layers have a homogeneous ultrafine-grained structure (Fig. 4b) with an average
crystallite size of 187+47 nm according to the results of EBSD analysis (Fig. 5). It contains frag-
mented batch martensite, some amount of retained austenite (up to 10 %), and a small fraction of
primary carbonitrides, this being consistent with the available data [33]. Near the interlayer bounda-
ries, the mixing of the steels is observed, and on the side of the low-alloy steel layers there is an up
to 5 mm wide dispersed zone with a crystallite size of 0.5 to 2 mm (see Fig. 5). The microstructure
of the maraging steel layers is homogeneous over the entire width of the layers.
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Fig. 4. The microstructure of the low-alloy (a, optical microscopy) and maraging (b, SEM) steel
layers constituting the as-welded composite

Fig. 5. The EBSD grain map of the interlayer boundary formed within the as-welded composite:
L — the low-alloy steel layer; M — the maraging steel layer

After additional heat treatment of the composite (heating at 500 °C), the microstructure of the
low-alloy steel layers remains unchanged according to the optical microscopy; however, carbon redis-
tribution and coarsening of carbides must occur in the steel [19]. No visible changes in the microstruc-
ture of the maraging steel layers were also observed by optical microscopy; however, the formation of
intermetallic phases must occur in the steel heated above 400 °C [34-36]. At the aging temperature of
500 °C, the main hardening phase is the NisTi intermetallide with an h.c.p. structure. The retained
austenite, which is present in the structure of the maraging steel, becomes depleted of alloying ele-
ments during the heat treatment due to the formation of new phases and partially turns into martensite
when the aged steel is cooled to room temperature. This reduces the content of retained austenite to
about 5 %. Consequently, after additional heat treatment, the microstructure of the maraging steel
mainly consists of batch martensite and dispersed particles of intermetallic phases.

Figure 6 shows the microhardness of the laminated composite. It can be seen that, for the as-
welded composite, the average microhardness of the low-alloy steel layers is 250 HV0.05, and that
of the maraging steel layers is 460 HV0.05. As expected, the hardness of the maraging steel with an
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ultrafine-grained structure is significantly higher than that of the low-alloy steel with a ferrite-
pearlite structure. After the additional heat treatment of the composite, the microhardness of the
low-alloy steel layers decreased to 220 HV0.05, and that of maraging steel layers, on the contrary,
increased to 520 HV0.05. The observed change in the hardness of the heat-treated composite is
caused by the corresponding structural changes, namely carbon redistribution and coarsening of
carbides for the low-alloy steel and the formation of intermetallic phases and the austenite to mar-
tensite transformation for the maraging steel. Note that the heat treatment of the composite increas-
es the difference in the hardness of the layers.
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Fig. 6. Distribution of microhardness HV0.05 over the cross section of the as-welded (1) and heat-
treated (2) composite: L — the low-alloy steel layers; M — the maraging steel layers

3.2. Abrasive wear resistance

Table 2 and Figs. 7 and 8 show the results of testing the laminated composite and its constit-
uents for abrasive wear resistance. Note that testing along and across the layers reveal no significant
difference in the specimen properties. Therefore, the results of testing along the layers are given.

Table 2. Wear rate I, of the composite and its constituents during abrasive wear testing
under different conditions

I, 10°°
Specimen T=+25°C T=-196 °C

P=20N P=50N P=20N P=50N

Low-alloy steel 4.4+0.2 10.6+0.1 2.940.1 7.440.1

Maraging steel 4.6+0.1 10.6+0.1 2.1+0.1 6.1£0.1

As-welded com- 3.940.1 9.340.1 3.340.1 7.540.1

posite

Heat-treated

composite 3.5+0.1 8.8+0.1 3.5+0.1 8.0+0.1

It can be seen from Table 2 that, at the test temperature of +25 °C, the wear rate of the low-
alloy and maraging steels does not differ significantly and that the wear rate of the seven-layer
composite is lower (wear resistance is higher) than that of the steels constituting the composite.
Specifically, the decrease of I is 11 to 15 % under a load of 20 N and 12 % under a load of 50 N
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I.e. it is approximately the same (see Table 2). This may be due to the influence of the interlayer
boundaries, which complicate the separation of wear products from the specimen surface. Besides,
the dispersed structure of the low-alloy steel near the interlayer boundaries (see Fig. 5) also contrib-
utes to the increased wear resistance of the composite since the increase in the length of grain

boundaries can lead to additional local hardening of the material under wear due to blocking the
motion of dislocations [37].

Fig. 7. Worn surfaces (SEM) after the testing of the as-welded composite for abrasive wear
resistance under a load of 50 N at temperatures of +25 °C (a, b) and —196 ° C (c¢): L — the low-alloy
steel layer; M — the maraging steel layer. The dashed line denotes the interlayer boundary,
and the arrows in (b) indicate the terminated wear grooves

SEM investigation has shown that the worn surfaces have an oriented roughness with wear
grooves, which is typical of abrasive wear. The predominant wear mechanism is microcutting, as
evidenced by the sharp edges of the wear grooves (Fig. 7). As a rule, microcutting is observed when
the hardness of the abrasive is more than 1.3 times as high as that of the tested material [38], and the
hardness of the electrocorundum, which is about 2000 HV, is more than 3 times as high as that of
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the steels constituting the composite (see Fig. 6). However, the low-alloy steel is characterized by
wide wear grooves compared to the maraging steel, this being due to a significant difference in the
dispersity of their structure (see Figs. 4 and 5). It should also be noted that some wear grooves (in-
dicated by arrows in Fig. 7b) terminate near the interlayer boundary. This confirms the earlier as-
sumption that the interlayer boundaries complicate the separation of wear products from the surface
of the specimen under wear. In the absence of the interlayer boundaries, this process could continue
and lead to a greater wear of the specimen. It is also important to emphasize that the interlayer
boundaries affect the wear resistance of the composite when tested both along and across the layers,
and this may be due to the presence of wavy boundaries (see Fig. 3).

Heat treatment at 500 °C for three hours additionally decreases the composite wear rate de-
termined at a test temperature of +25 °C; this is due to the increasing microhardness of the marag-
ing steel layers (see Fig. 6). Specifically, the decrease in the I, is 10 % at a load of 20 N and only
5% at a load of 50 N (see Table 2). Since the heat treatment decreases the microhardness of the
low-alloy steel layers (see Fig. 6), a decrease in the wear resistance of these layers is also expected.
Apparently, as the test load increases, the influence of low-alloy steel layers on the wear rate of the
composite becomes more significant.

At the test temperature of —196 °C, there is a substantial difference in the wear rate of the
steels constituting the composite, with the wear rate of the maraging steel being significantly lower
than that of the low-alloy steel. Specifically, the value of I, of the maraging steel is lower than that
of the low-alloy steel by 28 % at the load of 20 N and by 18 % at the load of 50 N (see Table 2).
The predominant wear mechanism is microploughing, as evidenced by the blunted edges of the
wear grooves, and low-cycle fatigue microcracking (see Fig. 7c). It is known that the abrasive wear
resistance of a material is determined by both its hardness and toughness since the embrittlement of
the material facilitates the separation of wear products from the specimen surface [39]. Obviously,
at a temperature of —196 °C, the low-temperature embrittlement of the low-alloy steel is much more
pronounced. It can therefore be concluded that, at low temperatures, the abrasive wear resistance of
the maraging steel exceeds that of the low-carbon steel. Note that, as the test load increases, the dif-
ference in the wear rate of the steels constituting the composite slightly decreases.

Fig. 8. The worn surfaces (SEM) of the maraging steel layers near the interlayer boundary
after the testing of the as-welded (a) and heat-treated (b) composite for abrasive wear resistance
at a load of 50 N and a temperature of —196 °C
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In contrast to the tests at room temperature, the wear rate of the seven-layer composite at a
temperature of —196 °C is higher (wear resistance is lower) than for the steels constituting the com-
posite. Specifically, the increase in I, is 14-57 % at the load of 20 N and 1-23 % at the load of 50 N
(see Table 2). It can be seen that the wear rate of the composite is close to, but exceeds that of the
low-carbon steel. Since the wear resistance differs substantially for the dissimilar layers of the com-
posite at the test temperature of —196 °C (see Table 2), there takes place uneven wear, when the
low-carbon steel layers wear out faster than the maraging steel ones. SEM investigation of the worn
surfaces has shown that this may lead to tearing off the protruding microvolumes of the maraging
steel by abrasive particles under further wear (Fig. 8a). This is what seems to cause a higher wear
rate of the composite. Apparently, as the test load increases, the effect of uneven wear becomes less
pronounced since the difference in the wear rate of the dissimilar layers decreases (see Table 2).

The heat treatment at 500 °C leads to an additional increase in the wear rate of the composite
determined at a test temperature of —196 °C, which is due to the increased difference in the hard-
ness of the dissimilar layers (see Fig. 6). This enhances the uneven wear and relevant tearing off of
protruding microvolumes of the maraging steel by abrasive particles (Fig. 8b). In this case, the in-
crease in the value of I, is 6 % at the load of 20 N and 7 % at the load of 50 N; i.e. it is approxi-
mately the same (see Table 2).

The results of abrasive wear resistance testing at different temperatures have also shown that
the wear rate of the laminated composite and its constituents at a temperature of =196 °C is lower
(wear resistance is higher) than at +25 °C. This is observed at loads of both 20 and 50 N and is due
to a change in the predominant wear mechanism from microcutting to microploughing (see Fig. 7).
It is well known that microploughing decreases wear rate. The reason is the low-temperature hard-
ening of the steels constituting the composite. This decreases the ratio of the hardness of the abra-
sive and the tested material [38]. It should also be noted that the wear resistance of the composite
depends on the test temperature to a lesser extent than the wear resistance of the steels separately.
Thus, the composite has more stable properties. To increase the wear resistance of a laminated
composite at low temperatures, it is necessary to choose the layers that ensure minimum uneven
wear of the composite, as well as a low cold brittleness threshold.

4. Conclusions

The abrasive wear resistance of a laminated composite consisting of low-alloy and maraging
steels at room (+25 °C) and cryogenic (—196 °C) temperatures has been studied. The composite was
obtained by explosive welding. It has been found that, at a test temperature of +25 °C, the wear re-
sistance of the composite is higher than that of the steels constituting the composite. This is due to
the influence of the interlayer boundaries, which complicate the separation of wear products from
the specimen surface under wear, as well as the dispersed structure of the low-alloy steel near these
boundaries, which promotes local hardening of the material. Heat treatment at 500 °C additionally
increases the wear resistance of the composite determined at a test temperature of +25 °C, this being
due to the increasing microhardness of the maraging steel layers. At a test temperature of —196 °C,
the wear resistance of the composite, on the contrary, is lower than that of the steels constituting the
composite. This is caused by the uneven wear of the composite, when the low-carbon steel layers
wear out faster than the maraging steel ones and provide conditions for the separation of protruding
microvolumes of the maraging steel by abrasive particles under further wear. Heat treatment at
500 °C additionally decreases the wear resistance of the composite determined at a test temperature
of —196 °C, this being due to the increased difference in the hardness of the dissimilar layers and
the enhanced effect of uneven wear. The results of testing for abrasive wear resistance at different
temperatures have also shown that the wear resistance of the laminated composite and its constitu-
ents is higher at —196 °C than at +25 °C. This is due to the low-temperature hardening of the steels
constituting the composite, causing a change in the wear mechanism. It should also be noted that the
wear resistance of the composite is less dependent on the test temperature than the wear resistance

Approaches to the development of wear-resistant laminated metal composites / R. A. Savrai, S. V. Gladkovsky, S. V. Lepikhin,
and Yu. M. Kolobylin // Diagnostics, Resource and Mechanics of materials and structures. — 2021. — Iss. 5. — P. 24-35.
DOI: 10.17804/2410-9908.2021.5.24-35.



Diagnostics, Resource and Mechanics of materials and structures
Issue 5, 2021

11 irean-{ourmal oy http://dream-journal.org ISSN 2410-9908

of the steels separately. Thus, the composite has more stable properties. To increase the wear
resistance of a laminated composite at low temperatures, it is necessary to choose the layers that
ensure minimum uneven wear of the composite, as well as a low cold brittleness threshold.
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Experiments have been made on studying structural and phase changes by the residual resis-
tivity method in a Fe-Ni-Si alloy during annealing and electron irradiation. Thermal diffusion starts
above 600 K and ensures decomposition of the solid solution up to 700 K; at higher temperatures it
provides homogenization of the solid solution with the dissolution of intermetallic compounds in
accordance with the equilibrium phase diagram. It is shown that, upon irradiation with electrons
above 240 K, vacancy clusters are formed in both the aged and quenched alloys. Dissociation of
clusters occurs at temperatures ranging between 350 and 500 K and leads to solid solution decom-
position under the influence of diffusion caused by migrating vacancies with the formation of in-
termetallic precipitates. Irradiation at 423 K causes migration of vacancies and decomposition of the
solid solution. In alloys irradiated at both temperatures above 700 K, as well as in unirradiated al-
loys, the precipitates dissolve in accordance with a single equilibrium dependence.

Keywords: microstructure, Fe-Ni-Si alloy, irradiation, intermetallic compounds, electrical re-
sistance, homogenization, solid solution decomposition, diffusion.
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[TpoBeneHbl SKCHEPUMEHTHI 110 MCCIIEA0BAaHUIO CTPYKTYPHO-(Da30BBIX M3MEHEHUIH METO[0M
OCTaTOYHOTO AJIEKTPOCONPOTHBICHUS B ciuiaBe Fe-Ni-Si mpu oTkurax v 3JIeKTPOHHOM OOJTYyYCHHUHU.
Tepmuueckas aud¢dy3us HaunHaercs npu Temneparypax Beie 600 K u obecnieunBaer pacnaj TBep-
noro pacteopa 10 700 K, a mpu Gosee BRICOKHX TEMITEpaTypax — FTOMOTEHU3AIMIO TBEPAOTO pacTBOpa
C PaCTBOPEHUEM UHTEPMETAIUINI0B B COOTBETCTBUU C paBHOBECHOM (ha30BOil JrarpaMMOi.

[Tokazano, 4yro mpu oOmaydeHun snekrpoHamu Beime 240 K mpoucxomut oOpazoBaHme
BAaKaHCHOHHBIX KJIaCTEPOB KaKk B COCTAPEHHOM, TaK U B 3aKaJICHHOM cIulaBe. Jlucconuanus kiacte-
POB MPOUCXOAUT B TeMiieparypHoM uHTepBaie 350-500 K u nmpuBoauT K pacmnaay TBEpAOro pac-
TBOpa noJ aedcTBreM IU(Py3un o0yCcIOBICHHON MUTPUPYIOIIMMHU BaKaHCUSAMU ¢ 00pa3oBaHUEM
MHTEpPMETAUNINIHBIX BbleneHuid. O6nyuenue npu temmneparype 423 K npuBoauT K MUTrpanuu Ba-
KaHCHUIl U pacmaay TBEpAOro pacTBopa. B cruaBax, oOidydeHHBIX MpU 00euX TeMmIepaTypax BbIlIe
700 K, xak 1 B HEOOJIy4EHHBIX CIIJIaBaX NMPOUCXOIUT PACTBOPEHUE BBIIECIEHUN B COOTBETCTBUHU C
€MHON paBHOBECHOU 3aBUCUMOCTBIO.

KiroueBble ciioBa: MUKpOCTpyKTypa, ciuiaB Fe-Ni-Si, oGirydeHne, HHTEpMETaUIHIbI, JIEKTPOCO-
NIPOTHBJIEHUE, TOMOTEHU3ALU, PACcIaj] TBEPAOro pacTBopa, 1updy3us.

1. BBegenue

B ycrnoBusiX MHTEHCUBHOTO O0JIyueHHs] B KOHCTPYKIIMOHHBIX CTAJISIX U CIUIaBaX pa3BUBAIOT-
Csl pa3IUyYHbIE PaJAMALMOHHO-UHIAYLIUPOBAHHBIE CTPYKTYpHO-(a30Bble NPEBpAIICHUs, KOTOpbIE
B 3HAUUTEJILHON CTENEHU ONpPEAEIAIOT U3MEHEHHUs CBOMCTB MAaTEPHANIOB M MX PAJUALMOHHYIO T10-
BpeXJ1aeMoCTh. B crutaBax ¢ nmepechlieHHbIM TBEPABIM PACTBOPOM MPU OOTyYEHUSIX U TepMOoOpa-
00TKaX MOXET MPOUCXOAUTh PaaUallMOHHO-YCKOPEHHBIN paciaj TBEpAOro pacTBopa ¢ oOpa3oBa-
HUEM BbleneHu npyroi ¢assl. [Ipu 3ToM cocTosiHrEe MaTpPHUIIbI TPUOIKAETCS K TEPMOJUHAMUY €-
CKM PaBHOBECHOMY. DTOT MPOLIECC HEMOCPEICTBEHHO CBSA3aH CO CBOOOAHOIN MUTpalmell TOUeYHbIX
nepeKTOB, FTeHepUPYEMbIX 00IydeHHEM, KOTopas yCcKopsieT Judy3uio U MO3BOJSET MOJIYUYUTh Ta-
KM€ COCTOSIHUS, OOBIYHO HEJAOCTHKUMBIE IPH OOBIYHBIX TEPMUUYECKUX 00pabOTKaX.

[Tpu mMurpanuy HepaBHOBECHBIX PATUAIMOHHBIX Ne(EKTOB B CIIJIaBaX MEXAYy HUMH MOTYT
MPOUCXOJIUTh PEaKIMH, MPHUBOIAIIME K OOPa30BaHHIO KOMILJIEKCOB pPaJUallMOHHBIX Je(PEeKTOB
C IPUMECHBIMH aTOMaMH, BakaHCHOHHBIX KjactepoB (BK), aucnokanuoHHbIX merenb, v T. 1. [1].
Kpome Toro, BeiaeneHust Bropoit ¢azel 1 BK sBisitoTcst cTOKamMu 17151 TOYEYHBIX J1€(PEKTOB U MOTYT Cy-
IIECTBEHHO YMEHBIIUTH JIMHY U y3HMOHHOro rpodera pajualioHHbIX 1e(eKTOB U U3MEHUTH d(Pdek-
THBHOCTh MX BIMSIHHS Ha CTPYKTYpHO-(ha30BbIe TpeBpatieHus npu oomydenuu [1]. Fe-Ni-aycrenutHbre
CILIaBbl, BO MHOTOM aHAJIOTUYHBIC HEP)KABEIOILIMM CTAIIsIM, JierupoBanubie T1, Al wm Si o6pasyrot npu
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CTapeHHHU JUCIICPCHYIO0 KOTEPEHTHYIO yropsioueHHyro Y ¢a3y tTuna NizMe [2-4], uro npuBOaUT K
CYIIECTBEHHOMY CAEPKUBAaHUIO PAIHAIIMOHHOTO paciyxaHus [4].

Jlerupyromue 3JIeMEHTHl BIHUSIOT CYIIECTBEHHBIM 00pa3oM Ha 3BOJIONMIO KaK TBEPAOTO
pacTBopa, TaK ¥ Ha BBIICICHUs BTOpoi (a3pl. Pa3mMepHbIil (hakTop JIETHPYIOUIMX JIEMEHTOB UTPAeT
PEILIAIONIYIO POJIb B XapaKTepe UX B3aMMOACHUCTBUS C TOUCYHBIMU Je(EeKTaMU B TBEPJIOM PacTBOPE.
B nukene, aycrenutnbix Fe-Cr-Ni cransx n Fe-Ni-cmaBax moapasmepusie npumecu (P, Si) B3au-
MOJCHCTBYIOT IPEUMYILIECTBEHHO C MEXKY3€IbHBIMU aTroMaMu [ 1, 4—6], a Hajgpa3MepHbIe TPUMECH
(Ti, Nb) — ¢ Bakancusimu [1, 7, 8]. O6pa3oBaHue CTaOMIBHBIX KOMILJIEKCOB BAKAHCHUN WM MEXK-
y3€JIbHBIX aTOMOB C MPUMECSMU CITY)KUT YCUJICHHIO PEKOMOWHAIIMM TOUYEUHBIX JePEKTOB U, CIEI0-
BaTEIIbHO, M3MCHSET KMHETHKY OOpa30BaHMs KJIACTEPOB Ae(PEKTOB. DTU MPOIECCH MOTYT OKa3bl-
BaTh CYUIECTBEHHOE BIUSHHE HA KUHETUKY PaJHAllMOHHO-CTUMYJIMPOBAHHOM Cerperamnuu, moi3y-
YECTH M ITOPOBOT'O PACITyXaHHUSI.

Llens paboThl — M3y4YCHHE BIHMSHUA JIETUPOBAHUS KENE30-HUKEJIEBOrO CIIaBa KPEMHHUEM
Ha TEPMHUYECKHE U PaIHallMOHHO-UHAYIIUPOBAHHBIC CTPYKTYPHO—(Da30BbIC IPEeBpaILCHHS.

2. O6pa3ubl U METOIMKH

HWccnenoBanust ObUTH MpoBeeHbl Ha yncToM ciuiaBe Fe-31,2 ar. %Ni—5,7ar. %Si (Fe-Ni-Si),
MIPUTOTOBJICHHOM BaKyyMHBIM WHIYKIIMOHHBIM MEPEIJIAaBOM U3 YMCTHIX KOMHOHEHTOB. CIutaB aJis
WCCIIEIOBaHMM ObLIT B3ST B COCTOSIHUM, 3aKaieHHOM OT 1373 K B Boay € 1e/bl0 MOJTy4eHUsI MaKCH-
MaJIbHO TOMOTE€HU3UPOBAHHOTO 3aKAJIEHHOTO COCTOSIHUSA (3), U B COCTOSIHUM, COCTAPEHHOM I10CJIE
3akanku (C) mpu pa3nuuHbix Temmneparypax 823—723 K. OOpa3ipl B 3aKaJ€eHHOM COCTOSIHUH, UC-
CJICIOBAaHHBIE C TIOMOIIBIO PEHTTEHOCTPYKTYPHOTO aHanu3a Ha ycraHoBke JIPOH-2, mpencrasisum
u3 cebs ogHodaszHblil aycTeHUT. MccnenoBanuss MUKPOCTPYKTYpPbI TPOBOAUIUCH HA AIIEKTPOHHOM
mukpockone JEM-200 CX npu yckopsitoniem Hanpsbkenun 160 kB. VccienoBanus mokasand, 4To
oOpa3ipl umenu pasmep 3epHa 50 MKM U IJIOTHOCTh JUCIOKALMKA OKOJIO 10°em 2 OO6nyuenus
5 MbB anekTpoHaMH 3THX CIUIABOB MPU PA3IMYHBIX TEMIIEpaTypax U H30XPOHHBIE OTKHTU CO
cpenHeil ckopocThio HarpeBa 1 K/MuH ObuTH MTpOBeIeHBI B aTMOC(epe YUCTOTO MPOTOYHOTO TeIuS.

B kauecTBe MeTona uccieoBaHMs ObUIO MCIOIb30BAHO M3MEPEHHE OCTATOYHOIO AJIEKTPO-
CONPOTHUBIIEHUS, YYBCTBUTEIBLHOTO K MPOLECCaM aTOMHOTO NEepepaclpeqeseHlss B TBEpJOM pac-
TBOpe. OCTaToOuHOE ANEKTPOCONPOTHRICHHE TIpH Temneparype 4,2 K uzmepsanu craHgapTHbIM ue-
TBIPEX30HI0BBIM MOTEHIIMOMETPUUECKUM METOOM C UyBCTBUTENBbHOCTHIO Ha ypoBHE 0,01 HOM cMm
1 TouHOCTEIO He Xyxke 0,05 %.

3. Pe3yabTaThl M 00CyKIeHHE

Ha puc. 1 a npencraBneHsl M3MEHEHUS 3JEKTPOCONPOTUBIIEHUS MIPH U30TEPMUYECKOM OT-
xure 3akaneHHbIXx oT 1373 K o6pasios cruaBa Fe-Ni-Si npu passeix temmneparypax Boime 700 K.
Ha puc. 1 6 npexncraBneHsl U3MEHEHHs IIEKTPOCONPOTUBIIEHHS 3TUX CIUIABOB IIPH MOCJIEAYIOLIEM H30-
XPOHHOM OT>KHUT€ COBMECTHO € PE€3yJbTaTaMH M30XPOHHOIO OTXkMra 3akajneHHoro ot 1373 K cruiasa.
IIpy M30TEPMUUECKOM OTXKMIE MPU PA3IMUHBIX TeMIeparypax B uHTepBase 723—823 K mpoucxoaur
OBICTPBII POCT JIEKTPOCONPOTUBIICHUS B Mpefesiax HECKOJbKUX MUHYT JIO Pa3IM4YHOIO YPOBHS U
IIpYU JajdbHEUIIEM U30TEPMUYECKOM OT)KUTE JIEKTPOCONPOTUBIIEHUE CILJIABOB OCTAETCS MPaKTHYeE-
CKU MOCTOSIHHBIM. [IOCKOJIbKY B cIjIaBaX TaKOro THUIIA MPOUCXOIUT TEPMUYECKU aKTUBUPOBAHHOE
3apOoXK/IEHUE M POCT HHTEPMETAJUIMAHBIX BblACTIeHUH [4], monaraeM, 4To HabIr0AaeMblii POCT IIEK-
TPOCONPOTHUBIIEHUS COOTBETCTBYET ATOMY Iporeccy. Kak BHIIHO, ¢ MOBBILIEHUEM TeMIIEpaTyphl
N30TEPMHUUYECKOTO OT)KHMIra, YPOBEHb 3TOT0 KBAa3MCTALMOHAPHOTO COCTOSIHUS AJIEKTPOCOIPOTUBIIE-
HUS YMEHBIIAETCs. DTO CBSI3aHO C YBEJIWYEHHEM PACTBOPUMOCTHU KPEMHUSI B TBEPJIOM pacTBOpE
craBa Fe-Ni-Si ¢ noBeimennem temneparypsl [9]. BakHo, 4TO paBHOBECHOE COCTOSIHUE TBEPJIOTO
pacTBopa MpH BBHIOPAHHBIX TEMIIEpPATypax H30TEPMHUUYECKOTO OTHKUTa, JOCTUTAEMOE 32 HECKOJIbKO
MHUHYT, MOXKET OBITh JOCTUTHYTO M IPH JAPYTHX CHOCO0aX OTXKUIa, HApUMEp MPH MPOXOKACHUU
ITHUX TEMIIEPATyp MpH U30XpoHHOM oTkure (puc. 1 6). ToYKH, COOTBETCTBYIOIIUE TEMIIEpaTypam
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HU30TCPMHUUYCCKOI'0 OTXKUTA U 3HAYCHUAM 3JICKTPOCOIIPOTUBJICHH, ITOJIYHYaCMOT'O IIPpHU 3TOM, 0003Ha-
YCHBI YEPHBIMHU KPYKKaMH. Ot KPYXKKH JIC)KAT Ha paBHOBCCHOfI 3aBUCHUMOCTH.
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Puc. 1. DnexTpoconpoTUBIeHHE IPU U30TEPMHUUYECKOM OTKHUTE 3aKaJICHHBIX 00Pa3IloB CILIaBOB
Fe-Ni-Si 1 H30XpOHHOM OT)KUTE 3TUX CIUIaBOB B cocTapeHHOM (C) COCTOSIHMU COBMECTHO
C M30XPOHHBIM OT)KUTOM CIUIaBa B 3aKaJIC€HHOM (3) COCTOSHUMH. B KauecTBe HCXOJHOTO 3HAUYCHUS
p3 BBIOPAHO 3JIEKTPOCONPOTUBIICHHUE CIUIaBa, 3akaneHHoro oT 1373 K. Ap=p —p3

Kax BuaHO U3 pe3ynbTaToB M30XPOHHOTO OT)KMIra 3aKaJ€HHOIO CIUIaBa, TepMUYecKas 1ud-
¢y3us craHoBUTCS 3aMeTHOH npu Temmneparype Boie 600 K. ITpu 3ToM Kak B 3aKaleHHOM, TaK U B
COCTapeHHBIX CILJIaBaX, MPOUCXOIUT TEPMUUYECKH aKTUBUPOBAHHBIN POCT MHTEPMETAJUIMIHBIX BbI-
nenenuii. Beime 700 K B cOOTBETCTBUM ¢ paBHOBECHON pacTBOPUMOCTBIO KpemHHUs [10] nmpoucxo-
muT ux pacrBopenue. [Ipu temneparypax Beie 700 K Bce 3aBUCHMOCTH CXOATCS B €IUHYIO 3aBU-
CHUMOCTB JIEKTPOCOIPOTUBIIEHUS OT TEMIIEPATyphl, OMPENCIAEMYI0 PABHOBECHON 3aBHUCHMOCTBIO
KOJIMYECTBa 00pa30BaHHBIX MHTEPMETAILTHIHBIX BBIZCICHUI B TBEpIOM pacTBope ciiaBa Fe-Ni-Si.

Ha puc. 2 npexacraBineHbl pe3ynbTaTbl U3MEHEHHs 3JIEKTPOCONPOTUBIICHUS NPU OOJIyYeHUH
anektpoHamu nipu 243 u 423 K 3akanennoro u cocrapennoro (823 K) crutaBa Fe-Ni-Si, a taxke us-
MEHEHUsI 3JIEKTPOCOIIPOTUBIICHUS MIPU M30XPOHHOM OT)KUIE 3THX CIUIABOB rociie obmyuyenus. [Ipu
o0ydeHun HaOIro1aeTcs pocT AekTpoconpotusienus mpu 423 K, a npu 243 K pocTa npakTuuecku
HeT (puc. 2 ). CuuTtaem, 4To pOCT IEKTPOCOIPOTHBICHUS 00YCIIOBJIEH, KaK U B CIy4ae TePMUYECKO-
IO CTapeHus, pacnajioM TBEPAOIo pacTBOpa ¢ 00pa30BaHHEM MHTEPMETAJUIUAHBIX BblAETeHUH. MoX-
HO cJienaTh BbIBOJ, uTo npu 423 K 3ToT mporuecc obecrieunBaeTcsi NOABUKHBIMU BaKaHCHSIMU, a MIPH
243 K, xoryia BaKaHCUHM UMEIOT KOPOTKUE TU(PY3MOHHBIE ITYTH TOT MPOIECC MPAKTUIECKH HEe 00Ha-
pyxuBaercs. [Tpu 243 K Bakancuu ToabKO HakaruinBaroTcs B Buae BK.

Kak Obuto oTMeueHO HamMu paHee, B cIulaBax Ha ocHoBe Fe-Ni B paifoHe Temmeparyp
350-500 K mpoucxoauT quccoruanys BaKkaHCHOHHBIX KiactepoB [3]. Habmromaemslil Ha puc. 2 6
POCT DJIEKTPOCONPOTHBIICHHS MPH M30XPOHHOM OTKUTe Ha cruiaBax Fe-Ni-Si, o0xydeHHBIX mpH
243 K B 3TOM XK€ TeMIIEpaTypHOM HMHTEpBaJe, CBSI3aH C 00pa30BaHUEM BBIJIEJIEHUN BTOPOM (ha3bl.
ITpu n3oxpoHHoM oTxkure B obsnactu temneparyp 350-500 K npoucxoaut nuccouunanus BK, 06-
pa3oBaHHBIX OOJyYyeHHEM, U CBOOOJHAs MUTpallMs BaKaHCHUM, MPUBOJAIIAS K pacraay TBEPAOro
pacTBopa ¢ 00pa3oBaHUEM MHTEPMETAIIIN]IOB.
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Puc. 3. 3aBHCHMOCTB 3JIEKTPOCOITPOTHBIICHHS OT KOHIIEHTPAIMK HUKeEIS B criiaBe Fe-Ni
B 00JIaCTH COCTaBOB, OJIM3KMX K HHBapHOMY [7]

IIpu naneHeieM noBsleHnH TeMneparypsl B paiione 600-900 K, Taxxe Kak ¥ IpU OTKH-
re COCTapEHHBIX CIUIABOB, MPOUCXOAUT TEPMHUUYECKH AKTUBUPYEMBIM pacmaj] TBEPAOrOo pacTBOpa
1m0 700 K u ipu Gosiee BBICOKMX TeMIlepaTypax pacTBOPEHHE BBIJICJICHUN B COOTBETCTBHH C (pa3o-
BOIi iuarpamMmoit (puc. 1 6).
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[Ipu Temmneparypax 800 K romoreHusaiusi TBEpJOTrO pacTBOpa MPOAOKACTCS Ha BCEX
cruiaBax, aHajgoruuHo cruiaBam Fe-Ni-Si, 3akanerrom u cocrapennoM (823 K) cocrostaum.

Ha puc. 3. npencraBiieHa 3aBUCUMOCTh 3JIEKTpoconpoTuBicHus ciiaBa Fe-Ni ot coxepika-
HUS HUKETS [7]. DIeKTPOCONPOTUBIICHUE MTOBBIIIACTCS C TOHUKCHUEM COJICPIKaHUS HUKEIIS.

[Ipu obpazosanuu Beiienenuii Tuna NizSi B crmaBe Fe-Ni-Si mporcxoauT NoOHMWKEHNE KOH-
[EHTpAIlMA HUKEJS B TBEPIOM pacTBope. [IpearnonoxuM aHAIOTUYHYIO 3aBHCUMOCTB AJIEKTPOCO-
NPOTUBJICHUS OT KOHIIEHTpaiuu Hukens B ciutaBe Fe-Ni-Si. MoXXHO OICHHTh, KaKOE KOJIUYECTBO
Ni mpu 3TOM BBIBOIUTCS M3 TBEPAOTO pacTBopa. [IJis MOJy4eHUs pocTa 3JIEKTPOCOMPOTHUBIICHHS
B 1,5 %, nHabnromatomierocs npu obiyuenun ciuiaBa Fe-Ni-Si (423 K), npu ynenbHOM 3J1eKTpoco-
npotuBieHun ciutaBa okono 100 MxOMm-cM, u3MeHeHHe KOHueHTpanud NI COCTaBUT OKOJIO
0,5 at. %, a u3MeHeHue KoHueHTpamuu Si — okoso 0,17 at. %. CTaHOBHUTCS MOHATHBIM, IOYEMY TIPU
00pa3oBaHNM BBIJCICHUIA M BBIBOJEC KPEMHHS W3 TBEPJOrO PACTBOPA, AJIEKTPOCOIPOTHBIICHUE
cruiaBa Fe-Ni-Si He cHKkaeTcs, a, HA0OOPOT, MOBBIIIACTCS.

4. BpiBOABI

MeTo/10M 0CTaTOYHOTO 3JIEKTPOCONPOTUBIIEHHSI IPOBEJCHBI HCCIEN0BAHUS CTPYKTYpPHO-
(ba30BbIX U3MecHEHMI B MHBapHOM cruiaBe Fe-Ni-Si mpu TepMUYeCKOM CTapeHHH W AIICKTPOHHOM
O0JTydCHHH.

1. OGnacTh 3aMETHOTO BIHMSHUS TepMmuueckon auddy3un B crutaBax Fe-Ni-Si Haunnaercs
BhIre ipu Temneparype 600 K u obecrieunBaer pacmaj TBEpOro pacTBopa ¢ MOBBIIICHHEM OCTa-
TOYHOTO 3JeKTpoconpoTuBieHus, a Boime 700 K HaGmromaercs roMoreHu3anusi ¢ pacCTBOPEHUEM
MHTEPMETAIUTUIOB B COOTBETCTBHH C PAaBHOBECHOM (ha30BOW AUArpaMMON.

2. IIpu ob6nyyenun Boime 240 K npoucxoautr obpazoBaHuEe BaKaHCHOHHBIX KJIACTEPOB Kak
B COCTapeHHOM, Tak M B 3akaieHHOM ciuiaBeFe-Ni-Si. [ucconuanus BAKAHCHOHHBIX KIIACTEPOB,
MPUBOJIAIIAS K 00pa30BaHUI0 CBOOOAHO MUTPUPYIOIINX BaKaHCUHU, MPOUCXOAUT B TEMIIEPATyPHOM
untepsaie 350-500 K.

3. Ilpu Murpanuy BakaHCH, TEHEPUPOBAHHBIX 00TydyeHHEM, JTMO0 BO3HUKAIOIIUX MPH JHC-
COITHAIIMK KJIACTEPOB, MPOUCXOMT paciaj TBepIoro pactBopa B ciiaBe Fe-Ni-Si ¢ oOpazoBannem
Y POCTOM MHTEPMETAJUIUIHBIX BBIICICHUN.
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This study presents the results of experimental work on obtaining and investigating samples
obtained by multipass friction stir processing of the Al-12 %Si and Al-9 %Si aluminum-silicon al-
loys. The results indicate a beneficial effect of friction stir processing on the strength properties
of both alloys. The number of tool passes along the processing line has no effect on the mechanical
properties and particle size of silicon in the aluminum matrix. The greatest influence on the me-
chanical properties is exerted by the first pass with the tool. The yield strength of the processed
Al-9 %Si alloy increases by more than a factor of 1.5, whereas for the Al-12 %Si alloy there is no
increase in yield strength. The tensile strength of the Al-12 %Si alloy increases by 17 %, while that
of the Al-9 %Si alloy increases by 29 %. The most significant is the increase in relative elongation
to failure, namely 77 % for Al-12 %Si and 113 % for Al-9 %Si.

Keywords: friction stir processing, Al-Si alloys, tensile strength, relative elongation, hardening of
aluminum alloys.
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B pabote mpencraBieHsl pe3ynbTaThl SKCIEPUMEHTAIBHOM pabOTHI IO MOJYYEHUIO U UCCIIE-
JIOBAaHUIO O0pa3IoB, MOJYYEHHBIX METOJOM MHOTOMPOXOJHON (DPUKIIMOHHOW IMEepeMEeNTnBaOIICH
00paboTku anmoMuHueBo-kpeMHueBbIX cmiaBoB AK12 u AK9. IlonydyeHHble pe3ynbTaThl CBUJE-
TEIbCTBYIOT O MOJIOKUTEILHOM BIMSHUM Ha IPOYHOCTHBIE [TOKA3aTeIN 000X CIIJIaBOB (PPUKIMOH-
HOM nepeMerrBaroliei 06padoTku. KoanuecTBo npoxo10B HHCTPYMEHTOM BJ10JIb TMHUK 00paboT-
KM HE 3HAYUTENIbHO BJIMSIET HA MEXaHUYECKUE CBOMCTBA U pa3Mep YacTUI] KPEMHHUS B aJJFOMUHUEBOU
Mmatpuie. Hanbosnbliee BiIMsSHUE HA MEXaHUYECKHUE CBOMCTBA OKa3bIBAe€T MEPBBIM MPOXOA UHCTPY-
MEHTOM. YBeEIWYEeHHME TIpejena TekydecTu Mmartepuana cmiaBa AK9 mpoucxoautr Oonee uem
B 1,5 pasza, B To Bpemsa kak [uid crutaBa AK12 yBenumdeHus mpenena TEKydyeCcTH HE IPOUCXOIMT.
3HavyeHus npenena npoyHoctH criaBa AK12 nossimarorcess Ha BeauuuHy 710 17 %, B TO Bpemst Kak
y cruiaa AK9 — na Benuuuny 70 29 %. Hanbonee 3HaYUTENBHBIM SBISIETCS YBEJIMUEHHUE OTHOCH-
TEIHHOTO YIJIMHEHHs mocie pa3pbiBa Ha 77 % nns crnaBa AK12 u va 113 % mist cimaBa AKO.

KuioueBbie cjioBa: (pUKIMOHHAS TepeMelinBaiomas o0paboTka, aTOMUHHUEBO-KPEMHHUEBBIE
CIUIaBbl, MPOYHOCTH U MJIACTUYHOCTh METAJUIOB U CILJIABOB, YIIPOYHEHHUE AIFOMUHUEBBIX CIJIABOB

1. BBenenue

B Hacrosiee BpeMsi aKTUBHO Pa3BHBAIOTCS TEXHOJIOTUHU IMOJYYEHUS U MOAM(PHUKAIMM Me-
TaJJIOB U CIIJIAaBOB, OCHOBaHHbIE Ha aAre3MOHHO-IU(PPY3MOHHOM (PUKIMOHHOM B3aMMOAEHCTBUU
[1]. K HuUM OoTHOCSTCS CBapka TpeHHEM C NepeMelinBaHueM [2], GpuKIMOHHAs NepeMelInBaroas
o0OpaboTka [3] 1 (pUKIMOHHAS TIepeMENINBAIONIas alIMTUBHAS TexHoJorus [4]. JlaHHbBIE TEXHOIIO-
TMM MO3BOJISIFOT IOJIY4aTh W3JENHS U3 aTIOMUHHUEBBIX, MEJHBIX, TUTAHOBBIX CILJIABOB C BBICOKOM
MPOM3BOUTEILHOCTEIO U BBICOKUMH MEXaHHUYECKHMMH CBONCTBAMH IMOJYYEHHBIX H3Aeauid [5—7].
OpHMM U3 BO3MOKHBIX IPUMEHEHNN TaKUX TEXHOJIOTUH SABISAETCS MOIYYEHUE U3AEIUN U3 JIETKUX U
MIPOYHBIX AJTIOMUHHUEBBIX CIIABOB C MOJAU(DHUIMPOBAHHOW M YNPOYHEHHOW CTPYKTYpPOW MOBEpX-
HOCTHOTO CJIOSI METO/I0M (PpUKIIMOHHON mepeMernBaronieii o0padorku [8]. B atom ciydae Bo3-
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MO’KHO KaK IOJy4€HHE YIPOUHEHHOU CTPYKTYphl IOBEPXHOCTHOI'O CJIOS 33 CUET M3MEJIbUYEHUS 3€PEH-
HOM cTpyKTypsI Ha 85-96 % [9,10, 11], Tak u popmMupoBaHHE KOMIIO3UITMOHHOTO MaTepraia ¢ MeTa-
JIMYECKOW MaTpUIIeH ¢ BBEJACHHEM B 00beM 00pabaThiBAEMOro Marepualia MmopomkoBbix dactul SiC
[9]; TisAIC, [12]; TiO, [13]; AlLO3[14]; NbC [15], yriepoaubix Hanotpy6ok [16, 17] u T. 1. B pe-
3yJIbTaT€ BO3MOXKHO NOJYYEHHUE U3ENU C MOBBILICHHBIMU TPUOOJIOTHUYECKUMHU, MEXaHUIECKUMHU
CBOWMCTBAMH U KOPPO3UOHHOM CTOMKOCTBIO.

BapsupoBanue Takux mapameTpoB, Kak uuciio mnpoxoaoB ®IIO, ckopocTs BpalieHus HH-
CTPYMEHTa M CKOPOCTb MepeMelIeHNUs, PUBOIAT K HEOJHO3HAUHBIM pe3yJbTaTaM M 3aBUCST OT
MapKH aJllOMUHHUEBOTO ciiaBa. C yBEJIMUEHUEM CKOPOCTH BpAIlEHHMs] MHCTPYMEHTA IPOUCXOIUT
YBEJIMYECHHE CPEIHEro pa3Mepa 3epHa U CHUXKeHue npoyHocTH. B pabore H. Zhao u coaBTopoB
[10] uccnenoBaHO BIMSHUE CKOPOCTU BpalleHHs MHCTpyMeHTa B nuamna3zoHe 300—-1200 o6/mun
IIPU OJTHOKPATHOM M MHOTOKpaTHOM mpoxoxax. [lokazaHo, 4To cpeanuii pasmep 3epHa B 30HE T e-
peMemnBanus B antoMuHueBoM criaBe AJ131 ymensmuics B 1626 pa3. C yBeaudeHUeM CKOpO-
ctu BpameHus uHctpymenta ¢ 300 mo 1200 o6/MuH HaOmIOJaeTCs yBEJNIMUYEHHE POCTa 3epeH
¢ 5 MKM 10 8 MKM IpH OJIHOKPAaTHOM IPOXOJI€ U YBEJIWUYEHUE pocTa 3epeH ¢ 8,5 10 9,7 MKkM npu
nBykpatHoMm mpoxoge [10]. Ognako HecMmoTpst Ha TO, yTo PIIO nmpuBena K 3HAYUTEIBHOMY W3-
MEJIBYEHHUIO 3€PEH, HEKOTOpPbIE 3HAUEHUS MEXAHWYECKHUX CBONCTB CHU3MJIUCH IO CPABHEHHIO C
6a30BbIM ciiaBoM. [lomo6uble pe3ynbTaThl HabM0gat0TCa B padotax [18]. Ilpu dhuxkcupoBanHoM
3HaYEHUH CKOPOCTH BpamieHus uacTpymenTa (1025 o6/MuH) U BapbUpPOBaHUU CKOPOCTHU TIEpEM e-
menus (30—-150 Mm/MuH) Takke HAONIOAaeTCs YBEIMUEHUE CPEAHETO pa3Mepa 3epHa U CHUKEHUE
npouHocTHbIX xapaktepuctuk. K.N. Ramesh u ap. [19] uccienoBanu antOMUHUEBBIA CIUIAB
AMr4 npu OJHOKpPaTHOM U JABEHAALATHKpPATHOM (IIPEPHIBHOM U HempepbiBHOM) mpoxogax PI1O
C pa3IM4YHOM CKOPOCThIO IepeMelleHus. bbulo nmoka3zaHo, 4To nNpu OJHOKPATHOM M MHOIOKpAaT-
HOM IPOXOJaX CO CKOPOCThIO mepemerieHuss 30 MM/MUH JTOCTUTAIOTCS HAWIIYUIIUE PE3yIbTaThl
110 CTPYKTYpPE U CBOICcTBaM cIiaBa. JlanbHeilliee yBeanyeHue CKOPOCTH NepeMELIEHUs] TPUBOAUT
CHayYalla K yBEJIMUEHHUIO CPEJITHEro pa3Mepa 3epeH, a 3aTeM K €ro YMEHBIICHHUIO, TOBBIIIAETCS I1J1a-
CTUYHOCTb U CHUYKAETCS IPOYHOCTH CILJIAaBA.

Cpenu alrOMMHUEBBIX CIUIABOB JJISL U3JIENIUN C MOTEHIIUATBHO BBICOKMMHU TPHOOIOTHYECKH-
MU CBOMCTBAMHU MOTYT MPHUMEHSTHCS aTIOMHUHHEBO-KPEMHUEBBIE CIUIaBbl. Takue CIIaBbl XOpPOIIO
MOJXOAAT Ul MOJMYyYeHUs JMUTHIX JeTaned pa3IMyHOM KOH(QUIypallud M M3rOTOBJIEHUS JeTajiel
CIIOKHOU (POPMBI METOAAMHU aITUTUBHBIX TeXHOJOTUM. [Ipu 3TOM B HacTrosIiee BpeMs B JIUTEpaTy-
pe UMeeTCsl HeJOCTaTOYHOE KOJMYECTBO JaHHBIX O B3aUMOCBA3H, (hopMupyemoii nocie oopaboTkH,
U UCXOJHOW CTPYKTYpBI JaHHBIX CIUIABOB, OIpENEIsieMOl coepkaHreM KpeMHus. Takxke, He UMe-
eTcs LIMPOKOTrO CIEKTPa JaHHBIX MO BIUSHUIO HA CTPYKTYpHO-()a30BO€ COCTOSTHUE TaKUX MaTepHa-
JIOB MHOTOIPOXOJHON (PUKIIMOHHON NepeMemunBaroneii oo0padoTku (10 4eTbIpex MpPOXOA0B MH-
CTPYMEHTOM), TpeOyeMoil JIs MOJIy4YeHHs MaTepUaIoB C pABHOMEPHO pacrpe/IeIeHHbIMU B 00beMe
yacTUllaMu yrpouHstomux ¢a3. Llenp HacTosimelt paboThl — UCCIeI0OBaHUE CTPYKTYPHI U CBOWCTB
JUTHIX AJTIOMUHHMEBO-KPEMHHUEBBIX CIUIAaBOB C JOIBTEKTHUYECKOU cTpykTypoil (AK9) u sBTekTHue-
ckoil crpykrypoit (AK12), nocie GppuKIMOHHON MepeMemuBaioneii 00padboTku OT 0OJAHOTO 10 Ye-
TBIPEX MPOXO0/10B HHCTPYMEHTOM.

2. Marepuaja 1 MeTOIHKA

O6pa3ups! u3 crmaBoB AK9 u AK12 Obutu mostydeHbsl B COCTOSIHUM ITOCTaBKH B BUJIE YYIIEK.
Jlns mocneayrorei 00paboTKK 00pasiibl ObUTH pa3pe3aHbl HAa TUTACTHHBI (TOJIIIUHOW 6 MM, IIUPH-
Hoi 80 MM u muHO# 300 MM) C MCIIOJIB30BAaHHEM 3JICKTPO3po3roHHOro cranka DK 7750. Tloce
OYMCTKHU U NUIM(GOBKU MOJYYSHHBIX TUIACTHH MPOU3BOIIIACk 00paboTka mo cxeme (puc. 1). B 3a-
roToBKy 1 BHepssICS BpallaloUIMiics HHCTPYMEHT 2 U COBEpIIAJ IPOI0JIbHOE MTepEeMEIeHUE BI0JIb
JTUHUHA 00paboTKU ¢ 00pa3oBaHWEM MOAU(PUIIMPOBAHHOTO HA TIYOMHY 3 MM IMOBEPXHOCTHOTO cios 4.
O06paboTka pa3IMyHBIX 00pa3I0B MPOU3BOANIACE B 1—4 Mpoxoa MHCTPYMEHTA 110 OJHON U TOMH ke
obnactu. nuna mpoxoaa cocraisuia 80 mM. CritaBel AK9 1 AK12 o6pabartbiBanu 1o 3apaHee 1mo-
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NOOpaHHBIM IMMapaMeTpaM MPU CKOPOCTU BpaiieHus uHcTpymeHTa 750-800 o6/MuH, ycunuu mnpu-
xuma 750-800 kr um ckopocTH mpoaosibHOTO TmepemenieHus 90 Mm/MuH. M3 moy4eHHBIX TaKUM
criocoboM 00pa3IioB, BeIpe3anu MeTayuiorpaduueckue num@sl 3 U JOMATKU JUTSI MEXaHUISCKUX HC-
neITanuid 5. MeTamnorpad@uyeckyo ChbeMKy MPOU3BOIMIA Ha ONTHYECKOM MUKPOCKONE AJbTaMu

MET 1C. Mexannuyeckue UCIBITaHUs Ha PACTSKEHUE IPOBOAMIN HA YHUBEPCAIbHOU MCIBITATENb-
Hoii MamuHe YTC 110M.

P

Puc. 1. Cxema npouiecca npoBefieHHs] PPUKIIMOHHON MTepeMelInBaroieii 00paboTKH U BHIPE3KU
00pa3LoB AJIs1 MEXaHWYECKHUX MCIIBITAHUI U CTPYKTYPHBIX HCCIIEJOBaHUI

3. Pe3yabTaThl M 00CyKIeHHE

Makpoctpykrypa ob6pasmos criaBa AK12 mocne 1- (a), 2- (6), 3- (6) u 4-ro (2) npoxoa0B
MHCTPYMEHTOM BJI0JIb JINHUU 00pabOTKHU IMpesicTaBlieHa Ha puc. 2. B ctpykType o0pa3ioB Bblies-
eTcsl HauMHag ¢ 1-ro mpoxoaa MHCTPYMEHTOM 30Ha nepememuBanus (311), 30Ha ocHOBHOrO MeTa-
na (OM) u 30Ha Tepmomexanudeckoro Biusausa (3TMB) ¢ nacrynatomieit (HC) u otcrynaromeit
(OC) croponbl. MakpocTpyKkTypa 00pa3ioB nocjie 00pabOTKH SBISETCS JOCTATOYHO TUITAYHOM IS
00pabOoTKH aJIFOMUHHUEBBIX CIUIaBOB. B 30He 00pabOTKH OTCYTCTBYIOT MOPBI, KOTOPHIE B OOJIBIIOM
KOJIMYECTBE TPUCYTCTBYIOT B OCHOBHOM METalIe, YTO CBUICTENLCTBYET 00 YIUIOTHEHUU MaTepuaia
B 30HE 00pabOTKM M cIaBIMBaHUU NOp. B 30He nmepemennBanus MIaCTUHKU KPEMHUS pa3pyllaroT-
csi ¢ 00pa30BaHUEM OT/IENBHBIX YaCTHII Pa3JINYHOTO pa3mepa.

[Tpu GonblieM yBeTMYEHUH BHJHO, YTO B Marepuajie ucxoaHoro cruiaBa AK12 uacTuiiel
KPEMHHS B OCHOBHOM pacIipe/ieNIeHbl B BUJIE BBITSHYTHIX IUIACTUHOK (pHC. 3 a—6). TonbpKO OT/AEh-
HbIE YaCTUIbl KPEMHUS HAXOAATCS B (OpMe YIiIoBaThIX YacTUIl ¢ (hopMoii OIM3KOM K paBHOOCHOM.
B 30He TepMOMEXaHHUYECKOTO BIUSHUS C OTCTYMAIOMIEH CTOPOHBI (PHC. 3 2—e) MOXHO BBIIEIHTH
HAJIMYME YaCTUYHO Pa3pYLICHHBIX IUIACTUHOK KPEeMHHMs, MPH MPUOIMKEHUH K 30HE MepeMellnBa-
HUSl pa3Mep TaKWX YacTHUI] YMEHbIIaeTcs. B 30He mepememmBanus ¢opma OONBITHHCTBA YACTHIL
npubImxKaeTcss K paBHOOCHOM (puc. 3 owc—u). Jlump y HEOOJIBIIOr0 KOJUYECTBA HacTHIl (Gopma
ocraercsi BRITAHYTOW. C HacTymaromeid CTOPOHBI 30Ha TEPMOMEXAaHHUYECKOTO BIMSHUS MEHEE TpOo-
TSOKEHHAs: 1 U3MEHEHHE Pa3MepOB YaCTHIl KPEMHHUsI B HEH MPOUCXOJUT CKAYKooOpa3Ho (pHc. 3 k—
M). [To KOHTYpY 30HBI IEPEMENIMBAHNS YaCTUIBI KPEMHHS OKOHTYPUBAIOT TEUEHHE MaTepraa mpH
obOpaboTke.
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Puc. 2. MakpoctpykTypa 00pasioB amomuaneBoro crutasa AK12 nocne 1- (a), 2- (6),
3- (8) 1 4-r0 (2) IPOX0IO0B MHCTPYMEHTOM BJIOJIb THHUNA 00pabOTKH
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Puc. 3. CtpoeHre 0OCHOBHBIX CTPYKTYPHBIX 30H ciiaBa AK12 mociie o JHOmpoX0IHO# 00padoTKH:
OCHOBHO# MeTalll (¢—8); 30Ha TEPMOMEXaHUYECKOTO BIUSHUS C OTCTYIAIOMICH CTOPOHBI (2—¢);
30HA TIEPEMEIIMBAHUS (J#—U); 30HA TEPMOMEXAHUIECKOTO BITASHHUSI
C HACTYMAIOIIEH CTOPOHBI (K—M)

[Tpu 006paboTKe OT OJHOTO JIO YETHIPEX MPOXOJA0B HHCTPYMEHTOM BJIOJIb JIMHUU 00paOOTKH
MIPOUCXOUT MOCTETIEHHOE U3MENbUYCHHE pa3Mepa JacTHll B 30He nepememmuBanus (puc. 4). [locie
OJIHOTO MPOXO0JIa HHCTPYMEHTOM T10 00pa3my (puc. 4 a) pa3Mep YacTHIl KPEMHHUS YMEHBIACTCS
¢ 7,5 MkM B 0OCHOBHOM MeTaiuie 10 4,1 MkM B 30He nepememiuBanus. [Ipu 3ToM B 30He nepeme-
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LIMBAHMS NIPUCYTCTBYIOT TAK)KE€ M KPYIHbIE YyacTUllbl, pasmepom a0 10 mxM. [locne nByx mpoxo-
JIOB MHCTPYMEHTOM BJIOJIb JIMHUKM OOpabOTKU pa3Mep YacTHIl yMeHbInaercs 10 3,7 MM (puc. 4 6),
MocJe TpeX Mpoxoa0B — 10 3,5 MKM (puc. 4 g), a mocie yeTbipex — 10 3,4 MM (puc. 4 2). Takum
o0pa3om, mocje OJHOTO MPOX0Ja HHCTPYMEHTOM pa3Mep yacTull ymeHblaercs Ha 45 %, nocne
nByx — Ha 10 %, nmocne Tpex — Ha 5 % ¥ mocine 4eThipex NMpoxoaoB — Ha 3 %. AHajmoruyHble
JaHHBIE TIO CTPYKType oOpasuoB craBa AK12 mocie ¢ppukunoHHON NepeMemnBaioned oopa-
00TKHM ObLTH TOJIY4eHBI paHee B padote [20]. B pe3ynapTare MOKHO YCTAaHOBHUTH, YTO B MPOIECCe
(GpUKIIMOHHON mepemerBarolleil 00paboTku pa3Mep yacTull Haubosee CyIecTBEHHO U3MEH si-
€TCs MOCJe MEePBOTO MPOXOJa MHCTPYMEHTOM, YTO JOJDKHO TaKXKe MPOSBIATHCA B M3MEHEHUU
3HAYECHUI MEXaHUYECKUX CBOMCTB.

100 MKkM

6 2

Puc. 4. Ctpykrypa 30HbI epemeniuBanus cruiaa AK12 mocrne 1- (a), 2- (6),
3- (8) 1 4-r0 (2) MPOX0I0B MHCTPYMEHTOM BJIOJIb JTHHUKA 00pabOTKH

JuarpamMMbl HampspkeHue—zaedopmanus o0pa3loB OCHOBHOI'O MeTalla M MaTepuaia
crutaa AK12 mocne o6paboTku B 1-4-M mpoxojax WHCTPYMEHTOM NPHUBEICHBI Ha pHUC. 5.
HanMeHbmas MpoOYHOCTh W MJIACTHYHOCTh XapaKTEpHBI JUIsi 00pa3loB OCHOBHOTO MeTamia. U3
00paboTaHHBIX 00pa3l0B HaMMEHbINIAs NMPOYHOCTh y 00pa3loB mocie l-ro mpoxoga MHCTPY-
MeHTOM (puc. 5; 4,1). [Ipu 3TOM MPOYHOCTH U TITACTHYHOCTH BCEX 00PA3IIOB CYIIECTBEHHO TIpe-
BBINIAET MPOYHOCTH 00Pa3I0B A0 00pabOTKU. 3aKOHOMEPHOCTH TIJIACTUUYECKON aedopmaluu o06-
pasmoB A0CTaTOYHO ONMU3KHU. [0 TOCTHKEHHHM YCIOBHOTO Tpejesia TEeKy4eCTH CIEIyeT TOCTa-
TOYHO MPOJODKUTENbHAS CTaJANS TUIACTUYECKON eopManuu 10 JOCTHKEHHUS BPEMEHHOTO CO-
MPOTUBIICHHUS, TTIOCTIE YeTO MPOUCXOANT TEPeX 0 K HEMPOAOKUTEIBHON CTaIuH C MPAKTHUECKH
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MMOCTOSSHHBIMM 3HAYEHUSIMU HArpyKaroUIEro YCUIWs W MOCIEAYHLIEeMy pa3pylieHuro. B mpo-
necce aepopmanuu o0pas3IoB peanusyercs Takxke 3(p(eKT IpepbIBUCTON TEKyYeCTH, CBA3bIBAE-
MBI B paboTax ¢ apdexrom IlopreBena—Jle Hlatense [21].
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Puc. 5. lnarpammbl HanpsbkeHue—aedopmanus 00pasinoB aTlOMUHIEBO-KPEMHUEBOTO CIIJIaBa
AKI12 nmoce 1- (4,1), 2- (4,2), 3- (4,3) u 4-ro (4,4) IPOXOZOB HHCTPYMECHTOM;
BM — ocHOBHOM MeTaLn

Takum 00pa3om, poBeIeHNE MHOTOIPOXOIHON (PPUKIIMOHHON MepeMelnBatonieli 00padboTKu
amomuHueBoro craBa AK12 1o3BosIMizo NOBBICHTE BpeMEHHOE conpoTrBieHue Ha 17 %, a mmactuy-
HOCTb — OoJ1ee 4eM B JiBa pa3a. Y CIIOBHBIH IpeJies1 TEKY4eCTH MPU 3TOM MPAKTUYECKH HE U3MEHSIETCSL.

OO6pabotka oOpa3uoB cruiaBa AK9 mpuBoauT Kk 00pa3oBaHMIO aHAIOTMYHOW CTPYKTYpBHI,
onucaHHol panee a1 craBa AK12. MakpoctpykTypa o0pa3uoB nocie 1-4-ro mpoxoaoB HHCTPY-
MEHTOM BJIOJIb JIMTHUH 00paOOTKH MpeicTaBiieHa Ha puc. 6. Otanuus B 6a30BOM CTPYKTYpE CILIABOB
HE ONpEJENSAIOT CYIIECTBEHHBIX OTIMYUN B OPraHU3alMM MaKpPOCTPYKTYpPHI 30HbI 00paboTku. Tak
Kak 00paboTka MpoU3BOJAMIACH OJMHAKOBBIM HMHCTPYMEHTOM, F'€OMETPUUECKHUE MapaMeTphl 30HbI
NepeMeIInBaHus 1 30H TEPMOMEXaHUYECKOTO BIMSIHUS HE U3MEHSUIUCh. B CTpyKType Takxke Xapak-
TEPHO U3METbYECHHUE YaCTULl KPEMHUS B 30HE IT€PEMEILIMBAHUSI.

[Tpu GombiieM yBelWYEHUU MeTajulorpaduueckue M300pakeHUs OCHOBHBIX CTPYKTYp-
HBIX 30H 00JlacT 00paOOTKM NMpUBEAEHBI HAa puc. 7. 30Ha OCHOBHOIO MeTajljla IpeAcTaBieHa
KPYIHBIMU JIEHAPUTAMH QTIOMUHHUS C PACHOJIaralolUMUCS B MEXICHAPUTHOM IPOCTPAHCTBE
9BTEKTUKON Ha OCHOBE AJIIOMUHUSA M TJIACTHH KpeMHHs (puc. 7 a—s). B 30He TepmomexaHuue-
CKOTO BIIMSIHUSA CTPYKTypa YETKO BBIJEJSAET HAlpaBlIeHHE TEUCHUS MaTepuaia Mo KOHTYPY MH-
cTpyMeHTa npu obpabotke (puc. 7 e—e). B ornuuum ot ciaa AK12 B 1aHHOM ciydyae cTpoe-
HUE 30HBl CMEIIAaHHOE U MPEJICTaBIEHO KaK Je(OpPMUPOBAHHBIMU U BBITSAHYTBIMU OCTaTKaMHU
JICHAPUTOB ATIOMHUHHS, TaK W Je()OPMUPOBAHHBIMH M YaCTHYHO Pa3pyIICHHBIMH YaCTHUIIAMU
KpeMHus. B 30He nepememnBanus CTpyKTypa MpeJICTaBiIseT coO0N aHaJOTUYHO ONMMCAaHHO M AJis
crtaBa AK12 MeaKkoIMCIepCHYI0 CMECh aJlOMUHHS W YacTull KpemMHus (puc. 7 oc—u). 30Ha
TEPMOMEXaHUUYECKOI'0 BIUSHUS C HACTYNAIOLIEH CTOPOHBI TaKXKe XapaKTepU3yeTcs pe3Koil rpa-
HUIICH MEX1y 30HOU MepeMEelIMBAHMs U OCHOBHBIM METAJIIOM (pHC. 7 K—M).
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Puc. 6. MakpocTpykTypa 00pasmoB amoMuareBoro ciiaBa AK9 mocrne 1- (a),
2- (6), 3- () 1 4-r0 (2) MPOXOJOB HHCTPYMEHTOM BJIOJIb JINHUU 00pabOTKH
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Puc. 7. CtpoeHne oCHOBHBIX CTPYKTYPHBIX 30H criaBa AK9 mocne omHOnmpoxoaHon GpUKIIMOHHON
nepeMeImBaroIeii 00paboOTKH: OCHOBHOM MeTaslI (@—a6); 30Ha TEPMOMEXAHHUYECKOTO BIMSHUS
C OTCTYMAIOIICH CTOPOHBI (2—e); 30Ha epeMeInBanus (Jc—); 30Ha TEPMOMEXaHHUYECKOTO
BJIMSIHUS C HACTYIAIOIIEeH CTOPOHBI (K—M)

Ipn yBenmyeHnn KOIMYECTBA MPOXOJOB HHCTPYMEHTOM BIOJb JINHUM 00pPaOOTKH IS CIUIaBa
AKD cyriecTBeHHbIX M3MEHEHHH B 30HE NepeMelnBanHust He oOHapyxeHo (puc. 8). Ilocne 1-ro mpoxo-
na (puc. 8 a) pa3mMep Y4acTHIl KpeMHHUsST yMeHbInaercs ¢ 5,4 MM 110 2,9 MxM. Ilocie 2-ro — 10 2,8 MKM
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(puc. 8 6). Ilocne 3-ro mo 2,3 MM (puc. 8 g). Ilocne 4-ro He uzmensiercs (puc. 8§ 2). Takum o6pazom,
pa3Mep yacTHIl KpeMHHS B 00pasiiax Hanbosiee MHTEHCUBHO U3MEHSETCS TIOCTIe IEPBOTO MPOX0/a WH-
CTPYMEHTOM BJIOJIb JITHUU 00pPabOTKH, aHAJIOTUYHO HAOJII0aeMOMY U3MEHEHHIO ITpU 00paboTKe Cria-
Ba AK12. Menblmii HCXOIHBIIN pa3mep IJIACTUH KPEMHUS B JAHHOM cliydae 00yCIIOBIMBACT MEHbBIIHIHA
pa3Mep 4acTHIl B 30HE MePEMEIIBAHHUSI.

6 pes

Puc. 8. Ctpykrypa 30HbI nepemeniuBanus cruiasa AK9 mocie 1- (a), 2- (6), 3- (6)
U 4-10 (2) MPOX0J0B HHCTPYMEHTOM BJIOJIb IMHUK 00pabOTKH

OcHoBHOe oTnuue AehOpPMAIIMOHHOTO MOoBeieHus o0pa3ioB cinaBa AK9 nocie Gppukiu-
OHHOH TepeMennBaionieii o0paboTKM OT aHAIOTWYHBIX 00Opa3moB crutaBa AK12 3akmodaercs
B CYIIECTBEHHOM BIIMSIHUU OOpaOOTKM Ha 3HAYEHUS YCIOBHOTO Mpejesa TEeKydecTH MO CpaBHe-
HUIO ¢ 00pa3iaMu oCHOBHOTO MeTauta (puc. 9). B To Bpems kak y 00pa3IioB OCHOBHOTO MeTajlia
YCIIOBHBIN TpeieN TeKy4eCcTH HaxoauTcs Ha ypoBHe 95 MIla, B 06paboTaHHBIX 00pa3iax oH Mo-
xeT gocturath 140 MIla. XapaktepHoii nst 06pasioB crmaBa AK12 nmpepbIBUCTON TEKy4eCcTH B
JAaHHOM MaTepuane He oOHapyKeHo. BnusHue oO0paboTKM Ha MIACTUYHOCTH MaTepHalia aHaIo-
TUYHOE, HO YBEJIIMYCHHUE TIJIACTUYHOCTH HECKOIbKOo Hike (1,85 pasa, mo cpaBHeHuio ¢ 2,13 pasa
y crutaBa AK12). [ToBeilieHre MIaCTHYHOCTH TOCTIe 00pabOTKH CBSI3aHO MPEKIE BCEro ¢ pa3py-
IIEHUEM IIJIACTUH KPEMHHUSI M M3MEJIbYEHUEM CTPYKTYPHBIX COCTaBISIOIIUX. YBEIUYEHHE Bpe-
MEHHOT'O COMPOTHUBIICHUS Hanbojee MHTEHCUBHO Tociie 1-ro nmpoxona — 79 %. [Tocne 2-ro mpoxo-
Jla MIPOYHOCTH IMOBBIMIACTCS MeHee 4eM Ha 3 %; mocne 3-ro — cHmxkaercs Ha 3 %, a mocie 4-ro —
noBkImaeTcs Ha Te ke 3 %. CBsi3aHO 3TO ¢ TE€M, YTO CTPYKTypa Marepuaia mnocie 2—4-ro mpoxo-
JI0OB U3MEHSIETCSl HE TaK CYIIECTBEHHO, Kak mocie 1-ro, korga pa3pymarTcs U3HadalbHO KPYII-
HBIE ¥ BBITSHYTHIC TNTACTUHKH KPEMHUSI.
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Puc. 9. JlmarpamMmMbl HanpsikeHHE—IePopMaIus 00pa3IoB aTIOMUHHUEBO-KpeMHHUEBOTO crutaBa AK9
nocie 1- (3,1), 2- (3,2), 3- (3,3) u 4-ro (3,4) mpoxo10B HHCTpYMEeHTOM; BM 1 — 0CHOBHO# MeTasut

4. 3akaoueHue

[TpoBeneHHbIE HCCIENOBAHMS MOKA3bIBAIOT, YTO IOCE (PPUKLUOHHON MepeMelInBaroei
00paboTKH amfOMHHNEBO-KpeMHHEBBIX cuiaBoB AK9 n AK12 mpoucxonuT paspyiieHne miacTHHOK
KpeMHHUs ¢ 00pa30BaHUEM MEJIKOAUCIEPCHON CTPYKTYphl 30HbI lepememuBanus. Haubonee cyme-
CTBEHHBIE CTPYKTYpHBIC H3MEHEHUS B 00pa3lax MpOMCXOIAT MOCe TIEPBOro MpoXo1a HHCTPYMEH-
TOM BJIOJIb JINHUU 00pabOTKH, XOTS B 11€JI0OM MHOTOIIPOXOAHAass 00paboTKa M03BOJISAET MoJIydaTh 00-
Jiee MEJKOJUCIIEPCHYIO CTPYKTYpYy 30HBI mepemeniuBaHus. [Tomumo gopmMupoBaHus MeIKOIMC-
MEPCHON U OJJHOPOAHOM CTPYKTYphl 00pabOTKa MPUBOAUT TAKXKE U K YAAJICHHUIO U3 00beMa MaTepH-
asa nop, B OOJBIIOM KOJWYECTBE MPUCYTCTBYIOMMX B OTIUBKAaX. C TOUKM 3peHUsl BIUSHUS 00pa-
OOTKM Ha COBOKYITHOCTh MEXaHHYECKHUX CBOMICTB MCCIIeIOBaHHBIX B pabore marepuaios (puc. 10)
MO>KHO BBIJICIUTH TAKXKE TOJI0KUTEIbHBIE U3MEHEHHUS.

T T T LML

024 6 8 1012 141618 20 22 24 3, %
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Puc. 10. Mexanuueckue cBoiictBa ciiaBoB AK9 u AK12 nocine MHOronpoxoaHou
GpUKIIMOHHOI epemelnBaroieid 00padboTku
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Bpemennoe conportuBieHue 00pa3iioB HanOoJee CyIECTBEHHO U3MEHSETCS MPU 00paboTKe
crutaa AK9, Ho mnsa crimaBa AK12 Oonee SBHBIM SIBISIETCS BIMSHHUE KOJIMYECTBA MPOXOIOB HMH-
CTPYMEHTOM BJIOJIb JJUHHH OOpa0OTKH HA 3HAUYEHUE BPEMEHHOTO COMPOTUBIICHUS. BrusHue obOpa-
OOTKHM Ha YCJIOBHBIN mpesen TekydecTd y ciiaBa AK12 mpakTHdecku OTCyTCTBOBAJIO, B TO BpeMs
Kak Juist cruiaBa AK9 ObIIO TOCTaTOYHO ONIYTHUMBIM, XOTSI U HE MPOSIBISUIOCH BIHSIHUS KOJIHYECTBA
MIPOXOJ0B Ha MeXaHU4ecKue cBoicTBa. [IpuMennTenbHo k crutapy AK12 Hanbosbiee BIUSHEE 00-
paboTka oka3ana Ha YBEIMYCHHE TUTACTUYHOCTH, MPUBOMAS K 0oJiee 4eM JBYKPaTHOMY €€ pOCTY.
[Ipu sToM misa crimaBa AK9 yBenmnueHHe TUIACTMYHOCTH OBUIO Tak)Ke CYIIIECTBEHHBIM, HO Ha He-
CKOJIBKO MEHBIIIYIO BeTU4HHY. TakuM o0pazoM, 00paboTka M3eNuii U3 aTFOMIHHEBO-KPEMHUEBBIX
JUTBHIX CIUIABOB MOTEHIMAIBLHO 00JIaaeT aKTyaJIbHOCTBIO TSI IPUMEHEHHS C LEIbI0 YIPOUYHEHUS
MMOBEPXHOCTHOTO CJIOSI WIIA KaK METOJ AJis (POPMHUPOBAHUS KOMIIO3HIIMOHHBIX MAaTEPHUAIOB C METaJl-
JINYECKON MaTpulIei.

BaarogapHocTh

Paboma evinonnena 6 pamxax cocyoapcmeennozco 3aoanus UOIIM CO PAH, mema nomep
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The paper develops a parallel algorithm and program for solving nonstationary heat conduc-
tion and diffusion problems in axisymmetric domains with axisymmetric boundary conditions. The
numerical solution is based on the boundary element method. In order to optimize and enhance the
effectiveness of the computer implementation of the algorithm, the computations are parallelized
and the OpenMP application program interface is used. The program is tested by comparing the cal-
culation results with the data of known exact solutions. The calculations confirm the correctness of
the numerical solutions and the possibility of full scaling at different numbers of boundary elements
according to the number of cores/processors available. The program is applicable to solving ax-
isymmetric heat conduction and diffusion problems and, as a component of a software system, to
solving nonlinear problems.

Keywords: axisymmetric heat conduction problem, boundary element method, parallel computa-
tions, OpenMP.
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Pabora nocesiiieHa pa3paboTKe napauieNbHOro ajlrOpUTMa M IPOrpaMMBbl JUIS PELIEHHs He-
CTaIlMOHAPHBIX 33/1a4 TEIIONPOBOJHOCTH M M dy3un B 0CeCHMMETPUYHBIX OONACTSX MPU OCECUM-
METPUYHBIX IPAaHUYHBIX YCIOBUSAX. B OCHOBE YHCIICHHOIO PEILIeHUs JISKUT METO/ IPaHUYHBIX JIEMEH-
ToB. JIIs onTUMU3aMU ¥ TOBBIMICHUS 3()(HEKTUBHOCTH KOMITBIOTEPHON peaT3alliii alrOpUTMa BbI-
MIOJIHEHO paclapajUieMBaHUe BbIUMCIEHUNA M IPHUBICYEH OTKPBITBIM CTaHIApT HapauiesbHOro IMpo-
rpammupoBanusi OpenMP. PaspaGoranHas nmporpamMma Oblla POTECTUPOBAHA CPABHEHUEM PE3yJIbTa-
TOB pacyeToOB C JaHHBIMM M3BECTHBIX TOUHBIX pelIeHUH. PacueTsl MOATBEPkK1at0T KOPPEKTHOCTh YHC-
JICHHBIX pemeHHﬁ 1 BO3MOXHOCTH ITOJIHOI'O MaCIHTa6I/IpOBaHI/I$I Py pa3JINYHBIX KOJIMYCCTBAX I'PAHUY-
HBIX JIEMEHTOB B COOTBETCTBHM C KOJMYECTBOM JIOCTYIHBIX siiep/mporneccopos. Ilporpamma mosxer
OBITH MCIIOJIF30BAHA JUIS PEIICHHS] OCECUMMETPUYHBIX 3a]1a4 TETUIOMPOBOAHOCTH U AU Py3uu, a Takxke
KaK COCTaBJISIFOILIAsI ITPOrPAMMHOI0 KOMIUIEKCA JJIsl PEILIEHNs] HEJTMHEIHBIX 3a/1a4.

KiroueBble cjioBa: oceCHMMETpUYHAS 33/1a49a TETUIONPOBOJIHOCTH, METO]] TPAaHUYHBIX JIE€MEHTOB,
napasienbHble Beruuciaenus, OpenMP.

1. BBenenue

3anaua pa3paboTKH ClIeUATN3UPOBAHHBIX IPOIPAMMHBIX CPEJCTB JUISl pEIIEHUS KPaeBbIX
3a/la4 MaTeMaThueckoil (pu3MKu He TepseT cBoed akTyanbHOCTH. PaboTa mocssieHa pazpaboTke
MapaJuIeIbHOTO AJITOPUTMa M IPOrPaMMHOIO MOJYJISl HA €ro OCHOBE JUISl PELIEHUS] HeCTallMOHap-
HBIX 33J]a4 TEIUIONPOBOJHOCTH (U dy3Un) B OCECUMMETPUYHOM ITOCTAHOBKE B COCTaBE CO3/aBae-
MOT0 aBTOpaMH MpOorpaMMHOro Komiiekca. Kommieke nmpeiHa3HaueH AJs peleHus: KpaeBblx 3a1au
Il YPABHEHMH SJUTMITUYECKOTO M MapaboIMyYecKoro TUIa B UCCIEI0BATEIbCKUX U MPUKIIAJIHBIX
uensix. Panee 6bp11M pa3paboTaHbl napasiedbHble aITOPUTMbI M IPOrPaMMBbI JIJIS1 PEILIEHUs MII0CKUX
3a/la4 TEOpUU YMPYroCTH U TEOPUU MOTEHIMAlla METOJOM TpaHU4HBIX 3nemMeHToB (MID) [1, 2]
C MpuMeHeHueM (opMyJl aHATUTUYECKOTO HHTErpUpoBaHus [3, 4], KOTOpbIE MOT'YT OBITH UCIOJIB30-
BaHbI /ISl PELICHHs, B TOM 4Yuclie HeTMHEeHHbIX 3ama4 [5—10]. Taxke OblTH pa3paboTaHbl alropuT-
MBI U IPOrpaMMBI JUIsl PEIIEHNs OCECUMMETPHUUHBIX 3aJ]a4 TEOPUH MOTEHIMAla U TEOPUH YIPYTo-
cru [11, 12].

B ocHoBe pa3pabaThiBaeMbIX aJrOPUTMOB JIEKUT METOJl TPAHUYHBIX AJIEMEHTOB, SIBIISIIO-
muiicss 3¢ (GeKTUBHBIM HHCTPYMEHTOM JJISl aHAlIM3a pacCMaTpUBAEMbIX 3a/1a4, U UMEIOLINA XOpo-
MM MOTEHIHAJ pacliapajuieIuBaHus BeraucieHnii. [logxoas! ¢ npumenennem MI'D nis pemenus
HECTAIIMOHAPHBIX 33/1a4 TEIUIONPOBOJHOCTH BIIEPBBIE OBUIM MpEMJIOKEHBI B pabdorax [13-16].
Hamnpumep, B pabote [13] aBTOpBI MCTIOJIB30BAIM MHTETpaIbHOE TTpeoOpa3zoBanreM Jlaminaca B KoM-
OMHAIMKM ¢ METOJIOM I'paHMYHBIX 31eMeHTOB. [locie BbimonHeHus npeoOpazoBanus Jlammaca npo-
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M3BOJIHASI IO BPEMEHHU HCKIIIOYANIach, U MCXOJHOE YpaBHEHHE MapadOIMUYECKOro TUMA IS OpUTH-
Hasla (YHKIMU CBOAMIIOCH K 60Jiee IPOCTOMY YPAaBHEHHIO 3JUIMITHYECKOTO TUIA JUIsl U300paXKeHus
¢bynkuuu. Jlanee rpaHMYHOE MHTETPAIbHOE YPAaBHEHHE PEIIAOCh OTHOCHUTEIHHO M300paKeHHS, U
OCYLLECTBIIsICA OOpaTHBIA Nepexo K opuruHaiay uckoMoi ¢yHkuuu. Ilo3nHee sToT moaxoxn Obu1
MCIoJIb30BaH B paborax [17, 18]. B pabore [14] llloy uccnemoBan TpexMepHbIE 3a/1a4l HECTAIHO-
HapHOW TEIUIONPOBOJHOCTH, IPUMEHSIS 3aBUCSILEE OT BpeMEHU (yHIAMEHTAIbHOE PEeIlleHUEe U pac-
CMaTpuBas, B OCHOBHOM, aHAJUTUYECKUE XapPaKTEPUCTUKHU MeToha. Jpyron 1moaxol, OCHOBAHHBIN
Ha NMPUMEHEHUM METOJa I'PAaHUYHBIX 3JEMEHTOB B COYETAaHUU C METOAOM KOHEYHBIX PAa3HOCTEH,
o611 mpeIokeH bpeooust u Yokepom [15]. Bpoy6en u bpe66ust [16] nmpennokuinm 4ucieHHY0 Me-
TOJUKY ISl pEIIEHUs] OCECUMMETPUYHBIX 3a/1a4 TEIIONPOBOAHOCTH, OCHOBAaHHYIO Ha Ipe/CTaBIIe-
HUM (QYHIAMEHTAIBHOTO PELICHHUS B BUJE CTEIICHHOTO Psjia C MOCIEIYIOIUM aHAIUTHYECKUM HH-
TErPUPOBAHUEM 110 BPEMEHHM HHTErPaloB, BXOAIIMX B I'PAHUYHOE HHTETPabHOE YpPaBHEHME.
OcCHOBHBIE HJIeH PEIIEHUS] OCECUMMETPUYHBIX 3a1a4 MI'D Obiin 060011eHb! B kHHTE [19].

B pabote paccMoTpeHa BBIYMCIUTENbHAS METOAMKA, OCHOBaHHAs Ha MCIIOJIb30BAaHUM 3a-
BHUCSIIETO OT BPEMEHHU TPEXMEPHOTO (PyHIaMEHTAIBHOTO PEIICHHSI M IIaroBOM MO0 BPEMEHH CXEMBI
YHUCIIEHHOTO pelleH s 3aJa4u ¢ momoIubo MID.

2. MaremaTrudeckasi IOCTAHOBKA 3agavun

PaccmoTpum ypaBHeHHE TemonpoBoAHOCTH (auddy3un) 11 0ceCuMMETPUYHON 00-
nactu Q)

1 0u(x,t)

Au(x,t)— 5

=0, xeQ, (1)
3nech uckomas pynkims U(X,t) — Temmeparypa (KoHuenTpaus) B Touke X(X,Y,Z) B Mo-
MEHT BpeMeHH 1 € [to, L]; A — oneparop Jlamnaca. He 3aBucammi oT KOOpAUHAT U OT BPEMEHHU KO-

s¢dumueHT K MOXKeT MPHHUMATh pa3InYHbIE 3HAYEHUS B 3aBHCUMOCTH OT PacCMaTpUBaeMoi ¢u-
3UYECKOM 3a7a4M.

Ha nosepxnoctu I' =1 UT,, orpannunBaromeii odbnacte €2, 3aaHbl 001a1aromue oce-
BOW CUMMETpHUEN I'PAHUYHBIE YCIOBUS BUJIA:

u(x,t)=u"(x,t), xel}; q(xt)=q"(x,t), xeTl},, )

rae q(x,t)=au(x,t)/on(x) — miotHoCTH TeruioBoro (mupdysuonHoro) motoka; N(X) — BHEMHAA

HOpMaJb K TOBEPXHOCTH [ ; 3B€37J0YKOI OTMEUEHBI H3BECTHBIC (DYHKITUH.
Taxoke U3BECTHO HaYaIbHOE paciipe/iefieHne TeMIeparyphl (KOHIIEHTpaI1) B ooactu € :

u(x,t)=u,(x.t,), xeQ. 3)

B cnydae oceBoii cumMeTpuu 3aaun ypaBHeHue (1) mpuMeT B HMIHMHIPUYECKON CUCTEME
KOOpJAUHAT (r,(p, Z) CIIEYIOINI BU:

2 2
O'ulx.t) , Loubxt)  Q'ubxt) 1 aulxt) o (4)
or r or 0z k ot

rac X(r, Z) € ﬁ, r — HOJIHpHBIﬁ pagnycC, OChb Z HampaBj€Ha BJOJb OCH CUMMETPHHU, ﬁ — obmacth

PEIIeHNsT 0OCCCHMMETPUYHOM 3a/1aur, 00pa3yroriast 00aactu ) , JiesKamast B OMYIUIOCKOCTH [ — Z .
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Kpaesbie ycnoBus 3agaun (2) u (3) B 3TOM ciiyyae 3allulIeM B BUJIE:

u(x,t)Xe u(x,t); alx,t) L= “(x,1); (5)

u(x,t)=uy(x,t,), xeQ. (6)

3necy I = f‘l uf‘z — oOpa3yromas noBepxHocTu I, monmydenHas npu mnepecedeHun [

C MMOJYIIIIOCKOCTBIO rr—z.
B CHUI1y OCCCUMMECTPHYHOCTH 3aJadu HCKOMasd (bYHKI_[I/IH U(X,t), a TAaKXC I'PAaHHUYHBIC

U HavyasbHas (PyHKIUH u*(x, t), q*(x, t), u, (X, to) HE 3aBUCAT OT HOJIAPHOIO yria ¢ .

3. AJITOPUTM pelieHust

B cooTBeTcTBHH € METOAOM I'paHMYHBIX 3J1€MEHTOB [19] BBINOIHMM NEPEXo]] OT OCHOB-
HBIX YpaBHEHUU KpaeBol 3a1auu (4) — (6) K rpaHUYHOMY UHTETPAJIbHOMY YPaBHEHMIO, KOTOPOE 3a-
MUIIEM B IUIMHIPUYECKON CUCTEME KOOPAUHAT

6, t) =] [ ) u" (6., 1. ) o) r(x) Tt

t 2n 2 (7)
kj J: u(x, t)j q(& x,t.,t)de(x) r(x)dr(x)dt + luo(x, t, )I u” (& x,t.,t)de(x) r(x)dQ(x).

31ech TOUKa & TPHHAIIEKUT IPAHUYHOMY KOHTYpY I ; u*(g,x,t*,t) — H3BECTHOE TPEX-

mepHoe (yraamentanbroe permenne [19]; (& X,t.,t)=0u"(§,x,t.,t)/an(x). 3aBucsmee ot Bpe-
MeHH (yHIAMEHTAJIbHOE pElIeHHEe B LIIMHAPUYECKON CHCTEME KOOPJMHAT MMEET CIEAYyOIIHi
BUI:

u (& x,t.,t)= L exp[—Rz(g’X)J, (8)

(4nkr)3/ 2 4kt

re t=t. —t; R(&X)=r?(&)+r?(x)—2r(&)r(x)cos[d(&)— d(x)]+[2(¢) - z(x)]* — paccrosmue ot

(UKCUPOBaHHON TOYKU C KOOpJAUHATAMH (r(F,), ¢(<";) ( )) JI0 TIEPEMEHHON TOYKH ¢ KOOPAMHATAMH

(r(x). ¢(x), 2(x)).

Brenem 0003HaueHMsI ¥ BHITIOTHUM WHTETPUPOBAHUE:!

U*(a,x,t*,t)=TU*(a,x,u,t)dcp(x)=2—”exp[—ijlo[Lj; 9)

) (4nk1:)3/ 2 4kt 2kt

2n

T ext)= [0 ext. 0000t em(- )

5 4k

[ roon e o e 0 [0~ 260 o
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3meck S =r?(&)+r’(x)+[z(&)—z(x)]*; 1 =r(&)r(x); 1, — momudumupoBanHas GyHKums
Beccens nmepBoro pona HyneBoro nopsiaka; |, — mogudunupoBanHas ¢yHkius beccens nepsoro
posa epBoro mopsaka; N, (X) u N, (X) — IpoeKIK BeKTOpa HOPMATH HA OCH IIMJIMHIPHYECKOH CH-

CTEMBI KOOP/IMHAT.
[Tocne noacranoBku (9) u (10) B (7) nosyduM OKOHYATEIBHOE TPAHUYHOE UHTETPAIBHOE
yYpaBHEHHE IS CIydasi OCEBOM CHMMETPHH KPaeBO 3aJ1auH:

1) =k [a, 08" 6,8, 1) rlx) T -
t (11)
—k” u(x,t)g (& x,t.,t)r(x )dl_“(x)jt+1uo(x,t0)U*(§,x,t*,t) r(x)x dQ(x).

JI71s TIosTydeHus YUCIEHHOTO PEelIeHHs TPaHUYHOr0 MHTErpanbHoro ypaBHeHus (11) 6bi1
KCIIOJIB30BaH MIPUEM IIArOBOI0 MHTETPUPOBAHUS IO BPEMEHU B COOTBETCTBUH CO CIIEAYIOIIEH CXe-

MOM: KaXIIplii pa3 MpoLecC MHTErPUPOBAHMUS MO BPEMEHM HAUMHAJICA C MOMEHTa BpeMeHu f;,
pellieHre HaxOAWJIM TOCe0BaTeIbHO uepe3 ompexaenenHsle marn h=t, —t, ,, f=12,..,F,

YHCJIO IMPOMEIKYTOUHBIX IIAroB BO3pacTajlio ¢ TCHCHUEM BPEMEHU 10 JOCTHIKCHUA OKOHYATCIBbHOI'O
MOMCHTa BPCMCHU t.. KpOMe TOro, Ha KaXXJI0M BPCMCHHOM IIarc BBIIOJHAIACH AUCKPETU3ALUA

IPaHUYHOTO KOHTYypa Ha (N + M) OPSIMOJIMHEHHBIX TpaHUYHBIX dyemMeHToB € (i=1,...,M +N),

korga rpanuna I, pasoura Ha N rpaHUYHBIX JIeMEHTOB, a rpanuna I, — Ha M s1eMeHTOB.
[Ipennonaranock, 4To GyHKIHH u(x,t) u q(x,t) — KYCOUYHO-TIOCTOSIHHBIE, T. €. IPUHUMAIOT MOCTO-
SIHHbIC 3HAUEHUs Ha Ka)KJIOM I'PAaHMYHOM 3JIEMEHTE Ha Ka)</IOM Il1are 1o BpeMEHHU:

u(cgi,tf):uif = const;; q(&i,tf)zqif =const, i=1..,2N+M, f =12 ,F, (12)

rie &, — y3en, HaxoAIuiicsa B ceperHe TPaHIMYHOTO JIEMEHTa €, .

Hannuue HavanpHBIX yCIOBUHM IMPUBOJMUT K MHTErpaly mo obnactu ) (mocienHeMy clia-
raeMomy B npaBoil yactu ypaBHeHus (11)). s BeIYMcIeHUs: 3TOro MHTErpana odaacTb pa3ouBanu
Ha L kxoHeuHsIx smemeHTOB: ACY, AQ),,..., AQ) , B KaXXIOM U3 KOTOPBIX (YHKITHS uo(x, ,to) noJja-

rajachb HOCTOHHHOﬁ, 34TCM BBIIIOJIHAIN YUCIICHHOC MHTCTPHUPOBAHUC IO KaXXJIOMY M3 KOHCYHBIX
9JICMCHTOB.

L

Jup(x, )T (&%, b 1) F(x) dQ(x) = D Ug (%, ) [T (&, Vi e 1) r(x) I, (x). (13)

I=1 PYe?

3neck X, — y3en anementa AQY, .

OnucanHas AUCKPETU3AlMs TPUBOJAUT TPAaHUIHOE MHTETrpaibHOe ypaBHeHwue (11) x cie-
IYIOLEMY BUY:

t t

et )=k Y g [ [0 (6t 0 dt a6 - [ [a°(,xte ) r)at )|+ (14

i=1 f=1 &ty & tiy
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+k i i q;j }U*(éj,x,tF,t)r(x)dt dl:(x)—uif_[ Iq*(gj,x,tF,t)r(x)dt dr(x) |+

i=N+1f=1 &ty &ty

+leu Xt J; (&% te ) r(x) 3, (x).

CootHomienus (14), 3anucanHble A7 BCeX TPAaHUYHBIX y3110B, | =1,..., N + M, oOpa3yioT

cucTeMy JMHEHHBIX anreOpandyeckux ypaBHeHHH (CJIAY) OTHOCHTENBHO Y3JIOBBIX 3HAaYEHUU
GbyHKIUH TemmnepaTypsl (KOHIIEHTPAIIMK) ¥ TUIOTHOCTH TTOTOKA, HE 33JJaHHBIX TPAHUYHBIMH YCIIOBH-

aMu. OTMETHM, YTO pelIeHUE CUCTEMBI BBIIIOJIHAECTCA 111 MOMEHTa BpeMeHU t =1_, a 3HaueHus Uy
u g npu f =1,..., F —1 yxe U3BECTHbI U3 PELICHUs Ha MPEAbIIYILIEM BPEMEHHOM L1are.

[Tocne onmpeneneHust BceX IPaHUYHBIX 3HAYEHUN MOKET ObITh HAWJEHO 3HAYEHUE HCKO-
MO (PYHKIIUHM TeMIlepaTypsl (KOHIIEHTpauK) KpaeBoi 3anaun (4) — (6) B 11000i BHYyTpeHHEH TOY-
ke { obmactu Q:

N F

=k qifjtfu*(c,x,tp.t) r(x)dt dT(x) .fjjq & x.te )rx)dt dT(x) | +

i=1 f=1 &ty ety g

K'Y q;j}u*(g,x,tF,t) r(x)dt dT(x) ,f”q (6t 1) r(x) dt dT(x) | + (15)

i=N+1 f=1 oty ety

+Zlu Xt i (€% te, ) r(x)dey (x).

Jns 3pdexTuBHON pabOThl BBIYUCIUTEIBHOTO aJrOPUTMa HEOOXOAMMO HCHOJIb30BaTh
CMeLUAIbHO M0JOOPaHHBIE CXEMbI BHIYMCIIEHUS! MHTETpalloB B cucTeMe ypaBHeHUH (14) u ypaBHe-
Huu (15). UHTerpupoBanue 1mo BpeMEHU MPOBOAMIOCH aHATMTUYECKH C MCIIOJIb30BAaHUEM IpE/I-
craBneHui pyHkuuit beccens B Buae creneHHbIX paaos [20]:

a mpu OOJBIIMX 3HAYEHUSX apryMEeHTa — aCHUMIITOTHMYECKHUX MpenacraBieHuil ¢yHkuuii beccens
[20]:

rae f,(n)=(@2n—-1F(@2n-3F..1; f,(n)=(1)(a—(@2n-17 fa—(2n -3} ).(a-1).

OTmeTuM, 4TO Ha KaXJIOM BPEMEHHOM IIare peleHus 3aJa4d B MOCIETHHX ClIaraéMbIX
CYMMBI UHTETPAJIOB 110 BpeMeHH U3 ypaBHeHu# (14) u (15), korna f =F, npucyTCTBYIOT CHHTY-
JSIpHBIE UHTETpaibl. B 3TOM ciydae MHTErpupoBaHHE IPOBOAMIIOCH I1OCIIE BBIMOIHEHMS Mepexoaa
B IIOJIBIHTErPAIBHOM BbIpaXeHUU t. —> o + €& u1d OECKOHEYHO MaJIOM BEJIMYMHEI €, T. €. BBIYUCIIS-
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te te
JId MHTErPajibl _[U*(&j,x,(tF +8),t) r(x)dt u Iq*(gj,x,(tF +s),t) r(x)dt, a 3aTeM OCYIIECTBIIAIICS
te e
nepexo K npeneny mpu €—0.
JIs1 YMCIIEHHOTO BBIYKMCIICHUS] WHTErPajioB, BXOAAMMX B ypaBHeHus (14), (15), mo mpo-
CTPAaHCTBEHHBIM KOOpJHMHATaM HCIIOJIb30Bajach aganTuBHAs (opMyna YHUCICHHOTO WHTETPUPOBaA-

Hust ['aycca—Kponpoaa o 61 toukam [21]. Cinyuail, korga §; JeXuUT Ha TPAaHUYHOM 3JIEMEHTE &,
TpeOyeT OTAENBHOTO PAaCCMOTPEHHUS, TaK KaK MpH | = | B MHTErpajax BO3HUKACT CHHTYISPHOCTD.

JUis BBIYMCIIEHUS TAKMX MHTErpajloB ObUIM MOAOOpaHbl MPOLEAYPbI, MCIONb3YIOUIME (HOPMYIIbI
aJlalTUBHOIO UHTETpUpOBaHus [22].
Pa3zpaGoTaHHBbIil alrOpUTM MO3BOJIAET MOJIYYUTh HAa KaXJIOM LIare MO BPEMEHH pelleHHe

3amaun (4)—(6) Buna (15), HempepbIBHOE 110 IPOCTPAHCTBEHHBIM IIEPEMEHHBIM B 061acTn Q) .

4. IlporpamMHas peaju3anusi

[TpencraBieHHblil BBIYMCIUTENbHBI AITOPUTM ObUT PEATU30BaH B BHUJIE HPOrPaMMHOIO
moxyisi. [IporpamMma Obuta HarmucaHa Ha s3bIKe MporpamMupoBanus C++. Bo3MOXXHOCTH TporpaMMBbl
MIO3BOJISIFOT ONEPAaTUBHO U3MEHATh BXOJHbBIE JAHHBIC, a UMEHHO: 3Ha4eHHs (PU3HMUECKUX MapaMeTpoB
3a/1a4y, IIar 1Mo BPEMEHH, KOJMYECTBO TPAHUYHBIX JIEMEHTOB, a TAKKE MPOU3BOIUTH KOMITHIISIIHIO
HETIOCPEACTBEHHO Iepe]l BhIIIOJIHEHHEM pacuera. [ BBINOIHEHHUs] YMCIEHHBIX pacyeToB ObUIM HC-
nosib3oBanbl Onbimoreka GSL [23] u coOpanune Oubmmorek kimacco BOOST [24]. Uuterpais! 1o
3JIEeMEHTaM, COAEPKALIMM TOYKU CHHIYJSIPHOCTH, BBIYMCIISUIA C MCHOJIB30BAaHUEM aJalTHBHBIX alro-
PHUTMOB YMCIICHHOTO HHTETPHPOBAHUS, YIUTHIBAIOIINX H3BECTHBIE KOOPIMHATHI OCOOBIX TOUEK, pean-
30BaHHbIX B OnOmmoreke GSL. /Iy moBbIeHus 3(h(eKTUBHOCTH BBINOIHEHHSI IPOrPAMMHOI'O MOJTYJIs
OBUT BEIOpAH OTKPBITHIA cTaHmapT pacmapauienuBanus OpenMP [25, 26] kak Hanbosee ONTUMATBHBIHN
JUIsl IPOBEJICHUS TPYIOEMKUX U HE3aBUCUMBIX BBIUMCIICHUN UHTETPAJIOB, BXOALIMX B ypaBHEeHus (14)
u (15). 310 MO3BOMMIIO C UCTIOIB30BAHUEM MHOTOIIOTOYHOCTH OPraHU30BATh MapalieibHbIe BHIYUCIIE-
HUSI HA MHOTOITPOLIECCOPHBIX BBIYMCIMTENBHBIX KOMILIEKCaX ¢ OOIel onepaTuBHOI mamsAThio. M3-
BECTHO, YTO OCHOBHBIM HejocTatkoM MI'D siBisieTcs Oosbliasi mOTpeOHOCTh B ONEPAaTUBHOM MaMsTH,
BBITEKAIOIIAsl U3 BBICOKOH MIoTHOCTH MaTpulbl CJIAY. OnHako, B OTiIMYME OT MHOTHUX APYTHUX, 3TOT
METO/] JIOITYCKAET BBINOIHEHNE NMapauienbHbIX BerurcneHui. [Iponecc noctpoennss CJIAY BbINOMHSI-
Csl TIApaJUIENTbHO 33 CYET BO3MOYKHOCTH BBIYHCIATH KO3(D(MHUIMEHTHl MAaTPHUIIBI CHCTEMBI TOJHOCTHIO
He3aBUCHUMO Jpyr oT jpyra. s pemenus CJIAY ucnonb3oBanack metoanka LU-paznoxenus, nomyc-
Karollas pacrapajuienvBaHie. Boerancienne 3HaueHn nCKOMOW (DyHKLIMH TeMIeparypsbl (KOHIIEHTpa-
IIMM) B 3aJJaHHBIX TOYKaX TaK)Ke BBINOIHSIOCH MapauiensHo. Takum o0pa3zoM, mporpamMma Oblia pac-
napasuielieHa Ha Ka)KJJOM dTare pereHus 3a1a4u.

IIpumep

Jlns TecTrpoBaHMs aJTOPUTMa M €ro MpOrpaMMHOM peanu3aluy ObUTM MPOBEIEHBI YHMC-
JeHHBIE HccaenoBanus. PaccMoTpena 3aada TEIUIONPOBOAHOCTH Uil CILIOIIHOTO KPYroBOTrO IIH-
naunapa pmuHor 2| w mmamerpom 2a, HauanmbHas TeMmIepaTypa KOToporo paBHa U,. B HauanbHbIi

MOMEHT BpEMEHH OH ITIOMeIancs B Cpely C MOCTOSHHOH TemmepaTypoit U . Takum oGpasom,
HavallbHbIC U TPAHUYHBIE YCIOBHS 3a/1a4M UMEIOT BHI:

uo(r' Z’to): Uo (18)
u(r,z,t) _ =u’ u(r,z,t)_ =u. (19)
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TpeOyercst HaliTH pacnpeneNeHre TEMIIEPATyphl BHYTPU IIMIIMHIPA B Pa3ITUIHBIE MOMEH-
ThI BPEMEHH TIPU YCJIOBHU OCEBOM CHMMETPHH 3aJla4d. 3aMETHM, YTO B CHIIy CUMMETPUHU JOCTa-
TOYHO PacCMaTPUBATh JIHIIb MTOJOBUHY MOTIEPEYHOTO CCUCHUS IIMITHHIIPA.

Tounoe pemenue 3amauu (4), (18), (19) uzBectHO M KMeeT creayronui Bu [27]:

u(x,t)=u*+(uo—u*)(22/wl [un jcosum - +u KE)FO)), (20)

=1 m=1
2
rae A, :—I ( ); n, — kopHu ¢yHkiuu beccenst mepBoro poma HYJIEBOrO IOPSIKA;
Mol \|,
a 2
Av= (0™ L, = em -2 K =2 R =
m 2 | a
PacueThl NpOBOMIINCEH TIPH CIEIYIOIMX 3HaueHusX napamerpos: a=0,06.u; | =012

k=125-10"°»%/c; u,=0; u" =20K.

0 t t t
0,018 0,036 0,054 r. M

CpaBHEHHE YMCIIEHHOTO ¥ TouHOoTro pemennid: 1 —t=40 ¢, 2 - t =80 ¢,
3 - t=120 ¢; TUHUH — YHUCIIEHHOE, TOYKH — TOYHOE

Ha pucynke npuBeieHO CpaBHEHHE TOYHOI'O pelieHus U peuienust MI'D ¢ marom mno Bpe-
mean h=10c¢ B pasnuunsie MmomenTsl Bpemenn: t, =40c¢; t. =80c¢; t. =120 ¢ . 3nauenus temrre-
paTypsl BIOJIb paguyca LHMIUHAPA, NOJydeHHbIe MpU Hcronb3oBaHUU MI'D, okazamuck OIM3KU K
TouHOMY pemeHHo (20), 94To roBopUT 00 3(h(PEeKTUBHOCTU MPEATOKEHHON TEXHOIOTUH PEIIEHUS.

5. 3akjoueHue

Pa3paboTan nmporpaMMHBI MOAYJb AJISl peIlIEHHs] HECTAllMOHAPHBIX 33/1a4 TEIUIONPOBO/I-
HOCTU U AU(PPY3UH B OCECUMMETPUYHBIX 00JIACTIX MPU OCECUMMETPUYHBIX T'PAHUYHBIX YCIOBHSIX.
B xone pa®oTbl ObUTa MCTIONB30BaHA METOAMKA pacHapaljieTMBaHusI aITOPUTMA Ha OCHOBE METOa
TPaHUYHBIX AJIEMEHTOB Ui OTKphIToro cranmapra OpenMP. IlpoBeneHHOE TecTHpOBaHHE TIPO-
rpaMMbl MIOKa3aJl0 JIOCTaTOYHYIO OJM30CTh PE3YJIbTaTOB PAacueTOB K M3BECTHOMY TOYHOMY pellle-
Huto. PazpaboTaHHbIil MOJIyJIb BOIIET B IPOrpaMMHBIM KOMILJIEKC JJIsl pELIeHHs 3a/1a4 MaTeMaTH-
4eCKOHM (PU3UKH, CYIIECTBEHHO PACHIMPHUB KJIACC pEIIaeMbIX 3a/1ay.
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Paboma evinonnena 6 pamkax 2ocyoapcmeenHo2o 3a0anus, Homep 20CY0apCmeeHHOU pe2u-
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