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PACS: 62.40.+1

B.A. benoweHko, B.b. MNpumucnep, H.M. MNMununenko, A.H. NunnneHko

TEXHUYECKW/I YPOBEHb M TEHOEHLIM PA3SBUTKA
METOOA HN3KOYACTOTHOIO BHYTPEHHEIO TPEHUA

JoHeuknii rnsmko-TexXHNYeckuin MHCTUTYT M. A.A. MankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CraTbsa noctynuna B pegakumio 7 Hoss6ps 2005 roga

IIpedcmasnen kpamkuii 0030p pazeumusi Memood HUKOYACMOMHO20 6HYMPEHHe20 mpe-
Hus (BT). Paccmompensl 06a OCHOBHBIX MEMOOAd USMEPEHUL, OCHOBAHHbIE HA UCTIONb30-
BAHUL KPYMUILHO20 MASIMHUKA U OMAudarowuecs pexcumamu xoiebanuil. Ilokazanol ux
docmouncmea u neodocmamku. Onucamn HoBuvlll NOOX00 K KOHCMPYUPOBAHUIO YCIMAHOBOK
BT, 3axntouarowuticss 6 06vedunenuu pesicumos c600600HO3AMYXAIOUUX U BLIHYHCOEHHBIX
Koaebanuil 8 0OHOU A8MOMAMUSUPOBAHHOL CUCTIEME.

BBenenne

CoBpeMeHHbII ypOBEHb Pa3BUTHSA HAYKH U TEXHHKH TUKTYET HEOOXOIUMOCTb
CO3JIaHUsI MAaTEPUAJIOB, CITIOCOOHBIX pabOTaTh B DKCTPEMATBHBIX YCIOBHUSIX U 00-
JaaloMKUX 0COOCHHBIMU (PYHKIMOHAIBHBIMM U MEXaHWYECKHMHU CBOMcTBaMu. B
MX YUCJIO BXOJAT METAJUIbl, KEpaMUKa, ITOJIMMEPBI, KOMIIO3UTHL. B mocneanue ro-
JIbl 0COOBIM MHTEpEeC BBI3BIBAIOT OOBEKTHI B HEPABHOBECHOM, B YaCTHOCTH HAHO-
CTPYKTYPHOM, COCTOSIHUH. [Ipy MpUIoKEeHNH BHEIIHETO CTaTUYECKOTO MU LUK-
JMYECKOI0 HArpy»XEHUsl, a TaK)K€ MPU MOBBIIIEHUN TEMIIEPATypbl B TAKUX HEpaB-
HOBECHBIX MaTepHUaliax MPOUCXOANUT CTPYKTypHas peslakcanus, Kotopas JaeT 3Ha-
YUTENbHBIA BKIIAJ B H3MEHEHUE (DU3MKO-MEXaHMUYECKUX CBOWCTB. YKa3aHHbBIC W3-
MEHEHHUS] MOXXHO HCCJIEeIOBaTh C MOMOIIBIO OJHOTO W3 Haumbosee CTPYyKTypHO-
YYBCTBUTEIBHBIX METOJIOB, HCIIOJIB3yEMbIX B (PU3NUECKOM MaTEpUATIOBEICHUH, —
Meroaa Hu3kodacToTHoro BT, cocrosiiero B M3MepeHUH MOTVIOLIEHUS YHEPTUU
MeXaHMUYECKUX KoJeOaHuil (HOHOHHBIMH MOJCHUCTEMaMH U Pa3InYHbIMU aedeKTa-
MU CTPYKTYPHI.

Mertoauka BT kak 3¢(eKkTuBHBI WHCTPYMEHT H3YUYEHHsS CTPYKTYpPHOTO CO-
CTOSIHUA, Ne(hOPMALlMOHHBIX U PEJIaKCAllMOHHBIX MpOoLeccoB, (a30BbIX MpeBpa-
HmeHui B (PyHKIMOHAIBHBIX M KOHCTPYKIIMOHHBIX MaTepualiaXx pa3BUBaiach Oec-
IPEPHIBHO CO BPEMEHU MOSIBICHUS MEPBBIX PabOT B COPOKOBBIX ronax. CymiecT-
BEHHOE COBEPIICHCTBOBAHUE JKCIIEPUMEHTAIBHON TEXHUKH COCTOSUIOCH B CEMHU-
JECATHIX roJiax mpouuioro croieTtus. IIpexae Bcero 310 OTHOCHUTCA K KOHCTPYK-
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UM U anmnapaTypHOMy OOeCHeueHHIO OOpaTHOrO KPYTHJIBHOTO MasiTHHKA, Mpeli-
Ha3HadYeHHOTO 11 m3MmepeHus BT metomom cBOOOMHO3aTyXarommx KoyieOaHUA
Ha yacToTax ~ 1 Hz npu m3aMeHeHMH TemmepaTrypbl U aMIUIUTYIbI eopMalnu.
[TozmHee mosiBUIIACH HEOOXOAMMOCTh MPOBOANTHh M3MepeHus:t BT npu Gonee HU3-
KHUX YacToTax (cyOpe3oHaHCHas MeTojuKa). BHadane 3Ta MeTOaMKa MIMPOKO HC-
MOJIB30BAJIACh TOJIBKO JIJISi M3YUYEHHUs MATEPUAJIOB C BBICOKMM YPOBHEM JeMIl(u-
poBaHus (Harmpumep, NoIUMepoB). [l METaUIOB U KEpaMHUKH OHA JIOJT0€ BpeMs
HE MPUMEHSIIaCh M3-3a HU3KOW YYBCTBUTEIBHOCTH. [10 Mepe ycoBepiieHCTBOBa-
HUs cyOpe3oHaHCHAash METOJIMKA, OCHOBAHHAs Ha PEKUME BBIHYKJICHHBIX KoJeOa-
HUH, TOXE TMOJTydYnsIa MHUPOKOE MPUMEHEHHE, TOCKOJIbKY IMO3BOJIMIA MTPOBOINUTH
UCCIIEIOBaHMs B OOJIBIIOM YAaCTOTHOM JHara3oHe npu (UKCUPOBAHHOW TeMIepa-
Type ¥ HU3KHUX 3HAUYCHUSX aMILTUTYIbI e(pOpMaIIiH.

MeToabl CBOOOTHO3ATYXAKONIUX KOJIeOaHUI

Hns m3mepennst BT u Moxyneit ynpyrocta B pexxuMe CBOOOTHO3aTyXaIOIINX
KOJICOAHUH HCTIONIBb3YyeTCs KPYTUJIbHBIM MasTHHUK [1,2]. Mexanudeckue mortepw,
KOTOphle ABist0TCS Mepoil BT, onpexnenstorcs yaiie BCero B JUama3zoHE 4acTOT
0.2-20 Hz. BT u3mepsiercst Ipu MOCTOSHHOM 4acTOTE ¢ U3MEHEHHEM TEMIIEpaTy-
PBI WM aMILTUTY bl KOJIeOaHUH.

OTHOCHUTENbHASA aMIUTUTYa JeOopMaluu KpydeHHUs: uccieryeMoro odpasia €
Haxonutes 1o gpopmyde [3]:

g=—1,

/

T7I€ (¢ — YroJ 3aKpy4YMBaHUs; ¥ — paauyc ceueHus; [ — paboyas niuHa oOpasia.
Bennuuna BT onpenensercs kak
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WIN
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rne Ay v Apyvpy — COOTBETCTBEHHO HayallbHAs M KOHEYHAs aMIUIMTY]IbI, BHIOpaH-
HbIE JUIsI OTCUETa 4YMCla KOJICOAHWW; n — YHCIO KoJjieOaHui; O — jorapupm
YMEHBIICHUS aMIUTUTYAbI KOJIeOaHUH B €IMHUILY BPEMEHHU.

KpyTunpHbeiii MasTHUK uMeeT psaa Moaudukanuii. B npsMom masTHuKe (puc.
1,a) MHEPIIMOHHOE KOPOMBICIIO, KaK MPaBHJIO, MOABEIINBaeTCs K oOpasiy. OxHa-
KO O]l ACMCTBHEM MAacChl KOPOMBICIA MHIYLUPYETCS MPOJIOJIbHOE HANpsKEHHE,
YTO MPUBOIUT K AedopmMaruu monsydectd oOpasia MpH BBICOKOH TemIieparype.
[Ton3ydecTb cTaHOBUTCS 3aMeTHOM mpu Temneparype Boitie 0.67), (toe 7,, — Tem-
neparypa IiaBJIeHuUs).

OTOT HEIOCTATOK B 3HAUYUTEIBHOW Mepe ObUI MPEO0JI0JIEH B KOHCTPYKIMH [4],
I7ie OTCYTCTBYET MHEPILMOHHAsI CUCTEMa B BHUJIE€ KOPOMBICTIA, a OCEBasi HArpy3Ka
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Puc. 1. CxeMBI yCTaHOBOK Ha OCHOBE IPSIMOTO (@) U 00paTHOTO (6) MasTHUKOB CO CBO-
00HO3aTyXalOMMMH KoJeOaHUsIMU: | — BEpTUKAIBHBIN CTepKeHb, 2 — Iedb, 3 — o0pa-
3ell, 4 — DIEKTPOMArHUTHI, 5 — TOPU3OHTAIBHBIN CTepXKEHb, 6 — TPY3UKH, 7 — 3epKalo, § —
ONTHYECKHUHA JTETEKTOp, 9 — UCTOYHUK CBeTa, /() — HUTH moaBeca, [/ — 6moku, /12 — mpo-
THBOBEC

Ha oOpa3zer 00ycJoBIIeHa JUIIb BECOM MOCTOSSHHOTO MarHuTa U MaJIeHbKOI'O 3ep-
Kaja, NPUKPEIUICHHBIX K €ro cBOOOJHOMY KOHILy. B pexume cBoOoIHO3aTyXaro-
mux Kojedanuil usmepenus BT ocylecTBIsIIOTCS Kak HA OCHOBHOM 4acTOTe, Tak
U Ha TapMOHUKAX.

VYV o0paTHOrO KpyTWJIBHOTO MasTHHKa (puc. 1,0) MHEPLMOHHOE KOPOMBICIIO
IOMeIIaeTcst Hajl 00pa31oM, a MOJIBUKHAS Macca ypaBHOBEIIMBAETCS IPOTHBOBE-
coM. B pesynprate omHoocHast aedopmarus MPaKTHYECKH HCKITIOYACTCS Jae
IpU OYEHb BBICOKUX TeMIIepaTypax.

Jns uccnenoBanusa 00pas3loB ¢ OONBIIMM MONEPEYHBIM CEYEHUEM WM JKECT-
KOCTbIO B pabote [5] mpeuioskeH MOAU(DUIIMPOBAHHbIN 00paTHBI MasTHUK, OCO-
OEHHOCTBIO KOHCTPYKIIMM KOTOPOTO SIBJSIETCSl HaJIM4YuMe BTOPOM HUTHU MOJBECA,
pa3sMeIeHHON MeX/y MHEPLUOHHBIM KOPOMBICIIOM U 00pa3noM. MasTHuk pabo-
TaeT Ha yactorax ~ 1 Hz u mo3Bonsger usmepars BT npu odyeHb mainbix (10_8—
10_6) aMIUTHTYax JeOopMalyu.

Hcnonp30BaHNE aBTOMATUKHM PAaCUIMPSAET BO3ZMOKHOCTH KPYTHUJIbHBIX MasiTHU-
KOB, pa0OTaroINX B peKUME CBOOOHO3aTyXaloMuX Kojaebanuit. Ha puc. 2 moka-
3aHa cXeMa OJHOW M3 HamboJiee yJauHBIX YCTAHOBOK Ha OCHOBE IPSIMOTO MasT-
HHKa, JOCTATOYHO YaCTO MCIIOJb30BaBIIEHCS NP UCCIEI0BAaHUN Pa3HOOOPa3HBIX
Marepuaios [4,6—8].
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Puc. 2. Cxema aBToMaTHueckoil yctaHoBku BT Ha ocHOBE IpsAMOTo MasTHHKA

CBeToBoH
JIETEKTOP

TUNUYHBIM MPUMEPOM COBPEMEHHOTO OOpaTHOTO MasiTHHKA, paboTaloIIero B
pexruMe CBOOOAHO3aTYXAIOIUX KoJeOaHUH, SBIsSETCS MPUOOp, OMMCAHHBIN B pa-
oore /[.K. [laykeeBa ¢ coaBropamu [9]. OH npencraBiseT co00i aBTOMATH3UPO-
BaHHYIO CHCTEMY, TJI¢ B KaUeCTBE JaT4YMKa KoieOaHuil BHIOpaH CKaHUCTOP, pabo-
TaOUMK MOoJ yrpaBiieHneM MUHUOBM. Dta cuctema no3BoJiieT HE TOJIBKO MOJIy-
4aTh TEMIEPATypHbIC M aMIUIMTYAHbIE 3aBUcUMOCTH BT, HO W HaOmomaTh WX B
MpOIECCe U3MEPEHHUIA.

B Gonee mo3mHux paboTax TakkKe MPUMEHSIOTCS mMoiyaBToMatudeckue [10]
unu aBromatuueckue [11-13] cxembl ympaBiieHHs, HO Y€ C HCIIOJIb30BaHUEM
MOCTIEAHUX JOCTKEHUI B 3T0M oOnactu. O00OIIEeHHAsT cXeMa aBTOMATUYECKOM
yctanoBkr BT Ha ocHOBe 00paTHOTO MassTHHKA MPUBEEHA Ha pHC. 3.

MeToabl BHIHYKAEHHBIX KOJe0aHui

CyOpe3oHaHCHBIE METOIMKH, 0a3MPYIOIMMECcs Ha BBIHYXICHHBIX KOJICOAHUSX,
npexycMarpuBaioT aedopmupoBaHre 00pa3oB ¢ OJHOBPEMEHHBIM HU3MEPEHHEM
NPUJIaraeMoro CUHYCOUJAFHOTO HANIPSDHKEHHS TIOCTOSSHHOW aMIUTATY/IBI, 8 TaKXKe
HU3MCPCHUC AMIIIUTYAbI ,Z[G(I)OpMaLII/II/I, KOTOPYIO 3TO HAMPSAKCHUC BbBI3BIBACT, U
pazHuIel (a3 Mexay HanpsbkeHueM U nedopmanueint. OrcraBanue mo ¢ase ne-
dbopMaruu @ OT MPUKIAABIBAEMOTO K MaTeprally HanpsikeHus cBsi3aHo ¢ BT kak

0 '(0) =tgp(w) Tpu © << wp,

IZIe ® — 4acToTa KojaeOaH, Mg — pe30HAHCHAs YacTOTa.
YKa3zaHHbIE METO/Ibl TIO3BOJISIIOT MCCIIE0BATh PEJAKCALIMOHHBIE CIIEKTPHI Ma-
-5 -1 -4
TepuanoB B auamnasone yactoT 10 "—20 Hz (npu paspemenun Q =~ 10 ), uto

10
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Puc. 3. O0o0menHas cxeMa aBTOMa-
THYeckoil ycraHoBku BT Ha ocHOBe
00paTHOTO MasiTHUKA: / — BEpTHKANb-
. HBIA CTep)KeHb, 2 — TOPU3OHTAIBHBIN

&' CTEpXKEHb C IPy3UKaMH, 3 — JIEKTPO-

MarHuTsl, 4 — OPOTUBOBEC, 5 — HC-
TOYHHUK CBETa, 6 — HUTh MojJBeca, / —
ONITUYECKUH neTekTop, 8 — oOpasert, 9 —
nieub, /() — 6noku, 11 — 3epkano

Perynsarop
TeMIeparypsl

Amnanuzarop
OTKJIMKA

[Kommbrorep,

CYIIECTBEHHO pacmupsieT Bo3MOKHOCTH BT. Jlo mosiBneHus muQpoOBLIX CHCTEM
OCHOBHBIE TPYAHOCTH OBUIM CBSI3aHBI C TOYHBIM OIPEAEICHUEM OYEHb HU3KHUX
3HAYCHUI Q_l, HalrpuMep, B cllydae KpUCTAUIMYECKUX MaTEpHaliOB, MOJBEprae-
MBIX MallbiM JedopMaiusiM. BOIBIIMHCTBO COBPEMEHHBIX YCTaHOBOK, peaju-
3YIOIIUX METOJUKY BBIHYKICHHBIX KOJIEOAHUH, SBISIOTCS aBTOMAaTHU3UPOBAHHEI-
MU CHCT€MaMHU, KOTOpbIE C MOMOIIbIO MepuepUiHbIX YCTPOICTB, ammnapaTHbIX
KOMILJIEKCOB M KOMITBIOTEPHBIX MPOrPaMM OCYLIECTBIISIIOT yMNpaBIeHUE cOOpOM,
aHaJIM30M U 00pabOTKOM MH(POPMAIIHH.

B MeTrone KpyTUIBLHOTO MasiTHUKA C BBIHYKICHHBIMH KOJEOAHUSIMU TOYHOCTD
M3MEPEHUI 3aBUCUT, C OHOU CTOPOHBI, OT AJEKTPOHHOMU, a C APYrod — OT MEXaHU-
4YecKo vactell ycrtpoiicTBa. B Hactosiee Bpems nugpoBas oOpaboTKa cUTHaNIA
MIO3BOJISIET TIPOBOIUTH U3MEPEHHS OTCTaBaHUs 1O (ha3e ¢ pa3penieHueM 107 rad, u
OCHOBHOW IIPUYMHOM, CHMIKAIOILIEW TOYHOCTHL omnpexaenenus BT, aBuserca mexa-
HUYECKAasl 4aCTh MasTHHKA.

['maBHBIM TpeOOBaHHMEM K MAasTHHUKY SIBJISIETCSI CO3/1aHUE BBICOKOM COOCTBEH-
HOM YacTOThI, HEOOXOIUMOM MJIsi TOTO, YTOOBI MOBBICUTH BEPXHHUI TpeIes U3Me-
peHuil. OTO MpenrnoiaraeT, B 4aCTHOCTH, UCIIOJI30BAHUE JIETKUX U KOPOTKHUX, HO
OJIHOBPEMEHHO JTOCTATOYHO KECTKHUX IMOJBUKHBIX YaCTEH, PACIIOJIOKEHHBIX MEX-
oy obOpa3noM M mojaBeckoil. OgHAKO HalM4Yhe TaKMX KOPOTKHX AJIEMEHTOB 3a-
TPYIHSET NPOBENCHHE W3MEPEHHM IpPH BBICOKMX WM HHU3KUX TeMIIepaTypax.
Bwmecrte ¢ TeM HUTH NojBECAa JOKHA UMETh MUHUMAJIBHYIO JKECTKOCTh IIPH KpY-
YEHHUH C BBICOKOW MONEPEYHON yCTONYMBOCTHhIO. OTMEUYEHHBIE YCIOBUS SIBIISIFOTCS
JI0 HEKOTOPO# CTENeHW MPOTHUBOPEUMBBIMHU, MOATOMY HEOOXOAMMO HAWTH Hau-
JTYYIIAA KOMIIPOMHUCC.

11
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B pexume BbIHYXJIEHHBIX KOJIeOaHUH pabOTaIOT CUCTEMBI, HCHIOIb3YIOIIUE KaK
IpsSMOM, Tak U 0OpaTHbIM MasTHUKU. B ctaThe [4] onmucaHa ycTaHOBKA Ha OCHOBE
IIPSIMOTO KPYTHJIBHOTO MasiTHUKA JUIsl U30TEPMUYECKOIO ONPEIEICHUS BA3KOYII-
pYTruX CBOMCTB TBEPAOrOo Tela IpPU H3MEHEHHMH 4acToThl Ha 10 mnopsakos

(10_6—104 Hz) (cMm. puc. 2). 3akpyunBaHue obOpasiia ¢ 3aKpEIUICHHBIM KOHIIOM
OCYHICCTBIACTCA DJJICKTPOMArHuTOM. Bemuunna I[e(bOpMaI_[I/II/I OMpCACIACTCA C
MOMOIIBIO JIA3EPHOTO JIy4a, KOTOPBIA OTpakaeTcs OT 3epkana Ha auddepeHIu-
anpHBIA hoTonuon. JlanHoe ycTpoicTBO 3((HEKTUBHO NMPU U3YyUYCHUH MATEPHAIIOB
C BBICOKMM 3HaueHuem BT.

bonbuimHcTBO anmaparoB ams usmepenus BT B pexkrMe BBIHYKICHHBIX KOJe-
OaHUi UCTIONB3YIOT 00paTHBIN MasTHUK. B pabore [14] onucan mogoOHBIN TpH-
60p ¢ BBICOKOI coOcTBeHHOH yacToTol. OH MO3BOJISET MyTeM M3MepeHHs (a3o-
BOW 3a/IEp’KKU B JMAIa30He 10_5—10 Hz w3mepsaTh kak Oosblne, Tak U MaJible

3HAYEHUs Q_l. [Tpubop paboTaer B «pydHOM» PEKHUME.

HHTEepecHbIM BapMaHTOM TE€XHUYECKOTO PEIICHUs SIBISETCS YCTaHOBKA, Mpe-
noxxeHHas B padore [15]. Ee ocHOBa — OOpaTHBIN MasTHUK, OTIHYAIONIUICS OT
TPAaJUIIMOHHOTO HAJMYHUEM BTOPOTO YMPYroro 3TaJOHHOTO o0pasua, yTo AaeT
BO3MOXHOCTb HCCIIEZIOBAaTh TOJIBKO HEyNpyryioo cocrasistomyto BT. ledopma-
sl 00pa3loB U3MEPSAETCS CUCTEMON AETEKTHPOBAHMs, COCTOALIEH M3 JIa3epoB,
3epKajl ¥ JIMHENHBIX 1aTYMKOB, C BHIBOJIOM JIaHHBIX HAa KOMIIBIOTEP.

ABtopamu [16] npeanaraercs nmporpaMMupyemMas cuctema, pazpaboTaHHast UIst
M3MEpEeHUs tgQ M TUHAMUYECKOIO MOAYJS YNPYTOCTH B IIHPOKOM (10_7—100 Hz)
JMana3oHe 4yacToT. Bes MexaHMueckasl yacTh, cMCTeMa BO30YXKAEHHUS M Iedb C
00pa3loM HaxoJATCsl B BaKyyMHUpPOBaHHOM HMIMHIpe. CucTema mpurojaHa ajs
TOYHBIX U3MEPEHUH Npu padboTe ¢ KOpoTKuMH (padbodas anuaa 10 mm) oOpasma-
MU NIPH YMEHBILICHHOM BIIMSTHUM BUOPALUH.

B cratee [17] ommcan mpubop 1 ucciaepoBanuss BT u Mexanmdeckux
CBOMCTB (MOJyJIsl YIIPYTOCTH, MOJI3YYECTHU M pellaKCcalliy HANpsKEHU) 00pa31ioB
IpU MaJIbIX HAarpy3kax M HU3KHX TeMIleparypax. JTa yCTaHOBKa, pabOTOH KOTO-
poit ynpasisieTr MUKpoOBM, npenctaBiseT co00i KpyTHIBHBIM MasTHUK C PEKHU-
MOM BBIHYKJICHHBIX KOJICOaHH B 00JIACTH YaCTOT 10_5—1 Hz.

Pa3zpabotka [18] maeT BO3MOXXHOCTh TOJy4aTh TEMIIEPATypHbIE M YaCTOTHHIE
cnekTpel BT B pexkxuMe BBIHYXJIEHHBIX KOJeOaHHH MPH YacToTax 10™*-10 Hz B
TeMrepaTypHoM unrepsaie 80—1250 K.

B [19-24] umeeTcs MHOTO AaHHBIX, KOTOPBIE KACAIOTCS OMUCAHUS OTIEIbHBIX
AJIEMEHTOB PAa3JIMYHBIX YacTerd cucteMm uzMepenus BT, B wacTHOocTH MexaHW4e-
CKOM, cucTeM BO30YXIEHMs, perucTpauud U oOpaboTKM AaHHBIX. VX aHanmu3
OUYEHb I10JIE3€H MpHU pa3paboTKe U CO3/JaHMM HOBBIX aBTOMAaTHU3UPOBAHHBIX yCTa-
HOBOK. V3yueHue 3TuX JaHHBIX MOKA3bIBAET, YTO OCHOBHBIM HEAOCTATKOM METOAA
BBIHY>KJICHHBIX KOJICOAHUH, a)ke B YCIOBUSAX aBTOMATH3allMM W3MEPEHUH, sBIIs-
€TCsl CJIOKHOCTh ompeneneHus casura (a3 B obrmactu mH(ppaHu3kux vactor. B
pe3yJbTaTe OH I03BOJISIET U3MEPATH Q_1 C pa3peliecHueM 10 10_4, B TO BpeMs Kak

. 1 -6
MeToJT CBOOOTHO3aTyXaronmx kojaebanuii jaer O ~ 10 .
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KomOuHMpoOBaHHBIE METO/IbI

[Ipu uccrienoBaHuM MIMUPOKOTO KpPyra MarepuasioB (OT MOJUMEPOB /10 CBEpX-
MPOYHON KEPaMUKH) U PEHICHUH Pa3UYHBIX (PU3NYECKUX 3a7ad (OT U3MEPECHHIA
KOA(p(GUIMEHTOB 3aTyXaHHUsl M YOPYTHMX MOJIyJiel 0 M3Y4YeHHs CTPYKTYPHBIX U
($a30BBIX MpeBpalleHni B CHIILHOHEPABHOBECHBIX MaTepuaiax Mpy BHEIIHEM Ha-
Ipy’KeHUH ¥ U3MEHEHUU TEeMIIepaTypbl) HEOOXOIMMO 3a€CTBOBATh YCTPOICTBA,
OCHOBaHHBIC HA Pa3HBIX MPUHIIUIIAX — HMCIIOJIB30BAHUH CBOOOIHO3ATYXAIONINX H
BBIHY)KJICHHBIX KoJjieOaHuil. CerogHsi MMEIOTCS TOI00HBIC YCTPOMCTBA, KOTOPHIC
CIOCOOHBI paboTaTh B MIUPOKOM JUATIA30HE TEMIIEpaTyp, YacTOT U aMIUTUTY/ Je-
dbopmarn. OHM OCHOBaHBI HAa OOBEIUHEHWH B OJIHOM M3MEPHUTEIHHOM CHCTEME
oboux metonoB BT, uTo neixecooOpa3Ho ¢ TOUKU 3peHUs Kak yao0CTBa IMpoBee-
HUS SKCIIEPUMEHTA, TaK U SKOHOMHUU BPEMEHH U CPEJICTB.

OnHO U3 NOIOOHBIX TEXHUYECKUX PEUICHUHN OMUCAHO B aBTOPCKOM CBHJIETEINb-
ctBe [19]. YcranoBka BT moxker paboTaTh B ABYX pEeXHUMax, IpuueM BO30yxke-
HUE BBIHYKICHHBIX KOJIEOAHHUI OCYIIECTBISETCS C MOMOIILI0 PEBEPCUBHOTO JIBH-
ratensa. B.C. bunanndem npemioxkena ycranoBka BT [25] ¢ aHanoruuyHbIMHu BO3-
MOKHOCTSIMH, (DYHKLIMOHUPYIOIIAs B AMANAa30HE YaCTOT 107-1.5 Hz. CoBpemen-
Has cuctema uaMepenus BT gBoitHoro neiictBusi Ha 6aze oOpaTHOTO MasTHUKA
(puc. 4) onucana B [26]. Ilpu cHATOM MasTHUKE OHa PabOTAEeT B PEKUME BBIHYK-
JIEHHBIX KOJeOaHuM, a MpU MOJCOETUHEH-
HOM MasTHUKE — B peXHME CBOOOIHO3a-
TyXaromnmx kKojiebanuii. J[mamazon gactot
107~100 Hz.

B ycrpoiicTBax, pazpaboTaHHBIX aBTO-
Hﬂ pamu [25,26], KpoMe yKa3aHHBIX BBIIIE

MPEUMYIIECTB, CYIIECTBYET €lle U BO3-

MO>XHOCTh MPOBOJIUTh U3MEPEHHUS Ha OJI-
HOM M TOM e o0pa3iie 6e3 ero nepeMoH-
3ep1<ano| | Taka, 4YTO CHWKAET ONACHOCTH HOIOJIHU-
TEIbHBIX MEXaHUYECKHUX BO3JIEHCTBUI Ha

ﬂ Bﬁ oOpazen. Bmecrte ¢ TeM 371ech Takke ecTh
Cricrena , , HEKOTOpble KOHCTPYKTHUBHBIE HEIOCTAT-
BO30Y K ICHHS k. O0a OHM UMEIOT OJUH UCTOYHUK BO3-
(karymka + IIOCTOAHHBIH Oy»1eHus KoneGaHWil, yCTAHOBIECHHBIH B
MArHHT) E— [Lj MEPBOM CITy4yae Ha KOHLIAX WHEPIUOHHOTO
KOpPOMBICIa MasiTHUKA, a BO BTOPOM — Ha

Hecy1ieM ctepkHe (puc. 4). B pesynbrare
Baxum BO3HHMKAIOT MPOOJIEMBI C TeHepalen Ko-

nebaHull COOTBETCTBEHHO MaJOW WK

Puc. 4. Cxema 00OpaTHOr0 MasTHHKA  GOJIBIIOW AMILIMUTYABI. DTO HYXXHO YyYH-

aist u3mepennst BT B pexume cBOOOA-  TpiBaTh NpU CO3JaHMU HOBBIX YHHBED-
HO3aTyXarolmuX U BBIHYKICHHBIX KOJIC- CaJIbHBIX yCTaHOBOK BT
Oanuit

IIporusosec

Wneprmonnsrit
3IEMEHT

Oobpasen

13
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3akJjaroueHue

[Ipoiiasg myTh OT OPOCTHIX YCTPOMCTB, OCHOBAHHBIX HA MCIIOJIB30BAaHUU OJHOM
U3 Pa3HOBUJIHOCTEN KPYTUJILHOIO MAasITHUKA, JI0 CJIOKHBIX aBTOMAaTHU3UPOBAHHBIX
CUCTEM, TO3BOJISIOLIUX MPOBOJUTH U3MEPEHHUS MPU BapbUPOBAHUU IIEJIOTO psiAa
napaMmeTpoB, Hu3kodacTtoTHoe BT cerogHs sBisieTcss MIMPOKO BOCTPEOOBAHHBIM
METOJIOM HEepa3pyILIAONINX UCHBITAHUMN, MPUTOAHBIM U W3YYEHHs] MHOXKECTBA
SBJICHUM ¥ MPOLECCOB U YaCTO HE UMEIOLIUM aibTepHaThBbl. Hanmuuue B HayyHOM
noapasieIeHn ycTaHoBOK BT, peructpupyromux TOHYAWIIME W3MEHEHHS B
CTPYKTYpE M MEXaHUYECKHX CBOMCTBaxX mMaTepualia, CBUACTEIBCTBYET O BHICOKOM
ypOBHE MPOBOAMMBIX 3/I€Ch HccienoBaHuil. BmecTte ¢ TeM, Kak clieqyer u3 mpu-
BEJICHHOTO 0030pa, MMeeTCcsl HEOOXOIUMOCTh B JallbHEHIIEM Pa3BUTUU U yCO-
BEPILIEHCTBOBAaHUH JaHHOTO MeToja. O4eBHIHO, YTO HOBbIE TEXHUYECKHE pelle-
HUSI JTOJDKHBI 0a3MpoBaThCS Ha MOJXOAE, MPEAyCMaTPUBAIOIIEM BO3MOXHOCTb
n3Mmepennst BT B pexxume cBOOOTHO3aTyXalOMIUX U BBIHYKICHHBIX KOJIeOaHUN Ha
OJIHOM W TOM ke oOpa3ie 0e3 ero mepemonTaxa. [Ipu sTom cuctemsl obecrede-
HUS JKU3HENIEATEIbHOCTH YCTAaHOBKH, BO30YXKJIEHUS M PETUCTpalUu KoseOaHui,
yOpaBlIeHUS] U3MEHSEMBIMU TTapaMeTpamMu, 00pabOTKU IKCIIEPUMEHTATbHBIX JIaH-
HBIX JTOJDKHBI COCTAaBJISITh €AMHBIA aBTOMATHU3MPOBAHHBIM KOMIUIEKC, MO3BOJISIO-
MUK TONTy4aTh OOJBIION 00BEM JOCTOBEPHOH MH(pOpMAIMK NPU CPAaBHUTEIHHON
MIPOCTOTE B AKCILTyaTaIHH.
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V.A. Beloshenko, V.B. Primisler, N.P. Pilipenko, A.N. Pilipenko

TECHNICAL LEVEL AND TRENDS OF DEVELOPMENT
OF THE LOW-FREQUENCY INTERNAL FRICTION METHOD

A brief review of development of the low-frequency internal friction (IF) method is pre-
sented. Two basic methods of measurement based on using the torsion pendulum and dif-
fering in oscillation modes have been considered. Merits and demerits of the methods are
shown. New approach to design of the internal friction facility consisting in combination
of both free damping and forced oscillation modes in a single automatic system has been
described.

Fig. 1. Scheme of apparatus based on direct () and inverted (6) pendulum with free
damping oscillations: / — vertical rod, 2 — heater, 3 — specimen, 4 — electromagnets, 5 —
horizontal rod, 6 — weights, 7 — mirror, 8 — optical detector, 9 — light source, /0 — support
wire, /1 — pulleys, /2 — counterweight

Fig. 2. Scheme of automatic apparatus for IF on direct pendulum base

Fig. 3. Generalized scheme of IF automatic apparatus based on inverted pendulum: 7 —
vertical rod, 2 — horizontal rod, 3 — electromagnets, 4 — counterweight, 5 — light source, 6 —
support wire, 7 — optical detector, 8§ — specimen, 9 — heater, /0 — pulleys, // — mirror

Fig. 4. Scheme of inverted pendulum for IF measuring at free damping and forced oscil-
lations
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PACS: 61.43.Dq, 64.60.Qb, 81.07.Bc, 81.10.Aj

B.W. TKaq1, C.l. Pacconos1, T.H. MomceeBa1, B.B. I'Ior|0|31, B.W. CenﬂKOB2

OKCMNEPUMEHTAJIbHOE UCCJIEOOBAHUNE N AHATIMTUYECKOE
OMNCAHWNE KWHETUKN KPUCTAJTTTM3ALNA
B AMOP®HOM CITABE FegsB1s

1,E|,0Heu,|<m7| (PUBUKO-TEXHUYECKUIA MHCTUTYT M. A.A. ManknHa HAH YkpaunHbl
yn. P. Itokcembypr, 72, r. JoHeuk, 83114, YkpanHa

2 . o _ .
YKpauHCKuii rocyAapCTBEHHbIN Hay4YHO-MCCIe40BaTeNbCKUN U MPOEKTHO-KOHCTPYKTOPCKUN
WHCTUTYT FOPHON reonornv, reomexaHukm nu mapkwervigepckoro gena HAH YkpauvHebl

yn. YentockuHues, 291, r. JoHeuk, 83121, YkpaunHa

Cratbsa noctynuna B pegakumio 17 asrycta 2005 roga

Memooamu usmepenus 31eKmpoCOnPOMUGLeHUst U PEHM2EHOCMPYKIMYPHO20 AHATU3A UC-
Ce008aHA KUHEMUKA O8YXCMAOUUHOU KDPUCMAIIUIAYUU (PopmMuposanue Kpucmaiios
o-Fe u Fe3B coomeemcmeenno) amopgroco memaniuueckoeo cniaea (AMC) FegsBrs
npu memnepamype 720 K u onpedenenvl 3uauenus cmpyKmypHvix HAPAMempo8 HAHO-
KOMRO3UMHOU CMPYKmMYpbl, obpazyiowelics Ha nepgoi cmaouu npoyecca. llposeden
AHATU3 KUHEMUKU KPUCMAIU3AYUU C UCHOTIb308AHUEM O8YX AHATUMUYECKUX YPAGHEeHUL,
nepgoe u3 KOmopvix OA3UPYemcs: Ha CYMMUPOBAHUU PedaTbHbIX NPeSPAUeHHbIX 00beMO8
Kadcootl u3 ¢as, a emopoe, NPedoAHCEHHOe 8 HAcCmoAuell pabome, — HA CYMMUPOBAHUU
pacuupennvix 06vemos. Ycmanoeneno, umo 00a ypagHeHus KOPPEeKMHO ONUCHIBAION
Popmy IKCHePUMEHMANLHOU KUHEMUYECKOU KPUBOU, 0OHAKO 6MOpPOl N00X00, VUUMbl-
8arOWULl CMOJKHOBEHUE OUPDPYIUOHHBIX NOJIEl PACHYWUX NePEUUHbIX Kpucmainos o-Fe,
bonee MoUHO NPeOCKA3vlBaem pazmepvl Gopmupyrowuxcs kpucmaiiumos. Ilposedeno
cpagHenue NOTYYEHHbIX 3HAYEHUN KUHEeMUYeCKUx U mepmoOUHAMUYECKUX Napamempos,
ONpedesIIWUX CKOPOCMU 3apodicoerus u pocma kpucmainos o-Fe u Fe3B, ¢ iumepa-
MYPHLIMU OAHHBIMU U NOKA3AHO, YMO pocm Kpucmaiios o-Fe 6 amopgrom cnnage
FegsB 15 koumponupyemces oughghysueti amomos gicenesa.

BBenenne

MeTtannndeckne CIUIaBbl ¢ HAHOKPUCTAIUITMYECKON CTPYKTYpOH, oONamaromiue
YHHUKaQJIbHBIMU COYETAaHUSIMH MHOTHX (DU3MYECKHX CBOWCTB [1-3], siBisAtOTCS HO-
BBIM KJIACCOM MaTEepUaJIOB, UCCIICIOBAHUS KOTOPBIX BaXHBI ¢ (hyHIaMEHTAIbHOM
U IpUKIaIHON Touek 3peHus. OHUM U3 Haubosee pacnpoCTPaHEHHBIX METO/0B
NOJYYCHUs] HAaHOMACIITAOHBIX CTPYKTYp B METAUTMYECKUX CIUIABaX SBISAETCS
KOHTpOJIUpYEMasl KpUCTaIn3anus U3 amoppHoro coctostuust [2,3], 1 3T0 o0cTOSI-
TEJIBCTBO TOBBICUIIO MHTEPEC K M3YUYEHUIO MEXAHU3MOB U KMHETUKH (POPMHPOBA-
HUSI KPUCTAJIJIOB B METAIIIMUECKUX CTEKJIAaX U K pa3paboTKe MaTeMaTHYECKUX MO-
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Jiesiel, OMUCHIBAIOIINX 3TU MPOLECCHl B PA3IMYHBIX YCIOBUAX TEPMUUYECKHX BO3-
NEHUCTBUN.

U3 Tpex usBecTHBIX TUINOB Kpuctauzauud AMC — nonuMoppHOH, 3BTEKTH-
YecKoi U mepBUUHOM [4] — Hambosee > PeKTUBHON IS MONTYyYeHUS HAaHOCTPYK-
TYyp SIBJISIETCA MOCJENHAS, B IIPoLiecce KOTOPOil B cTekse GOpMUPYIOTCA KPUCTATI-
JIBI C COCTaBOM, OTJIMYHBIM OT UCXOJHON MaTpuIlbl. BerencTBue sToro poct mep-
BUYHBIX KPUCTAJIJIOB MIPUBOJUT K MOSIBJICHUIO BOKPYT Ka)J0ro U3 HUX 00OJOUYKU
(muddy3roHHOI 30HBI) C MOBBIIICHHON (MM TMOHWKEHHOW) KOHIEHTpaluel Je-
THPYIOIUX 31eMeHTOB. Hannune muddy3noHHON 30HBI 3aTpyAHSET NOCTYIIICHHE
aTOMOB OCHOBHOTO KOMIIOHEHTa K PACTYILIEMYy KPHUCTANIUTY W TaKUM OOpa3oM
CHIDKAET (BIUIOTH JI0 HYJII) CKOPOCTh pocTa. OTpakeHUEM CIOKHOW HpPUPOJIbI
MEPBUYHON KPUCTAIUTM3AIUH, TIPOUCXOSIIEH ¢ TepepacnpeaeieHueM Jerupyro-
IIMX 3JIEMEHTOB, SIBISIETCS U CJIOKHBIM XapakTep OOJBIIMHCTBA aHAIUTUYECKUX
[5,6] 1 uncneHHsbIX [7] Mozenei, pa3pabOTaHHBIX AJISl OMMCAHUS ATOTO Mpolecca.

BBuay TOro, 9TO COCTaB KPUCTAIUIOB OTIMYACTCS OT aMOpP(GHON MaTPHIIBI, TIep-
BUYHAS KPUCTATM3AIIMS TPEACTABIsAeT COOOM OAMH U3 3TAloB Iepexoja MeTallu-
YECKOT0 CTEKJa B KPUCTALIMYECKOE COCTOsiHME. B pesynbTare 3TOrO mnosiBieHue
KPHUCTAJUIOB APYTux (a3, (GopMUpYIOIIMXCS Ha MOCIESTYIOUINX CTaAUsAX MpeBpaliie-
HUSI, KaK MPaBUJIO, CHI)KAET BBICOKUI ypOBEHb (PU3MUECKUX CBOMICTB, XapakTep-
HBIW )11 HAHOKOMITO3UTHBIX CTPYKTYp (MIEPBUYHBIE HAHOKPUCTAIIBI + OCTaTOYHAS
amopduas marpuna). [1o 3Toi mpuyrHEe MOTHBIA aHAJIU3 YCIOBUNM (POPMUPOBAHUS
HAaHOKOMITO3UTHBIX CTPYKTYpP C OMPEICICHHBIMH MapamMeTpamMu (pa3Mepbl HaHOK-
PUCTAJIJIOB M UX OOBEMHAsl JOJs) JOJDKEH TaKK€ YUYWUTHIBaThb M MOCIEAYIOLINE
craauu kpuctamumzanuu AMC.

O4eBUIHO, YTO AaHAJIW3 MHOTOCTAJUIHON KpPUCTAIIM3AaLUU CTEKOJ SIBISIETCA
JIOCTATOYHO CJIOKHOM 3a/ladyeil, U 10 HEJaBHET0 BPEMEHH YHUCIIO MyOIHUKAIHA 10
9TON TpobiieMe ObUTIO OYEHb OrpaHWYCHHBIM (Hamp., [8]). s omucaHus nByX-
CTaJIMHOTO XapaKTepa Imporecca Kpuctammu3anuu amopdHoro cruiaBa FegsBis
aBTOpBI ATOM pabOTHI 3alMucald BEITUYMHY PACHIUPEHHOTO 00beMa B Kilaccuye-
ckort monenu Kommoroposa—/[xoncona—Moana—Aspamu (KAMA) [9] B dopme
JIBYX CJIaraeMbIX, KOTOPBIE XapaKTEepU3yIOT 00pa3oBaHue O-TBEPAOrO pacTBOpa Ha
ocHOBe xene3a u 6opuaa Fe;B coorBerctBenHO. K coxkaneHuto, CIUIIKoM oOIIHii
XapakTep ONMUCAHUsS MOJAEIU U OTCYTCTBHE YMCIIEHHBIX 3HAUEHUN MapaMeTpoB HE
MO3BOJIAIOT MMPOBECTHU ACTATBHBIN aHAIHU3 PE3yIbTaTOB MOJICIHPOBAHUSI.

Heckobko MHOM MOAXO0 K ONMMCAHUIO0 KUHETUKH JIBYXCTaIUNHON KpUCTAIIN3a-
IIUM METAJUIMYECKHX CTEKOJI ObLT mpejacTaBieH B HeaaBHed pabote [10], aBTOpHI
KOTOPOH NMpPeNIokKUIN CyMMHPOBATh HE pacIIMpPEHHbIE, a pealbHbIe (C YUETOM UX
OTHOCHUTEJILHOTO BKJIaJa) 00bEeMBbI pa3IMYHbIX ()a3, paCCUNTAHHBIE B paMKax MoOJIe-
mu KJIMA. Kak 6s110 mokazado B [10], anauTHBHOE KHHETHYECKOE YPaBHEHUE T10-
3BOJIJIO OMHcaTh (POpMy KHMHETHYECKUX KpHBBIX KpucTtammmmsanuu AMC FegsBig,
nepBasi 1 BTOpast CTaJAMHU KPUCTALTU3ALUU KOTOPOrO CYIIECTBEHHO MEPEKPHIBAIOT-
cs. [Ipu 3TOM 3HaUeHUs] MapamMeTpoB MOJIENHU, ONpPEENICHHbIE ITyTEM COBMEILCHHS
pPacUYETHBIX KMHETUYECKUX KPHUBBIX KPUCTAJUIM3AIMHU C SKCIEPUMEHTAIBHO U3Me-
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PEHHBIMH, ObUTH (PU3MUYECKU Pa3yMHBIMH M XOPOIIO COTJIACOBBIBATNCH C JIHTEPA-
TYpHBIMH JaHHBIMHA. OHAKO WCIIOJIb30BAHHUE B pacueTax OOJIBIIOro YKcia TOJro-
HOYHBIX MapaMeTpPOB M3-3a HEBO3MOXHOCTU HKCIEPUMEHTAIBLHOTO OMpPEEICHUS
CTPYKTYPHBIX XapaKTEPUCTUK (HOPMUPYIOMIHMXCS (a3 CBUACTEIHCTBYET O HEOOXO-
JUMOCTH JIOIIOJTHUTEIBHON IPOBEPKU MOJEIH ABYXCTaAUNHON KPUCTAJUIM3ALIUM.

st aToit menmu Gosiee ya0O0HBIM OOBEKTOM HCCIEAOBAHUN, U3YYCHHBIM B Ha-
crosel padote, siisiercs O6muskuii o coctaBy AMC FegsB15, B koTopom cTaanu
npeBpateHus (hopmupoBanue Kpuctamion o-Fe u 6opuna Fe;B) yetko paznenens
M0 BPEMEHH B U30TEPMHUECKUX YCIOBUAX OTKUTA. JJOMOTHUTEIBHBIM CTUMYJIOM K
anaymzy npoiiecca nepexoga AMC FegsB(5 B kpuctamimyeckoe COCTOSTHUE TTOCITY-
YKHUITU Pe3yJbTaThl UCCIEIOBAHUN MIEPBUYHON KPUCTAILIM3AIMU B 3TOM criase [11],
B paMKax KOTOPBIX B IIMPOKOM JIMATIA30HE TEMIEpaTyp OTXKUTA ObUIH SKCIIEPUMEH-
TaJILHO OMNpeJeNeHbl MapaMeTpbl HaHOKOMITO3UTHOM CTPYKTYyphl M pa3paboTaHa
CPaBHUTEIILHO TPOCTasi aHAIUTUIECKAsT MOJIEITh, ONMMCHIBAOIAs KHHETHKY (hOpMU-
POBaHUS MEPBUYUHBIX KPUCTAIIOB 0-Fe B M30TEpMUYECKHUX YCIOBUSIX.

2. MeToamka 3KCTIePUMEHTA M pPe3yJbTAThI

Jlentet AMC HoMuHansHOTO cocTaBa FegsB1s (2—3 mm mmpuHo#t U mpumMepHO
25 pm ToNIMHOW) OBUTM MOJy4EeHbl METOJOM CIMHHUHTOBaHMS pacillaBa Ha
BpalllaloOLIUICs MEIHBbIA BaloK. PeHTreHorpaduueckue ucciaenaoBaHusi, MpoBe-
JIeHHbIE B (PMIIBTPOBAHHOM KOOAJIBTOBOM M3JIyYE€HUH Ha CTaHAAPTHOM JH(PPAKTO-
metpe JIPOH-3M c aBTOMaTH4eCKOW perucTpanuel, mokasajid, 4To ObICTPOOX-
Ja)KICHHBIE JIEHTHI UMENU aMOP(HYIO CTPYKTYpY.

Kunetuky m3oTepMuueckoil KpUCTAIM3ALUN HUCCIEI0BAIM MyTEM perucrpa-
IIUM YETBIPEX30HIOBBIM MOTEHIIMOMETPUUECKUM METOIOM H3MEHEHUH JIIEKTPO-
conpotusiieHus (JC) neHTOYHBIX 00pa30B, MOIPYKEHHBIX B BaHHY C pacIljlaBOM
NaNQOj3, TemnepaTypy KOTOPOro MOAAEPKUBAIA TOCTOSSTHHOW B mpeaenax +0.5 K.
OTxur B CONISTHON BaHHE oOecrieunBall ObICTPHIA (< 4 S) TporpeB 0Opas3IoB 10
TEMIEPATYPbl U30TEPMUYECKON BBIICPKKU U MPENOTBpAILA] UX OKucieHue. Mc-
X0 W3 OLIEHOK BPEMEHHBIX HMHTEPBAJIOB INEpPBUYHOM Kpuctamnuzauun AMC
FegsB1s B nuanasone temneparyp 628—667 K [11], nng aHanuza noiaHoW Kpu-
CTaJUTM3AIlMU ATOTO CIJIaBa B HACTOSIIEH padoTe BeIOpaiu Temrepatypy 720 K.

Kak BuaHO u3 puc. 1, Ha KpUBOW M3MEHEHUH OTHOCUTENILHOTO JC B 3aBUCHMOCTH
OT BPEMEHHU OT/KUTa MOJKHO BBIJEIHTH JIBA Y4aCTKa MHTCHCUBHOIO CHIkeHUs OC B
uHTepBaax BpeMeHu npumepHo 0-750 u 1000-2000 s. PenrrenomupakimoHHbIC
WCCTICIOBAHUS TIOKA3aJlk, YTO B 00pasiiax, OTOXOKEHHBIX B TeueHne 600 s, Hapsay C
OCTaTOYHOW aMOp(hHOM (ha30ii MPUCYTCTBYIOT CPAaBHUTEIIBHO IIUPOKUE JIMHUM o-Fe
(BcTaBka a Ha puc. 1), B To BpeMs Kak Bbiiepkka B TedeHue 3000 s MpUBOANT K HCUE3-
HOBEHHIO PaccestHUsl 0T aMOp(HOH (ha3bl, MOSBICHUIO pedIieKcoB OOpHIa U YMEHb-
IICHUIO IIMPHHBI TMHUH o-Fe (BctaBka 6). Takum o6pazom, cHmkerne IC mpu 720 K
B JIByX YKa3aHHBIX BBIIIIE BPEMEHHBIX HHTEpBaIaX 00yCIOBICHO (POPMHUPOBAHHEM CO-
OTBETCTBEHHO KpucTayuioB a-Fe u 6opuna FesB, uro cornacyercs ¢ umerommmMucs Jim-
TEpaTypPHBIMU JAHHBIMH IO KPUCTAILUTU3AIUM UCCIIEYEMOro cruiasa [4,8].
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;5“ Puc. 1. I3MeHeHHEe OTHOCUTEIILHO-
~
09F ¢ ro snekrpocomnporuBieHus AMC
so <l|> 40 50 60 70 FegsB1s B mpouecce omkura mnpu
S 8 20,deg 9] T = 720 K. Ha BcraBkax mpen-
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BBugy Toro, uto ynensHoe DC kpuctamumyeckux a3, GOpMUPYIOMUXCS Ha
nepBoi U BTopoil craausix kpuctamnuzanuu AMC FegsB1s, pasznuuno, pis nepe-
cueta u3MeHeHus DC B 3aBUCHMOCTH JIOJIM 3aKPHUCTAJUIM30BAHHOTO 00BbEMa OT
BpemeHH X(f) OblT MPOBEJEH JETaNbHBIN aHAIU3 CTPYKTYpPbI 00pasiia, OTOXKKEH-
Horo B Teuenue 600 s. Ha mepBoMm sTane ananu3za no audpakrorpamme, pparMeHt
KOTOpOIi TIoKa3aH Ha puc. 1 (BcTaBka @), ObUIa paccYyMTaHa MOCTOSTHHAS PEIIETKU
a-Fe (a = 0.28621 nm). Ilyrem cpaBHeHHUs ¢ IpUBEICHHOI B padoTe [12] KoHIeH-
TPAIMOHHOW 3aBUCHUMOCTBIO ¢ YCTAaHOBIIEHO, YTO COJAEpKaHHE Oopa B TBEPIOM
pacTtBope, GOPMUPYIOIIEMCS Ha TIEPBOM CTAIUH MPEBPAIICHUS, COCTABISIET OKOJIO
4.5 at.%. 3aTreM ¢ MOMOILBIO CHENHATBHOM IMpOrpaMMbl YIiioBas 3aBUCHMOCTb
paccesHoro u3nyudenus /(0) B nnamazone yrioB 20 = 30—75° Oblna pa3aeneHa Ha
BKJIa/1bI OT amop¢Hoi Matpuibl u tuHuu (110) a-Fe. I oneHKr oTHOCUTEIhHOM
JIOJIA KpUCTAIUTHYeCKOr (a3bl oTHomeHue mromnaan nuka (110) xk obmieit mrora-
11 KpuBoi /(0) OBLIIO OTKOPPEKTUPOBAHO C YUETOM Pa3IUIHs XUMHUYECKUX COCTa-
BOB (M, CJIEJIOBATEIHbHO, aTOMHBIX (DaKTOPOB PACCESTHUS) KPUCTAUIMIECKON U OC-
TaTouHOM amopdHoil (a3 [13] B mpeAnosokeHnu, 4To MoClIeHsIs Ha 3aBepliaro-
IIMX 3Tanax NepBOM cTaiuu KpucTamu3auuu coaepxur 25 at.% B [14]. Cpennuii
pa3Mmep (L) KpUCTaINTUTOB TBEPJIOTO pacTBOpa Ha ocHoBe a-Fe, chopmupoBaHHBIX
Ha nepBoii craauu kpuctaumzauud AMC FegsBs, Obl1 paccunTan mo COOTHO-
mennto CenskoBa—Illeppepa [14]: (L) = 0.9A/(BcosO) (rae 6g — yrimoBoe moo-
x)eHue peduekca, A — JTMHA BOJHBI PEHTITC€HOBCKOTO M3nydeHus). 1, HakoHell, 1o
MOJTyYCHHBIM 3HAYCHUSM JIOJIM TIPEBPANICHHOTO 00beMa X, U CpPeIHEro pa3Mepa
KPUCTAIUINTA ObLJIa OIICHEHA 00BEMHAs TUIOTHOCTh KPUCTAIUIOB 0-Fe B 4acTWIHO
3aKPHUCTAUIN30BAHHOM 00pasie Npe < 6Xa/(n(L>3). Pe3ynpTarhl mpoBeneHHOTO
aHaJM3a MoKa3ajiu, 4To nocie uzorepmudeckon Boiaepxkku AMC FegsBis mpu 720 K
B TeueHue 600 s B amopdHOI MaTpuiie GOpPMHUPYIOTCS KPUCTAIIIBI TBEPAOTO pac-
TBOpa Ha OCHOBe o-Fe, cpemHmii pasmep KOTOphIX cocTaBiseT 81 nm, oObemHas
IJIOTHOCTB — 9.3'1020 m_3, a oTHocuTenbHas noust — 26%. Ilpu aTom, Kak BUIHO
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1.0
0.8r
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06l 3oBarHOTO 00BeMa AMC FegsBis ot Bpe-
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u3 puc. 1, ocHOBHOe majzieHue oTHocutenbHoro DC uccaeayemMoro oopasia mpo-

UCXOJUT HA TIEPBOM CTAAMM KPUCTALTU3AINH, YTO OOYCIIOBJICHO 0o0Jiee BBHICOKOM

3JICKTPONPOBOAHOCTHIO KPUCTAIIOB 0-Fe 1o cpaBHeHMIO ¢ 6opuaom FesB.

B npenmnonoxxeHuu, 4To Ha Ka)XIOW CTaUHM KPHUCTAJUIM3ALHMU OTHOCUTEIIbHAS
JIOJIs1 PEBPAIIIEHHOT0 00beMa MPOMOpPLMOHATbHA MAJACHUI0 OTHOCUTENbHOTO JC, U
C HUCIIOJIb30BAHUCM MPUBCACHHOTO BLIINIC 3HAYCHUA Xa B Ka4CCTBC HOPMUPOBOU-
HOTO MHOKHTEJISA, TIO JIAaHHBIM PE3UCTOMETpHUECKOro aHaim3a (puc. 1) Obuia mo-
CTpoeHa KMHeTH4YecKas KpuBas AByxcranuitHoro nepexoaa AMC FegsBis B xpu-
ctaynueckoe cocrosiuue npu 720 K, nokazanHas ToukaMu Ha puc. 2.

3. MopenupoBaHue npouecca KpUCTANIN3AIHA B M30TEPMUYECKHX YCJIOBHAX

JIJIsi KOMMYECTBEHHOTO aHaJK3a IMOJIHOM KPUCTAJUTH3AIMK aMOpP(HOTO CIUIaBa
FegsB 15 mpenmooxum, 9T0, Kak 1 B cirydae amopdroro cruraBa FegsBig [10], 00e
CTaJIUU Tpolecca MPOTEKAIOT OJHOBPEMEHHO M HE3aBHUCHMO APYT OT apyra. s
onucanusi kpuctauzauun AMC FegsB g, mporekaroieil B 1Be CyIIeCTBEHHO
nepeKphIBarouecs craauu, B pabore [10] ObUIO HCIONB30BAHO AaJIUTHBHOE
(cyMMHpOBaHUE peabHBIX J0JIEH MPEBPAICHHS ) KHHETHYECKOE YPAaBHEHHE BUAA

X ()= Xo (e + Xg()(1-c), (1)

I/Ie ¢ — OTHOCUTEIbHOE KOJIMYeCTBO 0-Fe B 00beMe MONHOCThIO 3aKpUCTAILTU30-
BaHHOro 00pasua; X,(f) 1 Xp(f) — BpeMEHHBIE 3aBUCUMOCTH JOJIH 3aKPUCTAJIN30-
BaHHBIX 00BEMOB TBEPJIOTO PacTBOpPa Ha OCHOBE COOTBETCTBEHHO 0-Fe u Gopuaa
Fe3B, 3anucannsie B popmanuzme KJIIMA [9], T.e.:

X;(1)=1-exp(-Kt") =1-exp[- Z(1)], )

1€ KOHCTAHTBI Kun ONpeCaACIIAAIOTCA MEXAaHHU3MOM 3apOKACHUA KPUCTAJJIOB U
PaSMCPHOCTBIO HUX POCTA. B YaCTHOCTH, AJId HaI/I6OHCC TUIIUMYHBIX MCXAaHHU3MOB
KPHUCTALTU3AI[MH METAUTMYECKUX CTEKOJ MyTeM (i) 3apOKICHUS KPUCTAIUIOB M HX
MOCJIETYIOIIEr0 TPEXMEPHOTO pocTa U (ii) pocTa LEHTPOB KpUCTAJUIU3alUU, 00pa-
30BaBIIUXCS B MPOIIECCE 3aKAIKH («3aKaJICHHBIX 3apOBIIIC), MOKa3aTeu IKC-
TIOHEHTHI B YPaBHEHUH (2) UMEIOT BUJ] COOTBETCTBEHHO
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Z(t) = (n/3)IU° (£)e* (3a)

Z(t) = (4n/3)N U3 (1), (36)

rae [ u U — cKOpOCTH 3apOXKJICHUS M pOocTa KPUCTAIIIOB, Ni — YHCIIO 3aKaJeHHbIX
3apojpiiiel B equHune oobeMa. Konkpernsie Beipaskenus s U(f) u Z(t) BoIOH-
paroTcs, UCXO/ U3 YCTAaHOBJICHHOTO MJIM MPENoIaraeMoro MexaHusma Kpucrai-
JN3alUU, U 3TOT BbIOOpP CYILIECTBEHHO BIMSIET Ha (POpMY pacdeTHON KUHETHYe-
CKOM KPUBOM.

N3BectHO [9,16], 4TO POCT KPUCTAIJIOB, COCTAB KOTOPHIX OTIUYEH OT COCTaBa
MaTEepUHCKOM (a3bl, KOHTpoiUpyeTcs: oobeMHON auddysueit, u paguyc pacrty-
el YacTUIIbl UMEET MapaboIMYECKy0 3aBUCUMOCTbh OT BPEMEHU OTKura (ypas-
HeHMe 3uHepa):

Rz (1) =2z Dyt , (4)

rae Dy — xodddumment odopemuon auddys3un npumecu; Az — KOIPPHUIUEHT, 3a-
BUCSIIUN OT KOHIIGHTpaLUu npuMecu B kpuctaiuute Cp, Ha ero rpanuue Cr u B
matpuiie Cys cnemyroum obpasom [16]:

hy =[2(C; -y )IC; - Cp)] 2. (5

Heo6xonumMo OTMETHTH, YTO KOPPEKTHOCTHh ypaBHEHHS (4) ObLIa MOATBEPIKIC-
Ha SKCIepUMEHTaNbHO [17] Ha npuMepe U3MepeHni CKOPOCTH NMEPBUYHOIO pocTa
KPUCTAJIJIOB TBEPJOro pacTBopa Ha ocHoBe a-Fe B psine AMC. AHanu3 KMHETUKU
nepsuuHoi kpuctaumzauun AMC FegsB1s npu Temneparypax 628—667 K noka-
3an [11], uTo 3TOT mpolecc MPOUCXOAUT IyTeM POCTa 3apoibliieii, 0Opa3oBaB-
mMxcst B aMopdHOi ¢aze 10 Hauana U3MEPEHUH, T.€. €ro KHHETUKA XapaKTepu3y-
eTcs komOuHanuel Beipaxkenuii (2), (36), (4) u (5):

X (1) =1—exp|-(4n/ 3N, B2 (1) 6)

HecnoxHo BuaeTh, 4To 3HaUeHUs Bcex mapamerpos (¢ = 0.26, Cp = 0.045, Cy =
=0.15, C; = 0.25 u N+ = Ng¢), Bxoasamux B ypaBHeHus (4)—(6), 32 UCKIIIOUCHHEM
ko Punmenta nuddy3un, KOHTPOIUPYIOIIETO POCT KpUcTaLUTOB 0-Fe, Obutn
OIIpEZCIICHBI B IIPEABIAYIIEM pa3elie.

Bropas cragusa xpucrammmzanuu AMC FegsBjs 3akmouaerca B ¢popmupoBa-
HUU KpucTauioB Oopuaa FesB B ocratounoil amopdHoil Matpuie, coaepKamiei
25 at.% B, T.e. sBusiercss nomumopdHBIM npeBpameHuemM. CKOpOCTh pocTa B TO-
JIUMOP(HBIX MpeBpaIIeHUAX KOHTpoaupyercs nuddy3uei Ha rpaHuLe paszena u
OTHCHIBACTCS BEIpaKeHUEM [9]:

Ug(t) = (Dy/ ag ){1 - exp(— IA;T;H , (7)
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rae Dp — koodduuuent nuddysun Ha rpanuue 3apoabiu—amopduas dasa, ap —
CpeIHEEe MEXATOMHOE PACCTOSHUE, R — yHUBEpcallbHas ra30Bas MOCTOsiHHAA, AG —
Pa3HOCTh TEPMOJMHAMHYECKUX IMOTEHIIMAIOB MATEPUHCKON (aMOpdHOI) U KpH-
crayuindeckoi ¢a3. [locnenusst BenmuunHa st OONBIINX OTKIOHEHUH OT paBHOBE-
CHSl ONPEAECIIAETCS TEIUIOTON IIJIaBJICHHS U TEMIIEPaTyPHON 3aBUCUMOCTBIO Pa3HO-
CTH TEIUIOEMKOCTEH KHUIKOHN (aMOp(HON) U KPUCTATIINYECKOH (a3, 3HAUEeHUs KO-
TOPBIX ISl OOJIBIIMHCTBA METANIMYECKUX CIUIaBOB HeW3BecTHHI. [losTOoMy B Ha-
cTosiiel paboTe TepMOJIUHAMUYECKYIO JBHKYIIYIO CHITy KpHCTaIIM3aluu 6opu-
Jla PacCUUTBHIBAIU 10 NMPHUOIMKEHHOMY COOTHOILEHUIO, BBIBEIEHHOMY B pabore
[18] mwist MEeTAITUYECKUX CIUIABOB:

2AH,T(T, —T)
T, (T, +T)

AG = , (8)
rje TermioTy miasienust AH,, ouenuBanu kak AH,, = 1.2RT,, [19], a B kauecTBe
TeMIeparypbl miaBieHust 1, Opanu Temmeparypy JukBuayca cmiaBa Fe7sBos
(1628 K) [20].

[IpeaBapuTenbHO MPOBEACHHBIE PACUYEThI MMOKA3AIH, YTO HCIOJIb30BaHHOE IS
AMC FegyB 14 npennonoxxenue [10] o Tom, 4To KpucTammu3anus OOpuaa mpouc-
XOJIUT IyTEM POCTA 3aKaJEHHBIX 3apOJbIIIEH, HE MO3BOJSET KOPPEKTHO OMHCATH
dbopMy KMHETHYECKON KPUBOHM KpHUCTAJUTM3AIMK HccleayeMoro crekna. [lo aToi
NPUYMHE [JI ONMHUCAHMS KWHETUKH (popmupoBaHusi OopumaHoi (aszer B AMC
FegsB15 Obpu1n ricnonb30Banbl KoMOUHAIMS ypaBHeHHH (2), (3a), (7), (8)

Xp(6)=1- exp[—ZIBUg (t)tq )

U TIPE/TIONIOKEHUE, YTO 3aposkaeHne KprctauioB FesB mpoucxoaut mo romoreHHo-
My MEXaHH3MY, KOTOPBII OMUCHIBACTCS KJIACCHYECKUM ypaBHEHHEM BHa [9]:
2
I =7N0DB exp —16—717631/’” , (10)
ap 3 kTAG?
rae Ny — 4uciio aTOMOB B €IMHUIIE 00beMa, V;, — MOJIApHBIN 00beM MaTEPUHCKOMN
¢da3pl, G — yxaenbHas TOBEPXHOCTHAs »HHEpPrus TpaHMIBI pas3zena 3apo-
neim—amopHas ¢asza. PacuetHble 3HaueHus napamerpos Ny, Vy, v ag Ans uccine-
JIYEMOI0 CIUIaBa PaBHBI COOTBETCTBEHHO 9.2-10% m_3, 6.55-10 ° m® u 2.7-107"°
m, a 3HaueHue mIoTHocTH st FesB (p = 7.5-10° kg-m_3), 0 KOTOPOMY ObUIH
CIICJIaHbI ATH OLICHKH, B3SITO U3 paboTsl [21].

Takum 00pa3oM, B MOJEIH, ONMCHIBAIONIECH KHHETUKY TOJHOW KPUCTaJUTH3AIMU
AMC FegsBis B paMKax aJyTITHBHOTO KHHETHYECKOTO ypaBHeHu (1), HEeM3BECTHBIMU
OCTaroTCs TpU mapamerpa — koddpumuents! qudysun Dy 1 Dg, KOHTPOIUPYIOIIHE
COOTBETCTBEHHO POCT KpUCTALIOB 0-Fe m oOpa3zoBaHme Oopra, a Takke ynelbHas
HIOBEPXHOCTHAs SHEPrHsl TPaHULBI pasziena 3apoplm—amopdnas ¢aza o. Cremyer
OTMETHTh, YTO W3-32 OTCYTCTBUSI HAICKHBIX TEOPETUUECKHX ITOJXOOB JUIS OLECHKU
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ATUX BEJIMYMH OHHM OCTAIOTCS MapaMeTpaMu MOJEIH U OIICHUBAIOTCS ITyTEM CpaBHE-
HUSI PACUETHBIX M AKCIIEPUMEHTANbHBIX JaHHBIX. [lockonbky dopmupoBaHue Kpu-
ctaioB o-Fe u FesB B nccnemyeMoM cruiaBe mpOMCXOAWT paslieinbHO, TOT METOJ
MO3BOJISIET MPAKTUYECKH OJTHO3HAYHO OIPENIEIUTh 3HAUCHUSI HCKOMBIX MapaMeTpOB.

PacueTsl noka3zany, 4To ONMCaHWE KUHETUKHM KPUCTAUIM3AlUMU B PaMKaX ypaB-
HeHus (1) maeT BO3MOXXHOCTh YJOBIIETBOPUTEIHHO OMUCATH GOPMY IKCIIEPUMEH-
TaJIbHOM KMHETUYECKON KpuBOW. Hanmyuiiee coBnajgeHne SKCIEPUMEHTAIBHON 1
pacueTHON KMHETHYECKUX KPUBBIX (CIUIOLIHAS JIMHUS Ha PUC. 2) ObLJIO JOCTUTHY-
w6 =02526Tm
2. Crnenyetr oTMETHUTB, YTO MOJYYEHHOE NOArOHKOM 3Hauenue D, npu 720 K noc-
TAaTOYHO ONHM3KO K K03(pduumeHty 3zepHorpannyHoi auddysuu xenesa B KpH-

TO TIpH 3HAYCHUSIX Dy = 1510 m*s ™, Dg = 8.610"" m’s

CTaJUIMYECKHX cruiaBax Fe—B (0.9-10_1 m ~sfl) [22], KOTOpPBIA OBLT UCIIOIB30BaH
B pabote [10] nns onucanus kpuctammzanun AMC FegyB1g B nuanazone temme-
paryp 651-685 K, u mpumepHO Ha /1Ba mopsijka Beime koddduimenta quddy3un
Ha TpaHMIe aMop(HOH M KpUCTAIIMIecKoi (a3 Dg, YTO COrNIacyeTcs ¢ aHajo-
TUYHBIMHU olleHKamu [19]. dusnuecku pasyMHBIM TPEICTABISIETCS M 3HAYCHUE
yAETHHOU MeX(pa3HOW MOBEPXHOCTHON IHEPTUHU, KOTOPOE HECKOJBKO BBIIIC, YEM
c =023 J-m_z, npuBegeHHoe B pabote [23] mus yucToro skenesza. PacdeTHblit
pa3Mep Kpucramia 6opuja B KOHIIE MOJIHOTO NMpEBpallleHusi COCTaBIsul 5.8 um,
YTO COTJIACYETCsl C JAHHBIMU SJEKTPOHHOW MHKPOCKOMHH O POCTY KPUCTAIIOB
Fes;B B amopduom crunaBe FegsBi4 [24]. OnHako pacueTHble 3HaYEHUS pa3MEpoB
kpuctauioB o-Fe B xoHIe meppoit craguu (250 nm) okaszaauch NMpUMEpPHO B 3
pa3a 6osbllie, 4YeM MOy4YeHHBIE 110 peHTreHorpaduyeckuM AanHbM (81 nm).

AHanu3 nokasaj, YTo OTJIMYME PACUETHOrO 3HAUEHUS pa3Mepa KpUCTauIUTa OT
9KCIIEPUMEHTAIFHO U3MEPEHHOT0 OOYCIOBIEHO TEM, YTO ypaBHEHUE (4), OMHCHI-
BalOIlle€ POCT EJUHUYHOTO KpHUCTAUIUTa B OECKOHEYHOW MaTpule, SBISIETCA
CIIMIIKOM TPyObIM TPUOIIKEHUEM Mpollecca MePBUYHOM KPHUCTAIM3AlNHU, TO-
CKOJIbKY HE YYHUTHIBACT TOPMOXKEHHE POCTa 33 CUET CTOJKHOBEHHS IU((y3UOH-
HBIX ToJei [5]. Yder aToro siBneHus, mpoBeACHHBIN B padote [11], moka3zan, 4yTo B
JAHHOM CJy4yae 3aBUCHMMOCTb pajJuyca KpPHUCTaUIUTAa OT BpeMeHU oTxkura Rpl(f)
YIOBJIETBOPUTENILHO OIMUCHIBACTCS BHIPAKEHUEM BUAA

RH(t)=MAHRS[1—eXp(— 3xHDaz/R§)]l/2, (11)

rae Ay = [(CI -Gy (C —CP)]1/3, 2Rg — paccTostHHE MEXIY LIEHTpaMH KpHu-
ctauToB. Cieyer OTMETUTh, UTO B mpezene Rg — o (pocT €JUHUYHOTO KpH-
cTajuta B OECKOHEYHON Marpuie) cooTHomnenue (11) mepexoauT B MCTONb30BaH-
Hoe BhIle ypaBHeHue (4). Kpome Toro, B pabote [11] O6bu10 MOKa3aHo, YTO KHHE-
TuKa popmupoBanus kpuctamutoB o-Fe B AMC FegsBis B ananazone temmepa-
Typ 628—667 K y10BIETBOPUTEIHHO OMUCHIBAECTCS YPABHEHUEM

xPw=1- exp[— (41/3)N, R, (z)], (12)
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KOTOpOE TpeAcTaBisieT co0oif KoMOMHaIM0 cooTHomenuit (2), (36) u (11). Ilpu-
MeYaTeabHO, YTO PACHIMPEHHBIM 00BhEeM (IOKa3aTelb SKCIIOHEHTHI) B YPaBHCHHH
(12) sBHsieTCs KOHEUHOW BETTMYUHOM, T.€. TIPU { — 00 CTPEMUTCS K HEKOTOPOMY KO-
HEYHOMY 3HAYCHHIO, OMPEACIIEMOMY BEIUYUHOU Ryt — o0). DTO 0O3HAYaeT, 4yTo
npy JIIOOBIX BPEMEHAX OT)KUTAa OTHOCUTENIbHAs JIOJISl MEPBHUYHO KPHUCTALIU3YIO-
nieticst paspl, paccuntaHHas mo ypaBHeHuto (12), Bcerna OyeT MEHbIIE €AHHUIIBL.

C yuyeToM CKa3aHHOTO, MPEICTABIIJIOCh MHTEPECHBIM HCIIOJIb30BAaTh ypaBHE-
nue (12) ansa ananuza nyxcraauitnon kpuctammzanun AMC FegsBis. Omqnaxko,
YYHUTHIBAsT OTMECUEHHBIC BBINIC MPUHIUITHAIBHBIC PA3JIMYUs W3MEHEHUH pacIlu-
PEHHBIX 00BEMOB B ypaBHEHUAX (6) u (12), MbI COWIM TIOTUYHBIM 3alHCaTh KUHE-
TUYECKOE ypaBHEHHUE TIOJHON KPUCTAIUIA3AIUU B BUJIC

X(0)= X2 (0)+ - X7 ()| x,0). (13)

Kak cnenyet u3 Boipaxkenus (11), pacueTsl M3BMEHEHUN paguyca pacTylIero Kpu-
CTaJUIATA C yYETOM CTOJKHOBEHUS MU(PPY3MOHHBIX IMOJICH BKIIOYAIOT JTOTIOJHU-
TeNbHBIN TapaMeTp Rg, XapakTepU3YIOIIUN CpeHee PACCTOSIHHUE MEXAY COCe.-
HUMHU KpHUCTAJUIMTaMU. JTa BEIMYUHA OIpeAeseTcsi 00bEeMHON IUIOTHOCTBIO
KPUCTAIIUTOB (Rg = 1/(Npe)1/3), u B oopasie AMC FegsB;s, oToxkeHHOM B Te-
yenue 600 s mpu 720 K, cocrasnsna 63.5 nm.

Pacyetrbl BpeMEHHOW 3aBUCHUMOCTH JOJU 3aKPUCTANIM30BaHHOTO o0ObeMa B
AMC FegsB1s, npoBeneHHbIE ¢ HCNONb30BaHUEM ypaBHeHHUs (13), mokaszanu, 4ro
OHO, KaK U ypaBHeHHe (1), yIOBIETBOPUTEIHLHO BOCIIPOU3BOIUT (POPMY IKCIIEPH-
MEHTAJILHON KUHETUYECKOW KPHUBOM, OJIHAKO 0OJiee TOUHO XapaKTepHu3yeT KUHe-
TUKY (hopmupoBaHus KpuctamwioB o-Fe (puc. 2). Kpome Toro, 3HadueHune pagamyca
KPUCTAIUINTA B YACTUYHO 3aKPUCTAIUITM30BAHHOM CIUIABE, OTOXKCHHOM B TEUCHHE
600 s mpu Temmneparype 720 K, paccuntanHoe mo ypaBHeHuto (11), cocraBuio
40.8 nm, 9TO MPAKTUYECKH COBIMAMACT C IKCIICPHUMEHTATLHOM OmeHKoH ((L) = 81 nm).

st BeIsicHeHust pusnyeckoro cmbicia kodhduruenta auddy3un, KOHTPOIH-
PYIOLIETO pOCT KPUCTALIOB o-Fe, ObUIO BBIMOJHEHO CpaBHEHUE MPUBEACHHOTO
BhIe 3HaueHus Dy ipu 720 K ¢ ornieHkamu, npeacraBieHHbIME B padote [11] mis
0ojiee HU3KUX TEMIEpaTyp, a TakKe C APYTMMU U3BECTHBIMH U3 JIUTEpPATYphl
orneHkamMu UG Y3MOHHON MOABMKHOCTH. AHAIW3 TOKa3all, 4To 3Ha4YeHue D,
NOJyYeHHOE B HacTosIel paboTe, U JaHHbIE, puBeaeHHbIe B [11], Xopomo arm-
NPOKCUMHUPYIOTCS IMHEWHON 3aBUCUMOCTBIO B KoopauHarax 1g(Dy) ot 1/T (puc. 3).
VYpaBHeHue Thna AppeHuyca, 3allMCaHHOE 0 MapaMeTpaM JUHEWHOU 3aBUCUMO-
ctu, umeet Bua Dy(T) [mz-s_l] =2.9: 103exp(—32050 + 1100/T). Kak mokazaHo Ha
puc. 3, 3HaueHus D,, MOJly4eHHbIE aHAJIN30M KMHETUKH KpHcTauin3auuu o-Fe B
nuana3one Temmepatyp 628—720 K, mocrarouHo OnM3KM K TeMIlepaTypHOM 3aBU-

cUMOCTH K03 duIreHTa 3epHOrpaHuYHON Auddy3un xKene3a Dge B KPUCTAJUIH-

yeckux cruiaBax Fe—B, uzmepennoii npu 6onee Boicokux (973—1173 K) temme-
patypax [22]. Kpome Toro, B o6nactu temneparyp 630—-640 K pesynabTaThl Ha-
CTOSIIEeH PabOTHI MPAKTUICCKU COBITAIAIOT ¢ olleHKamu Dy, [17], cnenaHHbIMHA C
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Puc. 3. CpaBHenue 3HauyeHuii 3ddek-
TuBHOTO KO3 dummenta mubdyzum D,
OIICHEHHBIX 110 KHHETHKE MPEBPAIICHHS B
Hacrosuie padote () u B pabdore [11]
(o), ¢ TeMIrepaTypHBIMH 3aBHCHMOCTSIMHU
D: I — muddyzun 6opa B o-Fe [25], 2 —
paccyuTaHHON MO POCTYy KPHUCTAIJIOB
o-Fe 8 AMC Fe-B [17], 3 — 3epHOrpa-
HUYHOH nuddy3un xene3a B KPUCTAILITH-
yeckux cmnaBax Fe—-B [22]. Cromnas

10° , . . . . JIMHUS — JIMHEHHas anmnpoKCcUMalusl J1aH-
1.40 145 150 155 1.60 HBIX aHaIM3a KUHETHKH TICPBUYHOU KpPHU-
1000/T, K ' CTamM3anuy

UCIIOJIb30BaHUEM ypaBHEHUs (4) MO M3MEpPEHUsIM PaJuycoB KpUCTaiuToB a-Fe,
pactyuux B AMC Fe-B B nuanazone temneparyp 493—-673 K. B To xe Bpems
3HaYeHus1 Kodpduuuenta D,, KOHTPOJIUPYIOMIETO POCT KPUCTAUIUTOB o-Fe B
aMop¢HON MaTpulle, IPUMEPHO Ha MOPSAIOK BhIme Koddduimenta auddysun
6opa B a-Fe [25]. Ecnu paccmaTpuBaTh CTPYKTYpY TPaHMIBI 3€pHA B KauecTBE
aHajora HeyrnopsaouYeHHON aMopdHOU (a3wl, TO OMM3KKE 3HAYeHUS KOAD UIH-

eHToB Dy 1 lee JIaI0T OCHOBAHME INPEAIOJIO0KHUTh, YTO POCT KPUCTAJLIUTOB 0-Fe B

aMOp(HOHM MaTpHIle JUMUTUPYETCS NMPEKIE BCETO NMOCTYINIEHUEM aTOMOB XKeJle3a
(T.e. 6a30BOTO BJIEMEHTA, a HE MPUMECH) K MOBEPXHOCTHU paznena yepe3 auddy-
3MOHHYIO 30HY. DTO (PU3NYECKH pa3yMHOE MPEAIOI0KEHHUE, OJTHAKO JUIs €ro Mpo-
BEPKH HY)KHBI JaJbHEUIINE CUCTEMAaTHUECKUE U3MEPEHUS U OLEHKU Kod(duu-
entoB auddysun. Tem He MeHEe XOopolee coryiacue 3HaueHui D, ¢ IKCIIepHUMEH-
TaJIbHBIMU OLICHKAMHU CBUJETENBCTBYET O BO3MOXHOCTH MCIIOJIb30BaHMs pPa3BUTO-
ro B HACTOSIIEH paboTe MOJEIBHOTO MOIXOAA ISl ONPENEICHUSI 3TOTO BaKHOTO
napameTpa, KOHTPOJHUPYIOIIEro (OpMUPOBAHNE HAHOKOMITO3UTHBIX CTPYKTYDP.
Xopotee cormacue pacyeTHBIX M IKCIIEPUMEHTATBHBIX KHHETHYECKUX KPHUBBIX, 32
UCKJTIOYEHHEM 3aBEpIIAIOIIHMX 3TANlOB BTOPOH cTaguu (cM. pHC. 2), a Takke OJIM30CTh
3HAYEHHUH CBOOOIHBIX MTAPAMETPOB K M3BECTHBIM U3 JIUTEPATYPHI OLICHKAM CBHUICTEIb-
CTBYIOT O KOPPEKTHOCTH IPEIIOKEHHBIX B pabOTE OTHOCUTEIBHO MPOCTBIX MOJIENb-
HBIX TTOJIXOOB IS OITMCAHMS KWHETHKH JIBYXCTAIUIHON KPUCTAIUTU3AIMN aMOP(HBIX
cru1aBoB. OTKIIOHEHHE PAaCYETHBIX KPUBBIX OT SKCIEepUMeHTaIbHOM mpu X > 0.8, Bepo-
STHO, CBSI3aHO C TE€M, YTO OJJHOBPEMEHHO C 3apPOK/ICHUEM H POCTOM KPUCTAJLIOB OOpH-
J1a TIPOUCXOAAT YKPYITHEHHE HAHOMACIUTAOHBIX YaCTHL] MEPECHIIIEHHOIO TBEPIOro
pacTBOpa, a TaKXKe YMEHBIICHHE KOHIICHTPAIMK 00pa, 9TO HE YUUTHIBACTCS B MOJICIISIX.
HecmoTps Ha BHENIHIOIO aHATIOTHIO KMHEeTHYeckuX ypaBHeHwui (1) u (13), onu-
CBHIBAIOIINX KWHETHUKY ABYXCTAQAMWHOW KPUCTAJUIN3AIUN METALTMUYECKUX CTEKOI,
uX (U3MYECKHe OCHOBBI MPUHLUUIHNAILHO paziauyarorcs. CyMMHpOBaHUE peallb-
HBIX TPEBPAIICHHBIX 00beMOB B ypaBHeHuH (1) mpeamonaraet, 4to ooumii 0o0bem
cucteMsl (0Opasiia) pa3zesieH Ha IB€ 4acTH, B KaX/10M U3 KOTOPbIX KPUCTAIUIN3Y-
etcs onpezenenHas (aza. [Ipu sTom pacumpenHbie 00beMbl K0 U3 Ga3 Zy(?)
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v Zp(f) ctpemarcs K OeCKOHEYHOCTH. HampoTus, Kak HECTI0KHO MOKa3aTh, ypas-
Henue (13) 6a3upyercst Ha CYMMUPOBaHUU PACHIMPEHHBIX 00BEMOB:

X(6)=1-exp|- Z, () - Z5 )], (14)

IPY 3TOM PACHIMPEHHBIH 00bEM MEPBUYHO KPUCTAJUIM3YIOMIEHCS (a3bl ecTh KO-
HeyHas Beln4MHa. Takoe orpaHnyeHue o0yciaoBICHO 0COOEHHOCThIO IEPBUYHOTO
MeXaHHU3Ma KPUCTAJUIM3ALMK, KOTOPbIN BCEr/a SIBISETCS JIUIIb YaCThIO MOJIHOIO
Hepexo/ia CTEKOJ B KPUCTAJUINYECKOE COCTOSIHUE, U TAaHHOE OOCTOSTENBCTBO yUH-
ThIBaeTcs ypaBHeHHeM (14). M3 atoro ananusa cienyer, 4To Moaxond, 0a3upyro-
muiics Ha ypaBHeHuu (13), sBnsercst Ooyiee CTPOTUM M, Kak [OKa3aHO BBIIIE,
o0ecreuynBaeT JIy4dllee COrlacue ¢ 3KCIEPUMEHTOM 110 CPAaBHEHUIO C YPABHEHUEM
(1). Bmecre ¢ tem ypaBHenue (13) BKiIrouaeT psj napaMeTpoB, KOTOPbIE MOTYT
OBITh AKCHEPUMEHTAIBHO ONPEENICHbl JUIIb B TOM CiIy4ae, €ClIu CTaJuu KpH-
CTAJUIM3ALIUHU YETKO pa3/IeICHBbI.

Kak nokazano B HacTosiuieil pabore, KWHETUKA MOTHON KpucTtauu3anuu AMC
FegsB15 yaoBIeTBOPUTENBHO OMUCHIBAECTCS B MPEAMNOJIOKEHHH, YTO HA IMEPBOM
CTaJUM Tpolecca MPOUCXOAUT POCT UMEIOIIUXCS B cUCTeMe 3apojsbiuiel a-Fe, a
Ha BTOPOH — 3apOKJeHue U pocT KpuctaiuioB Fe3B. B 1o jxe BpeMs aHaIOrn4HbIN
anamm3 kpucramusanuu AMC FegyBi¢ mokazan [10], 9to 3TOT mpomecc B O61n3-
KOM I10 COCTaBy CIUIaBE MPOUCXOIUT ITyTEM T'OMOI€HHOI'O 3apOXKIAECHUS KpUCTall-
noB o-Fe u pocra 3akaneHHbIX 3apojsiiiel 6opuaa. Cieayer OTMETUTh, YTO Cy-
IIECTBEHHbIE U3MEHEHUSI TEPMUYECKON YCTOWYMBOCTH U MEXaHU3MOB KPUCTAILIU-
3a1uu, 00yCIIOBIIEHHbIE HEOOIBIIMMHU BapHalMIMU COJEpKaHUs O0pa, SBIAIOTCS
xapakTepHoil ocobeHHocThi0 OuHapHbIX AMC Fe—B (namp., [4,24]). Bepostree
BCEero cMeHa MexaHu3MoB kpuctaummsanuu pa3z B AMC FegsBis u FegyBig 00y-
CJIOBJIEHA CUJIbHBIMM KOHLIEHTPALIMOHHBIMU 3aBUCUMOCTSIMU CTPYKTYpbl pacIuiaBa
(CKJIOHHOCTBIO K (POPMHUPOBAHUIO KJIACTEPOB CO CTpyKTypamu, Oomuskumu Kk OLIK u
Fe3B) u ckopocreit 3apoxkaeHusi cooTBeTcTBYOMMX (ha3. OOOCHOBAHHOCTb 3TOTO
NPEINONI0KEHNS TOATBEP)KIACTCS PE3KUM CHIKEHHEM IUIOTHOCTU 3aKaJIEHHBIX
3apoapieit 6opuna B AMC Fe—B npu ymeHblieHnu koHueHTpauuu 6opa ot 20 1o
17 at.% [26] u nosiBnenuem knactepos ¢ OLIK-ctpykrypoii B AMC FegaBi¢ [24].

4. BoiBoabI

1. DKcnepyuMeHTalIbHO MCCIIEJ0BaHA KUHETHKA JBYXCTaJUHHON KpHUCTan3a-
uun AMC FegsB1s mpu 720 K 1 nokaszaHo, 4To Ha EpPBOM CTauu MPEBPALLECHUS
bopMHUPYIOTCSI HAHOKPUCTAILTBI TBEPIOTO pacTBOpa Ha ocHOBe a-Fe, comepikaiue
~ 4.5 at.% B, cpennuii pasmep KoTopbIx coctaBisgeT 81 nm, oObeMHas 10 —
26%, a Ha BTOpOI1 — KpucTasuibl 6opuna FesB.

2. Iloka3aHo, 4TO aJiJUTUBHOE KMHETUYECKOE YpaBHEHUE, CYMMUPYIOIEE pe-
aJlbHBIE TpeBpallleHHbIE 00BbEeMbl (GopMUpYIOUIUXCS (a3, YIOBICTBOPUTEIBHO
OINHKCBIBAET KMHETHKY IMOJHOTO IPEBpAIlEHHs, OAHAKO JaeT NMpPUMEpPHO B 3 pasza
3aBBILICHHBIE OLIEHKH Pa3MepOB HAHOKPHUCTAJLIOB a-Fe.
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3. C ucnonb30BaHUEM MOJEIN KUHETHKU NEPBUYHOW KPUCTAIUIM3ALUH, YUU-
TBHIBAIOLIEH CTOJNIKHOBEHHE AU(P(PY3MOHHBIX IMOJIEH PACTYIIUMX HAHOKPUCTAILIOB,
IPEIOKEHO AIBTEPHATUBHOE KMHETUUECKOE YpaBHEHHE, CYMMHUPYIOIEE pPaCLIM-
pEHHbIE 00BEMBI, U NTOKA3aHO, YTO OHO HE TOJBKO aJJeKBATHO ONMUCHIBAET KMHETH-
Ky JIBYXCTaIUMHON KPHUCTAUIM3ALUH, HO U KOPPEKTHO OLICHUBAET CTPYKTYpHBIE
napaMeTpbl YaCTUYHO U MOJTHOCTHIO 3aKPUCTAJUIN30BAaHHOI'O CILIaBa.

4. IlyreM comocTaBl€HHs PACUYETHBIX U SKCIIEPUMEHTAIBHBIX KMHETUYECKUX
KPHUBBIX HailleHbl 3HA4YE€HUS TEPMOAMHAMUYECKUX U KHHETHYECKHX (aKTOpPOB,
ONpEACISAIONMX CKOPOCTH pocTa o-Fe-KpucTamios, 3apoXkAE€HUS U pocTa KpH-
CTaJUIOB OOpHJA, a TAKXKE MOKAa3aHO, YTO OHU XOPOLIO COMVIACYIOTCS € JIUTEpaTyp-
HBIMU JIaHHBIMHU.

5. binu3kue 3Ha4eHUs OLIEHEHHOTO B pa0b0Te M 3KCIEPUMEHTAIBHO U3MEPEHHO-
ro koa¢duirenTa 3epHorpaHuyHON auddy3un xene3a B craBax Fe—B cBuze-
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V.1 Tkatch, S.G. Rassolov, T.N. Moiseeva, V.V. Popov, B.1. Selyakov

EXPERIMENTAL STUDY AND ANALYTICAL DESCRIPTION
OF CRYSTALLIZATION KINETICS IN AMORPHOUS FegsB15 ALLOY

Kinetics of two-stage crystallization (formation of a-Fe and FesB crystals, respectively)
of amorphous FegsBis alloy at a temperature of 720 K has been studied by resistivity
measurements and the structural parameters of the nanocomposite structure which forms
at first crystallization stage have been determined by the X-ray diffraction method.
Analysis of crystallization kinetics has been performed by using two analytical equations:
the former is based on summing of the real transformed volumes and the latter proposed
in the present study — on summing of the extended volumes. It has been established that
the both equations correctly describe the shape of the experimental kinetic curve, how-
ever, the second approach which accounts impingement of the diffusion fields of the
growing primary o-Fe crystals more precisely predicts the size of forming crystallites.
The obtained values of the kinetics and thermodynamic parameters which determine the
rates of crystal nucleation and growth have been compared with the literature data and it
has been shown that growth of the a-Fe crystals in amorphous FegsB1s alloy is governed
by diffusion of iron atoms.

Fig. 1. Change of the relative resistance of amorphous FegsBs alloy during annealing at
T =720 K. Inserts: the X-ray diffraction patterns of the specimens annealed for 600 (a)
and 3000 (6) seconds

Fig. 2. Dependence of the crystallized volume of amorphous FegsB5 alloy on annealing
time at 7 = 720 K. The dots designate the experimental kinetic curve, the solid and
dashed lines — the curves calculated according to equations (1) and (13), respectively

Fig. 3. Comparison of the values of the apparent diffusion coefficient D, estimated from
the transformation kinetics in the present study (e) and in Ref. [11] (o) with the tem-
perature dependences of D: [ — diffusion of boron in a-Fe [25], 2 — calculated from a-Fe
crystal growth in amorphous Fe-B alloys [17], 3 — grain boundary diffusion of iron in
crystalline Fe—B alloys [22]. The solid line is linear approximation of the analysis of pri-
mary crystallization kinetics data
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T.E. KOHCTaHTVIHOBa1, IE. LIJaTanoaa1, B.A. CTynaK2, N.A. ,D,aHI/IJ'IeHKO1,
I.K BOJ‘IKOBa1, B.A. I'na:syHOBa1

MNEPEPACTIPEOENEHME KOMIMNOHEHTOB
TBEPOOIO PACTBOPA B HAHOYACTUMLIAX

La1_,SryMnO3

1,U,OHeLI,KVIl7I PUINKO-TEXHNYECKUIN MHCTUTYT M. A.A. lManknHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

2)ZI,OHe|_|,|<|/u7| HaLUMOHarnbHbIAN YHUBEPCUTET
yn. YHuBepcuteTckas, 24, r. JoHeuk, 83055, YkpavHa

Cratbs noctynuna B pegakumio 26 mionsa 2005 roga

Memooom emopuunoill UOHHOU MACC-CREKMPOCKONUL NPOBEOCHbL UCCICO08ANHUSL XUMUYEe-
cKo20 cocmasa nogepxnocmu Hanowacmuy Lag 7819 3MnO3 ¢ pasmepamu 12 u 50-100 nm.
DKCnepumMenmanbHo onpedeneno COOMHOuLeHUe KAMUOH08 8 HOBEPXHOCIMHOM Cl0e HAHO-
yacmuy pasnolx pazmepos. QOHApYdiCceno, Ymo Oisk NOBEPXHOCMU YACIUY XAPAKMEPHO
no8blUEeHHOEe cooepiicanue uoHog Sr u Mn, a ux KoHyeHmpayus 3a6ucum om pasmepa
yacmuy. B kxauecmee 803M0uCHO20 MeXaHuzMa nepepacnpeoenetus KamuoHo8 paccman-
pusaemcst npoyecc nogepxHocmuol ceepecayuu. Iloxkazano, umo nabmooaemvlll Hemae-
HUMHDBL COU HA NOBEPXHOCMU YACMUY MOdcem Obimb CHOPMUPOBAH 6 Pe3yibimame yée-
JMUYEHUs. KOHYeHmpayuu uoHo8 Sr u Mn ¢ nogepxHocmuom ciioe 00 3HaA4eHUll, COomeent-
CMBYIOWUX AHMUDEPPOMASHUIMHOMY COCTHOSIHUIO.

Bxrnag moBepxHOCTH B (pu3nyecKre CBOMCTBA MaTeprasa HarJIsSIIHO MPOIEMOH-
CTPUPOBAH B TMPOIIECCE HCCIEIOBAHMS JOMUPOBAHHBIX MAHTAHWUTOB JIAHTaHA
La;_,D:MnO3 (LDMO), nns xotopeix D = Ca, Sr, Ba. bonee 50 net stu coenu-
HEHUS SIBIISIOTCS MPEAMETOM IMPUCTATHHOTO HAYYHOTO WM3y4deHHUs Ojaromaps Ha-
OJr01aeMOM B HUX yAMBHUTEIHHOU KOPPEISIUU MEXKITY IIIEKTPOIPOBOJTHOCTHIO H
MarHetTuamMoM [1]. YactuuHoe 3aMelieHue TPEXBAJCHTHOTO PEAKO3EMEIBLHOIO
MOHA HA JIBYXBAJICHTHBIN IIEJT0YHO3EMENbHBIN MPUBOAUT K BOSHUKHOBEHUIO (ep-
POMAarHUTHOrO ymnopsimoueHusi [2,3] BCIEACTBUE MOSIBICHHUS B SKBUBAJCHTHBIX
KpUCTAIIOrpaUuecKux MO3UIUAX HOHOB Mn ¢ pa3Hoil BajneHTHOCTBHIO. OT co-
CTOSIHUS IIETIOYKH Mn> —O0-Mn*" saBucur 3¢ (HEeKTHBHOCTL (hepPOMArHUTHOTO
oOMeHa MeXIy COCeTHUMH CIIMHAMH, TOCKOIBKY JIOObIe HapYIICHHUS KPUCTAILIH-
YECKOW CTPYKTYPBI IPUBOJAAT K CIUHOBOMY Pa3yMoOpsA0UYCHUIO U HEBO3ZMOXXHOCTH
nBoitHOTO oOMeHa [4]. EctecTBeHHO 007acThiO CTPYKTYPHOTO U CIIMHOBOTO pas3-
YIOPSIOYCHUS SBIISIETCA MOBEPXHOCTh KPUCTA/Ia TOJIIMHOW B HECKOJBKO 3Je-
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MEHTapHBIX SYEEK, KOTOpas CIyX HUT Oy(hepoM MeXAy perysipHOH CTPYKTYpoi
BHYTPEHHETO 00beMa U BHEIITHEH CPEIOi.

D¢ peKT KOIOCCATBHOrO0 OTPUIATEIBHOTO MAarHUTOCOIPOTHUBIICHUS, HaOronae-
MBIl B MOHOKpHUCTa/IaX U TuieHkax LDMO, a1 kepaMHUYecKUx MaTepralioB 3HAUM-
TEJILHO CHIXKaeTcs. [losBiieHre MeXTrpaHyJIbHBIX TPAHUL], a CIE€J0BATEIbHO, YBEIH-
YeHUe J0JIM MOBEPXHOCTH B 00IIeM 00beMe KPHCTAJUIUTa MO CPABHEHHIO C MOHO-
KPUCTAIUTMYECKUMHU 00pa3liaMy MPUBOJT K YXY/IICHUI0 MarHUTOPE3UCTUBHBIX Xa-
pakTepucTHK. B ciiydae HaHO4acTuIl ¢ pazmepaMu MeHee 250 nm MEeHSIeTCs THIT IPo-
BOJIMMOCTH C METAUIMYECKOIO HA TOJIyNPOBOJHHUKOBBIA, U OCHOBHOE BIIMSHHE Ha
TPaHCIIOPTHBIE CBOMCTBA OKa3bIBACT MEXKTPaHyJIbHAs (HU3KOMOJIEBasi) MAarHUTOPE3H-
CTUBHOCTb. J[J11 HAHOYACTHIl C OYEHb MAJIEHHKMMHU pa3MEpaMu pOJib MOBEPXHOCTH
CTaHOBUTCSI TipeobOaatomiell. MarHuTHble UCCIEOBAaHMS CBEPXTOHKUX IMOPOIIKOB
nokasbIBaoT cyneprnapamarautHoe (CIIM) noBeaeHue 1 OTCyTCTBHE HU3KOIOJIEBOM
MarHUTOPE3UCTUBHOCTHU MIPU TEMITEpaType Bbilie Temieparypbl CIIM.

N3yuenne MaraeTu3mMa HaHOpa3MEPHBIX MaHTaHUTOB Lag 7Sr) sMnO3 (LSMO),
IIPOBEJEHHOE YYBCTBUTEIbHBIM K JIOKAJIBHOMY CIIMHY U 3apsIOBOMY COCTOSIHUIO
METOJIOM SIJIEPHOTO MarHUTHOTO pe3oHaHca (FAMP) [5,6], moka3zaino, 94To moBepX-
HOCTHBIN CIIOM I'paHyJl SBJISAETCS MarHUTHO-MEPTBBIM. MccienoBanue ocoOeHHO-
CTEW CTPOEHUS BHEIIHETO CJIOS YacTull HaHonopoimkoB LSMO u ux cBsizu ¢ mar-
HUTHBIMH CBOMCTBAMHU SIBJISICTCS LIEJIbIO HACTOSIIEH pabOTHI.

W3meHeHus1 COCTOSIHUSI TOBEPXHOCTHOTO CJIOSE B HAHOPA3MEPHBIX MAaHTaHUTaX MpH
U3MEHEHHH pa3Mepa YacTHIl ObUTM MU3y4YeHbl METOJIOM BTOPUYHONW MOHHOHM Macc-
cnektpockonuu (BUMC). O6pasubr S1 (pazmep wactuir 12 nm) u S2 (Gumonanb-
Hoe pacnpenenenue yactuil 1o pazmepam 50 u 100—200 nm) npuroToBiIeHbl XUMHU-
YECKHM METOJIOM COBMECTHOTO OCaXIEHHsI ¢ ucnoib3oBaHneM CBY-narpeBa u
yIbTpa3ByKoBoi 00paboTk [7]. IIpu M3roToBIeHUN MOPOIIKOB B KAYECTBE UCXO-
HBIX PEAreHTOB B3SITHI XuMudecku uncthie LayO3, Mn(NO3)3;6H,O u SrC1,2H,0 B
COOTBETCTBUU CO CTEXMOMETPHEW KOHEYHOro mpoaykra. OcaaurensiMu pacTBopa
coneit metaiioB cayxxwin NH4OH n NayCOs. Okuch naHTaHa IpeaBapUTEIIbHO
pacTBOpsIM B a30THOM Kucnote. [lepemeninBanue npousBoauiau B Teuenue 1 h npu
KOMHATHOI Temmeparype. [lomyueHHbIil 00BOAHEHHBINH 0CaJ0K MPOMBIBAIIN B JIUC-
TWUIMPOBAHHOW BOJAE U yAAICHUs TOOOYHBIX NPOXYKTOB peakmuu. [locie
bunbTpaluy TUAPOrenb 00padbaThIBaU yIBTPA3BYKOM M CYUIMIU B MHUKPOBOJIHO-
Boit eun (2.45 GHz, 600 W) 1o nipekpaiieHust i3MEeHEHHsI Beca o0Opasiia.

Opnnodasubiit HaHonopowok LSMO cunte3uposanu npu 600°C. ®a30Bblii co-
CTaB M3ydYaJld METOJIOM PEHTIE€HOCTPYKTypHOro aHanusa. [locpeacTBoM mpocse-
YUBaIoUIeil 31eKTpoHHOoM Mukpockonuu (IITOM) uccnenoBanu MopQoaorudyeckue
0COOEHHOCTH CTPOECHMS YUAaCTBYIOLUX B CUHTE3€ (a3. J{s cpaBHEHUS B KaUeCTBE
oOpa3iia ¢ TOMHUHAHTON CBOMCTB 00beMa MCIONIB30BaIN KEPAMUKY S3, MOTy4YeH-
HYIO 110 TEXHOJIOTUH TBEp10(a3HOTO CUHTE3A C MOCIEAYIOIUM CIIEKAaHUEM.

Ha cepun mammx o6pasmoB S1-S3 mposenenst SIMP-nuccnenoBanus siiep *Mn
[5,6]. YcraHOBIEHO, UTO Il HAHOPA3MEPHBIX KPUCTAIJIOB XapPAKTEPHO CYILIECTBOBA-
HHE JIByX 00sacTeil, OTIMYaIOMXCs MArHUTHBIMU CBOMCTBAMHU, — TOBEPXHOCTH Tpa-
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HYJI U UX BHYTpEHHEro oorema. M3 sSKCrepuMeHTa CIe0Bajo, YTO TOBEPXHOCTHBIN
cioit yactuil 00pasioB S1 u S2 ToMIMHON 0KOJI0 2 NM SBJISIETCS HEMArHUTHBIM U He-
npoBomsmmM. Kpome Toro, B obpasue S2 Hapsly ¢ COCTOSHMEM HMOHA MapraHia
Mn3+/4+, XapakTepHbIM [UTs1 (peppOMAarHUTHOTO MaHTAHWTA JIaHTaHA, B CHEKTpax Ha-
OJro1aiach JTOTIONIHUTENBHAS JIMHHUS, 00YCIIOBICHHAS JIOKATM30BAaHHBIM COCTOSTHUEM
yosos Mn”' B MOBEPXHOCTHOM CII0€ HaHOTpaHyJ (puc. 1,a). ITa IMHUS OTCYTCTBOBA-

Ja B Kepamuke S3 1 HaHOpa3MepHBIX o0pasnax S1 (puc. 2,a).
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LaO IIpy OAMHAKOBOM TEXHOJIOTMU IIPUIO-
TOBJICHHSI OOpa3lloB OTIMYMS B MX Mar-
HHUTHBIX CBOWCTBAX MOIJIM OBITH BHI3BAHBI
TOJIBKO Pa3IMuuMeM B pa3Mepax 4YacTHll,
T.. 00YCIIOBJIEHBI MCKIIOYUTEIHHO BKIIA-
SrO JIOM TOBEPXHOCTHOTO ciosi. J[ist ompene-
JICHUSI COCTaBa MOBEPXHOCTU HAHOYACTHII
LSMO c¢ pa3HbIMH pa3zMepaMu UCIOJIb30-
Mn Sr BaH TAaKOW YYBCTBUTCIIBHBIM K COCTaBY
noBepxHoctu MeTof, kak BUMC (puc. 3).
Amnanmu3 mokasan (Tabnuia), 9To Al BCex
La(OH), HCCIenyembIx O6p213}IOB B IOBEPXHOCT-
LaO, HOM CJIO€ TOJIIMHOM 2 nm XapakTepHO
La MOBBIILIEHHOE COJIEpYKaHKe MOHOB St (CTe-
XHOMETPHYECKOMY COCTaBY OTBEYaeT Be-
muunHa 0.43). BakHO OTMETHTB, YTO DKC-
u L_J] b NEepUMEHTAIbHO ~HaOJIoalach  3aBUCH-
MOCTh MEX]ly Pa3MEpPOM YacTHIl U COCTa-
Puc. 3. Cnektp BTOpUYHOM HOHHOM Macc- BOM ITOBEPXHOCTH: C YMCHBUICHHCM pa3-
criekTpockornuu oopasua S1 Lag7Srp3MnO;  Mepa 4acTHIl KOJIMYECTBO HOHOB St 1 Mn
B TIOBEPXHOCTHOM CJIO€ YBEIMYHMBAIIOCH.
3naueHus otHomeHuss Mn/La+Sr, ykazanHsie B Tabuiie, He SIBIISIOTCS aOCOTFOTHBI-
MH (M3-32 c1a00i YyBCTBUTENFHOCTH MeTOAa K Mn KOJIMYECTBO MOCIEAHEro 3aHH-
JKEHO), OJJHAKO TOYHO OIMCHIBAIOT TEHJEHIMIO M3MEHEHMs COCTaBa MOBEPXHOCTHU
NpU U3MEHEHUH pa3Mepa.

W3BecTHBI TpU BO3MOXHBIX SIBJICHUS, CHOCOOHBIX MPUBECTU K CO3/IaHUIO HEOJ-
HOPOJHOCTH COCTaBa B KepammuKe: (a3zoBas cemaparusi, abcopOIus 1 MOBEpXHO-
cTHas cerperanusi (BHyTpeHHss aacopOius). Da3oBas cenapanus IPUHAIIEKHUT K
00BbeMHBIM 3 (eKTaM U ONMUCHIBACTCS COOTBETCTBYIOLIECH (ha30BOW JAMArpaMMOH.
AGcopbuust u cerperainusi MposBISAIOTCS KaK pe3yJbTaT MOJAJEp>KaHUsl paBHOBE-
CHsl Ha MMOBEPXHOCTHU pazfiesia TBEPJIOro Tejla ¢ BHELIHEH Cpeloil nin Ha moBepX-
HOCTH 3€PEH U OIpPENEsIOTCS B OCHOBHOM MPUPOJON CBSI3U aTOMOB WJIM HOHOB B
oOmactu untepgeiica. B ciyuae abcopOrum paBHOBecHe JOCTHraeTcs Onaromaps
KOHTAaKTy MEXJy MapoBoi (a3o0il U MOBEPXHOCTHIO, B TO BpeMs KakK MpPH BHYT-
peHHel agcopbumu — 3a cueT Tu¢Py3HOHHOTO KOHTAKTa MEXIY 00BEMOM TBEp-
JIOTO TeJla U 00J1acThI0 MHTEpdeEtica.

Tabnuma
CoctaB moBepxHOCTHOTO ¢J1051 Lag7Srg3MnO3 no nanabim BUMC
Ob6pa3zery Pasmep Sr/La Mn/La+Sr La;_,Sr,MnQO;
YACTHUIEI, NM
S1 12 0.96 0.77 Lag 51519 49MnQOj3
S2 50, 200 0.90 0.61 Lag 53519 47MnQO3
S3 Kepamuka 0.72 0.51 Lag 59Srg 41MnO3
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[ToBepxHOCTHAs cerperamus MeJI0YHO3eMEIbHBIX aTOMOB B KEPAMHUYECKUX 00-
pasuax nepockutoB BaTiO3 u SrTiO3 6buta oOHapy)keHa SKCIEPUMEHTAIBHO U
onucana B [8]. ABTOPBI IPEAJIOKUIN TEOPETHUECKYIO MOJIETh, B KOTOPOH B Kaye-
CTBE JIBUXKYIICH CHIIbI IIepepacipeie]IeHNs KATHOHOB MEXIy 00beMOM U TIOBEpX-
HOCTBIO YaCTHIl PACCMATPHUBAETCSI CTPECCOBOE COCTOSIHUE KPHUCTAJUIMYECKOU pe-
LIETKU HA TPaHULIEC pa3/ielia ¢ BHEIIHEN cpenor. B pe3ynprare yTpaThl pelieTKomn
TPEXMEPHON TPAHCIALUOHHOW CUMMETPUH B 3TUX MOHHBIX KPUCTAIIMYECKHUX CO-
eIMHEHMSIX PAIOM C MHTEpQeicoM BO3HUKAET OTPHUIATEIbHBIM MPOCTPAHCTBEH-
HBIN 3apsili, KOTOPBIM JOKEH OBITh CKOMIIEHCHPOBAH CIIOEM IOJIOKUTENBHO 3a-
PSAKEHHBIX MOHOB Ha IOBEPXHOCTH. ABTOpaMH IOKa3aHO BIIMSHUE JIETUPYIOIINX
aTOMOB Ha XapaKTEePUCTUKH CETperanuy — Mpu JETUPOBAHUU aTOMaMU C WHOM
BAJICHTHOCTBIO U IPYTMMHU MOHHBIMH pajlycaMH HaOII0aNI0Ch MPEUMYIIeCTBEH-
HOE TepepacipesiefieHue JOMaHTOB B 00JIacTh MOBEPXHOCTH. B aTOM cityuae aBU-
KEHHE OCYIIECTBIISUIOCH HE TOJBKO 32 CUET DJEKTPOCTATHUECKUX CHII, HO U Ona-
rojapsi I€UCTBUIO YIIPYTUX CUJI KPUCTAITIMYECKON PEIIeTKH, BOSHUKAIOMINX H3-3a
pa3auuMs HOHHBIX PAIHyCOB.

Ha ocHoBe naHHBIX HaIEro 3KCHepuMeHTa ObUTH MPOBEACHBI OLEHKU paciipe-
JIeNIeHHsI KATHOHOB MEXJTy MTOBEPXHOCTHBIM CIIOEM M BHYTPEHHHM OOBEMOM Hac-
Tl ¢ pazmepamu S0 u 12 nm. [Ipu onieHkax npenmnongaraiock, YTO YaCTUIA UMEET
cepuyeckyio (popMy, a aTOMbl B TIOBEPXHOCTHOM CIJIO€ paclpeliesieHbl paBHO-
MEpHO, T.€. HET PaJAuaJIbHOrO IrpaueHTa KoHleHTpauuu. COOTHOIIEHNE KaTHOHOB
B 3TOM CJIy4ae ONPEENsIOCh CPEAHUM JUISl CI0s 3HAUEHUEM KOHILIEHTPALUH.

3a enuHUIy oO0BbeMa OBLT MPUHIT 00beM KyOWKa MPUBEACHHONW MEPOBCKUTHOMN
sueiiku ABO;3; (a = 0.39 nm), npuxoasuuiics Ha ogHy (OPMYJIbHYIO €AMHUILLY.
Hcxons n3 pa3mMepoB 4acTUIIBI M TOJIIMHBI TOBEPXHOCTHOTO CJIOSl, MOKHO OBLIO
MOCYUTATh KOJIUYECTBO (POPMYIBHBIX €IUHHUII, MPUXOISIIUXCS HA KOKIYIO U3 00-
JacTe. YueT KOHLEHTPALUMM KAaTHOHOB MO3BOJMJI ONPEAEIUTh U CONOCTABUTH
KOJIMYECTBO SA4YEEK, 3aHATHIX HOHaMU La u St Ha MOBEPXHOCTH U B 00BEME.

Ecnu ucxonuTh U3 TOro, 4TO COOTHOLIEHHUE 3aJI0KEHHBIX MPHU CUHTE3€ KOMIIO-
HEHTOB JUISI KaXKIOH YacTUIBl B CPEIHEM JOJDKHO COXPAHSTHCS, TO oOoraiieHHe
MOBEPXHOCTU TEM WJIM MHBIM 3JIEMEHTOM JOJKHO MPOUCXOIUTH 3a CUET YMEHbIIIE-
HUS €ro cojiepkaHusi B oo0beMe. B oOpasmax ¢ pazmepom vactuil 50 nm, Kak moxa-
3bIBAIOT PACYETHI, ISl TOCTUKEHUS SKCIIEPUMEHTAIbHOW KOHIEHTpallUK B TIOBEPX-
HOCTHOM CJIO€ U3 BHYTPEHHETr0 00beMa HyKHO ObLIIO M3bATh UOHBI St B KOJTUYECT-
BE, COOTBETCTBYIOIIEM 7% OT KOJMYECTBA KPHCTAIUIOTPA(QUIECKIX TO3UINHA JIaH-
TAHOBOM MOJAPEIIETKH, MPUXOAALINXCS Ha 3TOT 00beM. Takas AedeKTHOCTh KaTu-
OHHOM MOJpENIETKN BIOJIHE JOIyCTHMA, U B 00beME NpU pa3Mepax 4acTHIl HE Me-
Hee 50 nm MBI MMeeM 3apsoBbIi OanaHC La?ﬁDom Sr&%Mn%}MnéEOy OTBe-
YAl METaNINYECKOMY COCTOSIHHIO.

Wnas xapTuHa HabmI0OgaeTcs sl yacTHIl ¢ pasmepoM 12 nm. Ha BHyTpeHHMIA
00BEM B 3TOM CITydae MPUXOAUTCS BCETO YETBEPTH OT 0OIIETr0 00beMa JacTHUIIbI.

Toro xomuuectBa CTPOHIMA, KOTOpBIfI HaxoAUuTCd BO BHYTPCHHCM O6’beMe, HC
XBaTacT JIA 3allOJIHCHWA BHCIIHETO CJIOA O KOHICHTpAluWu, Ha6J'IIOI[aeMOI\/’I B
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skcnepumente. Henocratomue 16% MoryT ObITh, BEPOSTHO, CKOMIICHCHPOBAHBI
BBIXOJIOM Ha MOBEPXHOCTh HOHOB Maprasiia. JKCIIepUMEHTAIbHbBIE JTaHHbIC (Ta0-
JUIA) TOATBEPKAAIOT 3TO MPEANnoyiokKeHue. BUaHo, 4To0 MakCUMallbHOE KOJnye-
CTBO MapraHila B MPHUIIOBEPXHOCTHOM CJIO€ HAOIIOAACTCS MMEHHO /Jis HaHO4Ya-
ctuil pasmepoM 12 nm. Paznuume mexay obpasuamu S1 u S2 cocraBiser 20%,
YTO COTJIACYETCS C PEe3yJIbTaTaMH MPOBEICHHBIX HAMH OILICHOK.

[TomydeHHbIe pe3yIbTaThl IO3BOJSIOT OOBSICHUTH MIPUUMHY MOSBICHHS HEMar-
HUTHOTO CJIOSI Ha TMOBEPXHOCTH HaHouactull Lagy7Srg3MnOs. Brixon unoHoB
CTPOHIIMSI B TIPUTIOBEPXHOCTHBIA CJIIOW MEHSET COOTHOIICHHE KOMIIOHEHTOB TBEP-
JIOTO PAacTBOpa U BBIBOAMT €T0 3a TpaHUIly o0iactu (eppOMArHUTHOTO COCTOS-
Hus. Jlenast O1eHKH, Mbl MUCXOWIM U3 3HAYCHUSI CPEIHEH BEIIMYMHBI KOHIICHTpPA-
Uy Sr B TOJIIMHE MOBEPXHOCTHOTO cios. Ha camom pene, kak moka3aHo B [§],
MMEET MECTO TPaJMCHT KOHIICHTPAIIMH B HAMPABICHUH K MMOBEPXHOCTH YACTHIIBI.
3Has CPEHIO0 BEJIMYMHY KOHIICHTPALMKM CTPOHLIUS HA TIOBEPXHOCTH U €€ 3Haue-
HUE BO BHYTPEHHEM oOBbeMe, a TakKe IoJjiaras B TIEPBOM MPUOIMKCHUH 3aBHCH-
MOCTbh BHYTPH MOBEPXHOCTHOT'O CIIOSI JTUHEHHOM, MOKHO OLIEHUTh COOTHOILIEHUE
Sr/La na unTepdeiice. Kak moka3pIBarOT OIEHKH, 3TH BEIMYMUHBI JJI YACTHIL C
pasmepamu 50 u 12 nm cocrasisitor 0.7 u 0.8 coorBeTcTBeHHO. Takue KOHIEH-

Tpammu Ha (azoBoii quarpamme La;_,Sr,MnOj (puc. 4) [9] oTBeuaror antudep-
POMarHUTHOMY COCTOSIHHIO.

' » _ RIM
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Puc. 4. ®azoBas amarpamma MoHOKpHcTamioB La; .Sr,MnO; [9]. Kpucrammmaeckue
crpyktypsl: O, O', O” — opropombuueckue, T — TeTparoHanbHasi, Mc — monoximHHAasL, H —
rekcaroHanbsHas, R — pom0osapudeckas. MaruuTHele cTpyKTypbl: PM — nmapamarauTtHasi,
FM — deppomarautnas, AFM — aatudeppomarautnas, CA — ckomeHHas aHTA(EPPO-
marautHas (canted). DnexTpoHHbIe cocTtosHus: PS — HeomHOpoaHOe (phase separated), [ —
JOU3JIEKTpHYECcKOe (M30IATOpHOE), M — MeTallInYecKoe
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MarHuTHble JOMEHHbBIE CTPYKTYPbl HAHOYACTHUI] UCCIIEyEMbIX MOPOIIKOB, KaK
MOKa3aHo B [6], CyIIECTBEHHO pa3uuaroTcs: st o0pasnoB S1 xapakTepHO MOHO-
JIOMEHHOE CTPOEHHUE, TOTaa Kak /i 00pa3noB S2 — MmyibTuaoMeHHOe. [IpucyTcr-
BUE B 0o0Opa3nax S2 JOKaJIM30BAHHBIX COCTOSHHIMA Mn"*" Moxker GBITH 0OBACHEHO
s dexTamMu COBMECTHOTO EUCTBHS pa3OMEHUs HA JIOMEHBI U TIOBEPXHOCTHOM Ce-
napanueii moHoB Sr. B 3TOM ciyuae Ha MOBEPXHOCTU TPaHyJbl BIOJHE MOXET
HOSIBUTBCS 00JIaCTh, COEpKaIlas TOJIbKO HOHbI Mn"*"

TakuMm 00pa3om, MOSBICHHUE B 00pa3max S2 JIOKATH30BAHHBIX COCTOSTHUAN Mn"**
MO3KET OBITh OOBSICHEHO 00OTAIlIEHHEM MTOBEPXHOCTH HAHOYACTHI] CTPOHIIUEM.

Pesynbratel, mosydeHHbIe B HacTOsIIEH paboTe, na0T MHGOPMAIUIO O Tepe-
pacmpeieieHud KOMIIOHEHTOB TBEPAOr0 PacTBOpa MEXKIY MOBEPXHOCTHIO U 00b-
emoM B HaHouactunax LSMO. HUccnenoBanus metogom SIMS rpynmsl oOpa3iios
nokasaiu, 4To oOHapyxeHHbIH B SIMP-skcriepruMeHTax HEMAarHUTHBIN CIION TOJ-
IIMHOM 2 Nm Ha NOBEPXHOCTU TpaHyJ oOpa3yeTcs B pe3ysbTare ee o0oraiieHus
MOHaMH St U Mn 0 KOHIIEHTpAalUi, COOTBETCTBYIOIINX aHTU()EPPOMArHUTHOMY
COCTOSIHHIO.

G.H. Jonker, J.H. van Santen, Physica 16, 337 (1950).

J.B. Goodenough, Phys. Rev. 100, 564 (1955).

E.O. Wollan, W.C. Koehler, Phys. Rev. 100, 545 (1955).

C. Zener, Phys. Rev. 82, 403 (1951).

M.M. Savosta, V.N. Krivoruchko, 1.A. Danilenko et al., Phys. Rev. B69, 024413 (2004).
V. Krivoruchko, T. Konstantinova, A. Mazur et al., J. Magn. Magn. Mater. (in press).
L. A. Danilenko, T.E. Konstantinova, V.N. Krivoruchko et al., Functional Materials 11,
608 (2004).

S.B. Desu, D.A. Payne, J. Am. Ceram. Soc. 73, 3391 (1990).

J. Hemberger, A. Krimmel, T. Kurz, H.-A. Krug von Nidda, V.Yu. Ivanov, A.A. Mukhin,
A.M. Balbashov, A. Loidl, Phys. Rev. B66, 094410 (2002).

Nk LD =

o

T.E. Konstantinova, G.E. Shatalova, V.A. Stupak, 1.A. Danilenko, G.K. Volkova,
V.A. Glazunova

REDISTRIBUTION OF SOLID-SOLUTION COMPONENTS
IN La4_xSryMnO3 NANOPARTICLES

Chemical composition of the surface of Lag 7Srg3MnQOj3 nanoparticles, 12 and 50-100 nm
in size, has been investigated by the secondary ion mass-spectroscopy method. Cation
ratio in the surface layer of nanoparticles of different size has been determined experi-
mentally. Increased content of Sr and Mn ions, with concentration dependent on particle
size, has been found to be characteristic of particle surface. The process of surface segre-
gation is considered as a possible mechanism of cation redistribution. It is shown that the
observed nonmagnetic layer on particle surface can be formed as a result of increase in
concentration of Sr and Mn ions in surface layer up to values corresponding to the antifer-
romagnetic state.
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Fig. 1. >>Mn NMR spectra of samples S2 (solid line) and S3 (—o—) for 77 K [6] (a) and
TEM-microphotography of Lag7Srg3MnQOs sample S2 (6). Enlarged spectrum fragment
in the region of 320 MHz is shown in the insert

Fig. 2. *Mn NMR spectrum for 77 K [7] (¢) and TEM-microphotography (6) of
Lag 7Srp3MnO3 sample S1

Fig. 3. Spectrum of secondary ion mass-spectroscopy for Lag 7Srg3MnO3 sample S1

Fig. 4. Phase diagram of La;_,Sr,MnOs; single crystals [9]. The crystal structures: O, O’,
0" — orthorhombic, T — tetragonal, Mc — monoclinic, H — hexagonal, R — rhombohedral.
The magnetic structures: PM — paramagnetic, FM — ferromagnetic, AFM — antiferromag-
netic, CA — canted antiferromagnetic. The electronic states: PS — phase separated, / — di-
electric (insulating), M — metallic
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PACS: 62.20.Fe, §1.40.Vw

B.H. BaptoxuH, H.H. benoycos

CBOWCTBA NMOBEPXHOCTHbIX HAHOKPUCTAJINTMYECKMNX
CTPYKTYP, MNMOJNTYYEHHbLIX KOHTPOIIMPOBAHHbBIM COBATOM
nog JABIEHVEM

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpanHa

CTtaTtbsa noctynuna B pegakuuio 25 nonga 2005 roga

Memooom unmerncusHoll niacmuieckou degopmayuu cosuea noo 0aAGieHUeM NOLYYEHbl
NOBEPXHOCMHbIE HAHOKPUCMALIUYECKUE CIPYKMYPbL 8 AYCMEHUme 6blCOKOA30MUCmoul
cmanu. Hccnedosanvt cmpyKmypHO-KUHEmMuyeckue npoyeccvl (OpMUuposanus u cma-
OUTLHOCIU NOBEPXHOCMHBIX HAHOKPUCIATIUYECKUX CIMPYKIMYP.

BBenenne

@opMHpOBaHUE ITOBEPXHOCTHBIX CTPYKTYp, YCTOMYMBBIX K JEHCTBHIO IIpe-
JENbHBIX HAIMpPSDKEHUH, SBISETCS HEOOXOAUMBIM yCIOBUEM MOBEPXHOCTHOTO YII-
POYHEHHUSI MaTEPUAJIOB U CIUIABOB, CIOCOOHBIX PaboTaTh B SKCTPEMAIBHBIX YCIIO-
BUsIX dkcruryaranuu [1,2]. OcobenHo akTyanpHa mpobiemMa, CBsi3aHHast KaK ¢ U3y-
YEHHEM YCJIOBHUH MOIYUYEHHUS], TAK U C UCCIET0BAHUEM CTPYKTYPHO-KUHETHUECKUX
M3MEHEHUH B MOBEPXHOCTHBIX CTPyKTypax. Haubosiee mepcreKTUBHBIM HaIpaB-
JIeHHEM B 3TOH mpobieme gBisieTcs pa3paboTKa in Situ TEXHOJOTHH CIOBUTA IMOJ
JABJICHUEM JUUI1 KOHTPOJIMPOBAHHOIO IMOJIYYEHHUS! MMOBEPXHOCTHBIX HAHOKPHUCTAJ-
JMYECKUX CTPYKTYp B YCIOBHSIX MHTEHCUBHOMW miiactudeckoit aedopmanuu. CyTh
JTAHHOM TEXHOJIOTUH 3aKJII0YaeTCsl B HEMPEPBIBHON PErNCTpalMy BHEIIHUX CTPYK-
Typo(pOpMHUPYIOIIMX MAapaMETPOB U BHYTPEHHUX CTPYKTYPHO-KUHETUYECKUX W3-
MEHEHHUI B IOBEPXHOCTHOM CJIO€, a TaKXe B HaXOKJeHUU (yHKIUMOHAJIHHOU 3a-
BHUCUMOCTH MEXy HUMH.

Llenb paGoThI: MOy4eHHE MTOBEPXHOCTHBIX HAHOKPUCTAIITMYECKUX CTPYKTYp B
YCIOBHUAX MHTCHCUBHOM IJIACTUYECKOH AedopMariuy ciBura moj AaBJICHUEM U in
Situ ¥cceloBaHUE MPOIECCOB UX (popMHUpOBaHHUSL.

JKCNepUMEHT

OCHOBBI 00BEMHOT'O C/IBHTA TIOJT JABJICHUEM U TPUOOTEXHOJIOTHH M3JIOKCHBI B
[3,4]. st ocyliecTBiIeHUs in Situ TEXHOJIOTHH IMOJyYEHHs TOBEPXHOCTHBIX HaHO-
CTPYKTYPHBIX COCTOSIHUI TIPH CABUTE IO IaBJICHHEM pa3paboTaHa M M3TOTOBJIECHA
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yYHHMBEpCallbHasi CTPYKTypHO-IedopMannoHHas kamepa. OHa IMO3BOJISET: a) Je-
dopMupoBath 00paszel] HEMOCPEACTBEHHO B  YCTPOMCTBaX CTPYKTYpHO-
ne(OpMaLMOHHOT0 KOMILJIEKCA ¢ KOMIIBIOTEPHOM 3aMMChI0 KPUBBIX Je(pOopMalny;
0) KOHTPOJHMPOBATH MPOIECC CTPYKTYPOOOpa30BaHUS PE3UCTOMETPUUYCCKUM H
aKyCTUYECKUM METOJaMH; B) HEMIOCPEICTBEHHO CIEAMTH 3a 3Tanamu (GpopMupoBa-
HUSI HAHOKPHUCTAJUIMYECKUX CTPYKTYpP METOJaMU PEHTT€HOCTPYKTYPHOTO aHAJIU3a
(XRD), Bkmtouass manoyrioBoe paccesaue (SAXS) Ha ycoBepIICHCTBOBAHHOM
KoMIbIoTepr3upoBaHHOM qudpakromerpe JIPOH-3 B K| Fe-uznydyenunn.

DU3UKO-MEXaHNYECKHE CBOMCTBA MIOBEPXHOCTH MCCIEA0BAIN METOIAMU KHHE-
TUYECKOTO MHUKPOUHICHTHPOBAHUS W JTMHAMUYECKOW CKJIEPOMETPUU Ha CTPYK-
TYpHO-1e()OpMaAIIHIOHHOM KOMILIEKCE, COOpaHHOM Ha 0asze CTaHIApPTHBIX Pa3phIB-
HeiXx MamuH AJIA-TOO (MMAII20-75) u 2167P-50 ¢ HenmpepbIBHONH KOMIIBIO-
TEPHOM perucTpanueil CTpyKTypopopMHUPYIOIUX MapaMeTpoB. TOYHOCTh H3Me-
PEHHUs CUIIBI 107 N, riryOuHBI BHEAPSHHUS UHIEHTOPA — 10" mm. Ckopoctb npu
negopmanuu KpyueHus BapbupoBanack B npenenax 0.01-1 rad/s; ckopocts nae-
dopmMarn cxaTHs ObUIA TIOCTOSHHOM W PaBHSIIACH 107 s™'. Mcnons3osam 06-
pasibl B BUIE TUCKOB (quametp oopasnoB 5—10 mm, tommuua 0.5—5 mm), KoTO-
pble BHauaje MOoJBEprajil OJHOOCHOMY CKAaTHIO, 3aTeM — IUIacTUYecKou nedop-
Maluu Kpy4YeHUs € 3alaHHOM CKOPOCTBIO. Y CTaHABJIMBAIYU 3aBUCUMOCTD yTIJja Io-
BOpOTa ¢ OT BETUYMHBI KPYTAIIEr0 MOMeHTa M [ pa3iu4HbIX 3HAUYE€HUN Ha-
OpsOKeHUs Ckatus. VI3 MOMEHTOB BpallleHUs] PaCCUMTHIBAIN HAIPSDKEHUE CABHUTra
U OLEHUBAIU KOOPPUIMEHT TPEHUS KOHTAKTHPYIOIIMX MOBEPXHOCTEH. AKYCTH-
YECKYH0 3MHUCCHIO U JIEKTPOCONPOTUBIICHUE U3MEPSIIM HEIOCPEICTBEHHO B IIPO-
11ecce MOBEPXHOCTHOM TUIACTHUECKOU ehopmaIiuu.

Jlist ocyIiecTBIeHUS! MHTEHCUBHON MMOBEPXHOCTHOMW JlehopMaluy NCIOIb30Ba-
JI1 HAaKOBAJIbHU [3] B BUJIE YCEYEHHBIX KOHYCOB M3 METAJUIOKEPAMUYECKOTO TBEP-
noro cruiaBa BK-6. OcHOBHBIM MaTepuanoM HCCle0BaHUs BRIOpaHa BHICOKOA30-
TUCTas CTajlb OJAMHAKOBOI'O XHUMHUYECKOTO COCTaBa, HO C PA3JIMYHBIM COJEPKaHU-
em azora Cy = 0.06-0.6% kax HauboJee nepcrneKTUBHAs B YKOHOMUYECKOM ILjIa-
HE BCJIE/ICTBUE BO3MOKHOCTH 3aMEHBI IE(UIIMTHOTO HUKENS a30TOM.

Pe3yabTathl n 00CyxKaeHNE

[Tomy4eHbI TOBEPXHOCTHBIE CYOMUKPO- M HAHOKPUCTAITUIECKHE CTPYKTYPHI B
BBICOKOQ30TUCTOM CTaIM MPU MHTCHCHUBHOM MOBEPXHOCTHOM AedopManuu Kpyde-
HUS 10/ AaBiieHueM. Pe3ynbTaThl MeXaHMYECKHUX HcclenoBanuii (puc. 1) mokasa-
JIM, YTO KpHUBasi 3aBUCUMOCTH HAIMPSKEHHs CBUTA OT BEJIMYUHBI MOBEPXHOCTHOM
nedopMaIuu KpyueHHsl IMEeT JOCTATOYHO CIIOKHBIN XapakTep.

[IpenBapuTenbHble HCCIEAOBAHUS TOKa3ald OTCYTCTBHUE IPOCKAIb3bIBAHUSA
MEXy MOBEPXHOCTHIO O0pa3lla U HAKOBaJIbHEW NpPU BBIOPAHHBIX CIKUMAIOIIUX
HanpsokeHussx. O0paboTKa KPUBBIX BBISIBUJIA CTaIMHHOCTD TUTACTHYECKOU Jedop-
MaIuu ¥ CTPYKTYpooOpa3oBaHusi. MOKHO BBIICIHUTH CTAIUH: YIIPYTOro B3aUMO-
JEHCTBUSI; JTOKATHHOM TUTACTHYECKOU aedopMalii MOBEPXHOCTH, COMPOBOXKIAC-
MOW JMHAMHUYECKOW peKpHUCTauM3anuei u (gparmeHranueil 1eopMUpOBaHHBIX
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3€peH; TMOBEPXHOCTHOIO CTPYKTYpPHO-
($a30BOro M IUCIEPCHUOHHOTO YIPOY-
£ 0.10- HEHUA (B 3aBUCHUMOCTH OT KOHIIEHTpa-
O LMY IPUMECH a30Ta).

§n OOHapyKeHO, 4TO B yCIOBUSIX TIO-
o BEPXHOCTHOM J1ehopMaItul MPOUCXOIUT
] HCMOHOTOHHOC M3MCHCHHC YIIHUPCHUA

M, ot P, [ Y UHTEHCHUBHOCTH PEHTTEHOBCKUX JIHU-

O~OOO 0'5 ll 0 ll 5 2'0 Hui. g cTanu ¢ MEUHMMAalIbHON KOH-

b, rad uentpamuedt azora (Cy = 0.06%) B
JAHHBIX YCJOBHSX AepopMaiiul Mo
JABIICHUEM B TIOBEPXHOCTHOM CJIOE€
OoOHapy>KeHbl BTOPUYHBIE CTPYKTYPbI
nedopMaliiu, CBsI3aHHBIE C JecTabu-
Iu3anued aycTeHuTa U 00pazoBaHUEM
mapTeHcuTHOU (a3l (puc. 2,a). Cre-
JyeT OTMETHUTb, YTO MOI00HBIC CTPYKTYPhI HE HAOMIOIAIOTCS TIpU JiehopMariii 00b-
€MHBIX (MaCCHBHBIX) 00pa3lloB JTaHHOW CTaJIM, YTO, BEPOSTHO, SABJISAETCS MPOSBICHH-
eM pasmepHoro 3¢dekra. [Ipekpamenne aepopmalum KpydeHus: COMPOBOXKIAIOCH:
1) penakcarmeil HanpspKeHUit; 2) UCYUE3HOBEHHEM aKyCTHUECKOH amuccuy; 3) ctabu-
JM3aLUeN AIEKTPOCOTIPOTUBIICHHUS; 4) CTPYKTYPHO-(Pa30BbIM YIPOUYHEHUEM.

[Tpu naBnenuu, npesbimaromem 1| GPa, nonmonnuTtensHas aegopmanus caBura
NPUBOJAMJIA K 3aMETHOMY YBEJIWYEHHUIO (poHA U BeTUUUHBI 11U (GY3HOTO paccesHUsL.

KonnuectBennas oOpaborka mpoduieit audpakiuoHHBIX JIUHUN B 001acTH
OOJIBIINUX YIJIOB OTPA)KEHHUS C HCIOJIb30BAaHHUEM HE3aBUCHUMBIX M B3aUMOJOINOJ-
HSIOIIMX METOJIOB: aNNpPOKCHUMAaluH (C MOCTpoeHueM rpaduka Xosia), MOMEH-
TOB, YoppeHa—ABepbaxa, pypre-aHanu3za — rokasajna Haluuue HaHOPa3MEPHBIX

2

Puc. 1. 3aBUCHMOCTD HaNpPSDKEHUS CIABUTA OT
yIjla IOBOPOTA HAKOBAIEH IIPU ITOCTOSHHOM
ckopoctu kpydeHus (d¢/dt = 0.01 rad/s) u
pasznuuHbIX gaBneHusx P, MPa: 1 — 100, 2 -
600

41 (111)y-Fe - 3
4' ] w)
2 |(11) y-Fe— =
5 3 531
_g m@, , | (200) Fe;N
MS 2- 2
— ~ 1A
l B
52 53 54 55 56 57 58 59 48 56 64
20, grad 20, grad
a o

Puc. 2. O6pazoBanue mapreHcura B ayctenute (Cn = 0.06%) (@) v BblmageHue nucrepe-
HBIX HUTpUAHBIX (a3 (Cn = 0.57%) (6) B ycIOBHAX MOBEPXHOCTHOM IUIACTHYECKOH je-
dhopmariu pu kpydeHun Ha yroa ¢, rad: / — 1, 2 — 10, 3 — 100; P = 600 MPa, d¢/dt =
=0.01 rad/s
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Puc. 3. KonuuectBennas oOpaboTka u-
(dbpakTorpaMM C BBIACIICHHEM OOJacTH
mud¢ysHoro paccesaus (3): 1 — ¢ = 36 rad,
2—-¢=100rad

MOJMIUCTIIEPCHBIX OJIOKOB MO3aWKH B
MOBEPXHOCTHOM CTpyKType aedopma-
mn (puc. 3). Otu GJIOKM pazMepaMu
nopsiika 40—120 nm 3anuMaroT 6osee
50% ot o0Imero KoiIu4yecTBa CTPYK-
TYPHBIX 3JIEMEHTOB (OMPEAEsIoch Mo
OTHOILLICHMIO TIouIaneil auppaxkiuoH-
HOro MakcumMyMa 1 1uddy3Horo GpoHa).

O06paboTKa yIJIOBBIX 3aBUCHMOCTEN
WHTEHCUBHOCTU TIPU  MaJOyIJIOBOM
paccestHuu (Ha mpumepe ctanu ¢ Cy =
=0.3%) MeToIoM KacaTeIbHBIX B KO-
OpJIMHATaX 1n](@))—®2 (B nuamasone

yriaoB © < A/2nRg) mo3Boauia ornpe-

JCTUTh pa3Mepbl HEOJHOPOIHOCTEH

(mo paauycy uHepuu Rg), UX pacnpeesieHue U YIJIOBYIO pa3opueHTanuio. JIBy-
Mmsa Metogamu XRD u SAXS nmoarBepkaeHo, 4TO CTPYKTypa MOBEPXHOCTHU SIBJIS-
eTcs nonuaucnepcHoi. Kpome Toro, ooHapyskeHa pazopueHTanus 6J0KOB MO3au-
KH B OOJIBIIIOM JHana3oHe yriioB (OT 8’ 10 5° B 3aBHCHMOCTH OT YCJIOBHA jaedop-
MaluM). ODKCHEPUMEHTAIbHO YCTAHOBIICEHO, YTO TMOBBILICHUE AaBleHUs (HOp-
MaJIbHbIE HAIPSDKEHUs1) CIIOCOOCTBYET (POPMHUPOBAHUIO MEITKOOJIOUYHOM CTPYKTY-
PBI CO 3HAUUTENIBHBIM POCTOM MHUKPOHANPSLKEHUH, a MOBBIILICHUE CABUTOBBIX Ha-
NPSOKCHUH BBI3BIBACT YBEJIWYCHUE CTETICHHW Pa30opHEHTAIlMH 00pa3oBaHHBIX OJ0-
KOB MO3auWKH. JTa 00JacTh NaBIEHUN U CABUTOBBIX AedopMalluii MPUBOIUT K
CTPYKTYPHOMY YIPOUYHEHHIO MOBEPXHOCTH. 3HAUYMTENBHOE YyBeIHueHHe aedop-
MaIMy CABHUTa MPHU MOCTOSHHOM JaBIICHUU BBHI3BIBACT pa3pylieHue chopmupo-
BAHHOM MOBEPXHOCTHOM CTPYKTYPBHI.

OO6Hapy>XeHo, 4TO AJIsl MOBEPXHOCTH, UMEIOIIEH Oosiee MeKoe 36pHO B UCXO/-
HOM COCTOSIHWH, TPOLECCHI Pa30pUEHTANU OJOKOB MO3aWKH MPOTEKAIOT HanOo-
Jee MHTEHCUBHO. Tak, A MOBEPXHOCTH C UCXOAHBIM pa3MepoM 3epHa 50 pum
MaKCHUMaJIbHOE 3HAYCHHE YTJIa PA30PUEHTAIINH O BO3PACTACT C 6’ B OTOXIKCHHOM
coctossHu 10 10" B gedopMupoBaHHOM, Ui TIOBEPXHOCTH C pa3MepaMu 3epeH
20 um — ¢ 15 1o 48', ampu 1 um — ¢ 45’ 10 5° npu Tex ke ycnoBusx aedopma-
uu (P = 600 MPa, ¢ = 100 rad, d¢/dt = 0.01 rad/s). bonbmias crenens pasopueH-
Taluu OJOKOB BbI3BAaHA, BEPOSATHO, TEM, YTO BHYTPU3EPEHHOE CKOJIbKEHUE, MPHU-
BOJISIIIEE K JIE30pPUEHTAIIUU OJOKOB MO3aMKH, MHTEHCUBHEE MPOTEKAET B TIOBEPX-
HOCTSAX C MEJIKO3EPHHUCTON CTPYKTypou. IIoCKONBKY 3HAYEHHUS] pa30pPUEHTUPOBOK
OTIPEACTISAIOTCS TUIOTHOCTHIO JUCIOKAIMN B MEKOJIOUHBIX TpaHUIaX, MEJIKOOI0Y-
Has CTPYKTypa, UMerolas OoJiblie MoJ00HBIX TpaHMIl, crocoOCTBYeT oOpa3oBa-
HUIO U OoJiee Je30pUEeHTUPOBAHHOM CTPYKTYPBI Mocie edopMaluu.

B pamkax TOYHOCTH 3KCHEpUMEHTa MOJIy4yeHa JIMHEHHas 3aBUCUMOCTb MEKIY

3HAUEHUAMH CTaTHYECKOH MHUKPOTBEPAOCTH H|, W ypPOBHEM DPa3OpHEHTALMHU O
0110k0B Mo3auKu. [Ipu 3TOM yCTaHOBIEHO, YTO NPU OJHOM U TOM K€ JaBIICHUH,
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HO TIpU pasHBIX CKOpOCTAX aedopmanuu casura d¢/dt MOKHO HOTYUYHUTH pa3IHy-
Hy10 CTpyKTypy. Tak, nedhopmarus npu dd/dt = 0.01 rad/s nmpuBoguT k Gosiee pa-
30pUEHTHPOBAHHON CTPYKType. IIpH 0HOM U TOM K€ YpOBHE JOCTHTHYTOTO YII-
pounenus aedopmanus nmpu Oosbmel ckopoctu dd/dt = 1 rad/s mpuBoguT K Me-
HEE Pa3BUTON MO3aUYHOM CTPYKTypeE 3epeH. BEposTHO, ATO SABIISIETCS CIEICTBUEM
TOT0, YTO TIpH OOJIBIION CKOPOCTH AedopMaluy rIaBHYIO POJib UTPAIOT 3apOKe-
HHE Je(EKTOB KPUCTAIUINIECKOHN PEIIETKH U POCT UX MJIOTHOCTH, a IEpeMEIleHUEe
ne(eKTOB TpH OOJBIIUX CKOPOCTAX Aedopmaruu 3atpyaHeHo. OTpaHUIESHHOCTh
B MEPEMEIICHUN Ie(PEKTOB KPHCTAIUIMYECKOW CTPYKTYpPBI IIPU CKOPOCTHOM nedop-
Maliy, I0-BUAUMOMY, €CTh PE3yJIbTaT MEHBILIETO Pa3BUTHSI MO3aUYHOM CTPYKTYPHI
3epeH. [Ipu Manoif ckopoct nedopMarii MoBOJMMAsT SHEPTHsl YCIIEBAET MOYTH
MOJTHOCTBIO 3aTPAuMBaThHCS HA BHY TPU3EPEHHBIE CIBUTOBBIE MPOLIECCHI.
YcTaHOBIICHHE JIMHEWHOW 3aBUCUMOCT MUKPOTBEPIOCTH OT CTEIIEHU Pa30pUCHTH-
POBKH OJIOKOB MO3aHMKHU 3KBUBAJICHTHO 3aBUCUMOCTH MPOYHOCTH OT T'YCTOTHI JUCIIOKA-
IIMOHHBIX CETOK, 00pa3yloUIMX TI'paHHLbl OJ0KOB. [lOBBIIEHHWE NMPOYHOCTH SKBUBA-
JICHTHO YMEHBIIICHHIO KOA((UIMEHTA JIOKATU3AIUY TIepEeHANPsHKEHUs B 1eOpMHUpO-
BAaHHOM TeJI€ U CBS3aHO C POCTOM TUIOTHOCTH JIUCIIOKAIIUI B TpaHUIax OIoKoB. Pacmay
3epeH Ha (parMeHTHI (OJIOKH ¢ MaJIOYTJIOBBIMU TPAHUIIAMH) TIPU BBICOKHX HOPMaJTh-
HBIX HANPSDKEHUSX M YBEIMYECHHUE UX PA30PUEHTUPOBKHU TPH CIBUTOBBIX HAMIPSKEHUSIX
SBJIAIOTCS B3aMMOCBSI3aHHBIMU TIPOLIECCAMH C KPUTUYECKUMH 3HAYEHUSIMU IMapameT-
poB. [IpeBbilieHre 3TUX MapaMeTPOB MPUBOIUT K OTCIOCHUIO C(HOPMUPOBAHHOM I10-
BEPXHOCTHOW CTPYKTYpbI, HAPYIIEHHUIO CIUIOUTHOCTH, PACTPECKUBAHUIO U, B KOHEUHOM
UTOT'e, K IEPEXO/TY OT BSI3KOTO pa3pyILLCHHs IIOBEPXHOCTHOTO CIIOSI K XPYIIKOMY.
[TpakTryeckuii HUHTEpeC MPEeACTaBISET MOTYUYEHHE MOBEPXHOCTHBIX CTPYKTYD,
CIMOCOOCTBYIOLIMX TOPMOXKECHHUIO U IaKE 3aI€YMBAHUIO TPELIMH. Y CTAHOBJIEHA KC-
NepUMEHTaIbHAs 3aBUCUMOCTh MEXKIY MapaMeTpaMHi BHYTPU3EPEHHOH CTPYKTYpHI
(pa3mepbl OJIOKOB, YrOJ pa3OpPHEHTALUH) U CONPOTHBISEMOCTHIO TOBEPXHOCTHOM
CTPYKTYPBI 3apOKACHUIO U PACIPOCTPAHEHHUIO TPEIIMH 0 OIIEHKE BEJIWYMHBI KpH-
TUYECKOTr0 KOd(pUIMEHTa UHTEHCUBHOCTU HAINpsDKEHU K. METOJ0M MUKPOWH-
JICHTUPOBAHUSL. DKCIIEPUMEHTAIBHO OOHAPY)KEHO, YTO YEM MEHBILIE pa3Mepsl 0J0-
KOB M OOJIbIIIE UX PA30pUEHTAIUs, TEM BBIIIE KOIPPHUIIMEHT TPEUMHOCTONKOCTH
Kj.. OgHako 3Ta 3aBUCHMOCTH BBITIOJHSAETCS 10 OMpEACTICHHBIX 3HAUYEHUI mapa-
METPOB MOBEPXHOCTHOM CTPYKTYpPBI — 4eM OoIibllie BenudnHa K., TeM JydIlle Io-
BEPXHOCTHASI CTPYKTYpa COMPOTUBIICTCS Pa3pyIICHNIO U TeM IpU OOJIbIIEeH TTHHe
TPEUINHBI ¥ TIPU OOJIbILIEM HAMPSKEHUU MTPOUCXOIUT pa3pyllIeHHe. ITO OTKPHIBAET
BO3MO>KHOCTH TIOBBIIIICHNSI MEXaHMUECKHX CBOMCTB OOBEMHBIX MAaTEPHAIOB ITyTEM
(dbopMUpOBaHUS TOBEPXHOCTHBIX CTPYKTYP C MOBBIIICHHON TPEUTMHOCTONKOCTHIO.
B m30TepMuYecKuX yCIOBHAX pa3Mephl OJOKOB MO3aUKH M MIX Pa30pUCHTAIUS
YOPaBISAIOTCA BHEIIHUMU CTPYKTYPODOPMUPYIOIIUMHU MapaMeTpaMu, TAKUMH Kak
HANPSDKEHUST CKATHSA, CABUTAa U CKOPOCTH WX HM3MCHCHHSI, KOTOPBIC SIBIISIOTCS
Haubosee BaXHBIMU (hakTOopamu (GOPMUPOBAHUS MOBEPXHOCTHBIX CTPYKTYp, OI-
peneNnsIomuX CTPYKTypHOE yIpOYHEeHHe moBepxHocTH. [1o Mepe dopmupoBanus
MOBEPXHOCTHBIX HAHOKPHUCTAJUIMYECKUX CTPYKTYpP B 3aBUCUMOCTU OT KOHIIEHTpa-
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IIUM a30Ta B MaTepualie TTOBEPXHOCTHOTO CJIOSI OCYLIECTBISIETCS MEPexoa OT Me-
xaHu3Ma ckonbxkeHus (ms Cy = 0.06%) Kk TBOWHUKOBAHUIO U POTALMOHHOMY
MeXaHm3My Iactadeckoit aedopmammu (s Cy = 0.3—0.57%). B mokanbHBIX
30HaxX (haKTHUYECKOH MIOMAAN KOHTAKTa MPOUCXOAUT (POPMUPOBAHUE BTOPHUUHOM
CTPYKTYpPBI TIOBEPXHOCTHOTO CJIOSI C TIOBBIIICHHOW KOHIEHTpamuei a3ora (BTO-
puusblil aycteHuT A Cy = 0.06%) 1 MHULIMMPOBAHUEM NPSMOTO U OOPATHOTO
MapTEHCUTHOTO MPEBPAILIEHUS, BBI3BIBAIOIIETO a30THO(A30BbII HAKIIETI.

OOHnapyxeHHbI () (eKT He MPOSBIAETCS Ha MACCHBHBIX 0Opa3lax mpu Je-
dbopmaru B aHATOTHYHBIX ycnoBusax. Jis ctanu ¢ Cy = 0.3-0.57% macmraOHbIi
a¢dexT u oOpazoBaHNEe BTOPUYHBIX CTPYTYp MpPH MHTEHCUBHON MOBEPXHOCTHOM
negopMannu CBS3aHBI C HA4YaJOM BBIMAJCHUS HUTPUAHBIX (a3 (cMm. puc. 2,6) B
MOBEPXHOCTHOM CJIO€ U MHUIIMHUPOBAHUEM TUCIIEPCUOHHOTO YIIPOYHEHUS.

Crnemyer OTMETHTbH, YTO MapTEHCUTHBIC MPEBPAIICHHS W BBINIAJICHUEC HUTPH/I-
HBIX (a3 He yJIanoch HHUIIMUPOBATH MPU 00BEMHOM Ae(OPMUPOBAHUU 00PA3IIOB
B QHAJIOTHYHBIX YCIIOBHSIX JIe(hOpMAaIIHH.

In situ MeToIaMy KMHETUYECKOTO0 MUKPOMHJIEHTUPOBAHUS (pUC. 4) U AMHAMU-
YECKOM CKJIEpOMETpUU OOHAPY’KEHO, 4TO (PU3MKO-MEXaHUYECKHUE CBOMCTBA IO-
BEPXHOCTHBIX CIIOEB HEOAHOPOIHBI MO TommuHe. CHopMUpoOBaHHBIE CTPYKTYPHI
SIBIISIFOTCSI TPAAMECHTHBIMH.

Hns cranmu ¢ Cny = 0.3-0.57% npu 3HaUUTENbHBIX AePOpMaIUIX CTPYKTYpHOE
YIOPOYHEHHE MOBEPXHOCTU HAMHOI'O OOJIbIIIE, YeM MPH MaJIbIX, a JuIst cTaiu ¢ Cn =
= 0.06% — Haobopot. st 0Opa3IoB BEICOKOA30TUCTON CTaIW BBHIOPAHHOW TOJ-
mmHEL (He 6onee 1 mm) u 3agaHHON KoHIeHTpamuu a3ota (Cy = 0.06-0.6%) cy-
IIECTBYET ONTHMAJBHBIN JHMAma30H 3HAYCHUN AePOPMUPYIONIUX HAMPSHKCHUN
cABUTa (HOPMHUPOBAHHBIX HA HAIPSDKCHUE Tpeena TEKy4ecTH), MPH KOTOPHBIX
dbopMupyercst onpeesieHHas MOBEPXHOCTHAS CTPYKTYpa, IPUBOAIIAS K MaKCH-
MaJIbHOMY 00bEMHOMY YIIPOUHEHHIO.

200 0 15
P
L 10
Z AAT
150 = 5 ///
- A/
Z. 000 03 04 05 0.6 0.7,
e 100 - h, 10> mm
50 -
0 L 1 L 1 L 1
0.00 0.02 0.04 0.06
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Puc. 4. Kuaernueckoe MUKpOMHACHTHPOBaHUE AehOopMHUpOBaHHOW moBepxHOCTH (CN =
=0.57%, P = 600 MPa, ¢ = 10 rad) c BbIsIBJI€HHEM YYacCTKOB IUIACTUYHOCTH (BCTaBKa

BBEPXY)
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HccnenoBaHbl CTPYKTYpHO-KMHETHUECKNE W3MEHEHUS INpeJesia TEKYy4ecTH U
MOBEPXHOCTHOM CYyOMHKpPO- M HaHOCTPYKTYPHI B IPOLIECCE U30TEPMUYECKOTO U
U30XPOHHOTO OT)KUTA B TEMIIEPATyPHOU 00JIACTH MaKCHUMaJIbHON TU(PYy3MOHHOMN
MOJIBUYKHOCTH aTOMOB a30Ta. BBISBIEHBI TpHU CTaauM BO3BpaTa Mpejesia TeKyde-
CTH U YCJIOBUS CTAOMIIM3aLlMU TIOBEPXHOCTHOM CTPYKTYphI. [lepBast craaus xapax-
TEpU3YETCs CYIIECTBEHHOW pEJIaKCallMell BHYTPEHHUX YIPYTUX HAMNPSKEHUH,
cJ1a0bIM M3MEHEHHUEM TIpejiena TeKyUeCTH U OTCYTCTBHEM pocTa 3epHa, copmu-
POBAHHOTO B MpOIECCEe AUHAMHYECKOW pekpuctaimu3zanuu. Ha BTOopol craguu
BBISIBJICHBI CYIIIECTBEHHOE YMEHBIIECHHUE MPEIeNa TEKyUYeCTH U HE3HAYMTEIbHBIN
PaBHOMEPHBIN pOCT 3epeH. TpeThs cTaus XapaKTepu3yeTcs TadbHEHIM Oosee
cabbIM yMEHBIICHUEM Mpezesia TeKy4ecTH U 3HAYUTEIbHBIM HEPaBHOMEPHBIM
POCTOM 3€peH C YBEJIMYEHHEM JMCIEPCHOCTH MO pa3MepaMm. MeTosoM TepMoak-
THUBAIIMOHHOTO aHAJIM3a BBIUYMCIEHBI 3HAYEHUs] SHEPTHH aKTUBALMM Ha 2-U U 3-i
CTaausax, Kotopble paBHbI 50 u 90 kJ/m® COOTBETCTBEHHO.

[TomrydyeHHbIE CTPYKTYpbI SBISAIOTCA TPAAMEHTHBIMH C HaHOKPHUCTAJUIMYECKUM
MIOBEPXHOCTHBIM ciioeM. CBOMCTBA U 3aKOHOMEPHOCTH (hOpMUPOBAHHSI IOBEPXHO-
CTHBIX HaHOCTPYKTYP OTJIMYHBI OT TAaKOBBIX JJISi CTPYKTYp, MMOTy4aeMbIX Ha Mac-
CHBHBIX 00Opa3lax Mpu aHaJOTHMYHBIX YCIOBHX Aedopmaruu. Paznuune B cBOM-
CTBaX IJIAHAPHBIX U TPAJAUEHTHBIX 0OBEMHBIX CTPYKTYP €CTh pe3yJIbTaT MposiBie-
HUSI pa3MepHOro ¢ dexTa.

1. B. Hwubvireckuii, TEXHONIOTHS MOBEPXHOCTHOM IIacTHUeCKoW oOpaboTkm, MeTtai-
myprus, Mocksa (1991).

2. UM Jhobapcku, JI.C. [laramnux, Metannodusuka tpenus, Meramnyprusi, Mocksa
(1976).

3. [I1.B. Bpuoscmen, Hoelitme paboThl B 007aCTH BRICOKHX AaBleHUH, M31-Bo HHOCTP.
uT., Mockga (1948).

4. Cnpasoynuk 1o TpuOOTEXHUKE B 3-X ToMax, M. Xebma, A.B. Ununnaamze (pexn.), Ma-
muHOCTpoeHne, Mockaa (1989).

V.N. Varyukhin, N.N. Belousov

PROPERTIES OF SURFACE NANOCRYSTALLINE STRUCTURES
PRODUCED BY CONTROLLED SHEAR UNDER PRESSURE

Surface nanocrystalline structures in austenitic high-nitrogen steels have been produced
by severe plastic deformation. Structure formation kinetics and thermal stability of such
structures have been investigated.

Fig. 1. Dependence of shearing strain on angle of die turning for constant rate of twisting
(d¢/dt = 0.01 rad/s) and different pressures P, MPa: / — 100, 2 — 600

Fig. 2. Martensite formation in austenite (Cx = 0.06%) (@) and precipitation of disperse
nitride phases (Cn = 0.57%) (6) under surface plastic shearing strain for twisting by angle
¢,rad: 1 —1,2-10, 3 —100; P =600 MPa, d¢/dt = 0.01 rad/s
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Fig. 3. Quantitative processing of diffraction patterns showing the range of diffuse scat-
tering (3): / — ¢ =36rad, 2 — ¢ =100 rad

Fig. 4. Kinetic microindentation of deformed surface (Cn = 0.57%, P = 600 MPa, ¢ = 10 rad).
The shown are sites of plasticity (upper part of the figure) and crack nucleation
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PACS: 61.72.Mm, 81.41.Lm

B.A. bernoweHko, B.3. CnyckaHtok, H.. MaTtpocos, E.A. NaBnosckas,
B.B. Ynwko, J1.®. CeHHukoBa, 3.A. Measeackas, B.A. LLleByeHko,
.M. KoBaneHko

NCCNEOOBAHUE ®A30BOIO COCTABA N YNPOYHEHNA CITNABA
60T MPYN TEPMOMEXAHUYECKOW OBPABOTKE C NMPUMEHEHVEM
PABHOKAHAJIbHOIO MHOIOyrJyioBOro rnPECCOBAHUA

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A.A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa
E-mail: chishko@ukr.net

CraTtbsa noctynuna B pegakuuio 26 anpens 2005 roga

Hccenedosanvl 3aKoHOMEPHOCIU 6IUAHUS KOMOUHUPOBAHHBIX MEeMO008 00pabomKu, oc-
HOBAHHBIX HA NPUMEHEHUU HeMOHOMOHHOU OedopMayuu PA8HOKAHANLHBIM MHO20V2N0-
evim npeccosanuem (PKMYII) u monomonnotl oeghopmayuu eudposkcmpysueil, a maxice
ux 0eghopmMayuoHHO-MePMULECKUX cxem Ha Pa3oewlll cocmag u npounocms cnaaga 60T.

BBenenne

B HacTosimiee Bpems 11e7ecO00pa3HOCTh MPUMEHEHHS CBEPXIPOBOJHUKOB B
Pa3IUYHBIX 00JIACTSAX TEXHUKU HE BBI3bIBACT COMHEHUS. B TO jke BpeMs ocTaroTcst
AKTyaJIbHBIMH TTOWCK HOBBIX MAaTEPUAIOB M COBEPIICHCTBOBAHUE METOJIOB UX IO-
Jy4YeHUs JUIsl TIOBBILICHUSI CBEPXIIPOBOSIINX U AKCIUTyaTallMOHHBIX XapaKTepu-
cTUK. bonpioe BHUMaHHE yAensieTcs METoAaM OapoTepMoMeXxaHU4eckou oOpa-
6otku. Ilytem mombopa yciaoBuit U pexuMoB AehOpMaIK U TEPMOOOPAOOTKH
MOYKHO TOJIy4aTh 00pa3lbl ¢ HY>KHBIM Ha0OpOM Je(PEeKTOB KpUCTAUTMYECKON pe-
IIETKH, BBINOJIHSIOUIUX POJb MUHHUHT-IIEHTPOB, B TOM YHCJIE BBIJCICHUN BTO-
PUUHBIX (a3 U JUCIOKALMOHHBIX aHcaMOneit [1-4].

CBepXmpoBOAIINE KOMIIO3UTHI HA OCHOBE CIUIABOB CHCTEMbl HUOOMH—THUTAaH,
CTaOUITM3UPOBAHHBIX MEJBIO, ATIOMUHUEM U CIUIaBaMH Ha UX OCHOBE, U3TOTaBIIH-
BalOTCSA MPECCOBAHUEM, T'MIPOCTATUYECKUM BbIIABIMBAHUEM, MPOGUIBHON Mpo-
KaTKOW, pOTAIlMOHHOW KOBKOW U BoJoueHueM. J[[ns obOecreueHus KadecTBa
CBEPXITPOBOSIINX KOMIIO3UTOB HEOOXOIMMO 3HATh XapaKTep CTPYKTYPHBIX Ipe-
BpAIllCHU TPU Pa3IUnIHBIX Ccrloco0ax aedopMaIuy, yCIOBUS COXPAHEHUS CTpOe-
HHS KOMIIO3MTa M HCOOXOJIUMBIX MEXaHHYCCKHUX CBOMCTB €ro KOMIIOHEHTOB [5].

Panee namu otmeuanocs [6,7], 4To 3HaKONIEpEMEHHAs XOJIOAHAS TUIaCTHYECKast
nedopmarus B 1pooHOM pexkume metogoM PKMVYII npuBoauT k ¢popMupoBaHuio
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MEJIKOAUCIIEPCHONU OJHOPOAHOU CTPYKTYPBI C Pa3MBITOM TEKCTYpOH U aKTHBU3a-
IIUM [TPOLIECCOB pacnaza J-MaTpULbl ¢ BbIIEICHUEM BTOPUYHBIX (Da3, B TOM 4HCIe
o-(ha3pl. OiHAKO 70 HACTOSAIIETO BPEMEHH HE YCTaHOBJIECHBI WJIM HEJOCTATOYHO
U3y4YeHbl YCTOHYMBOCTb HAONIOJAEMbIX CTPYKTYPHBIX W3MEHEHHMH, CO3JaHHBIX
PKMVII, npu nocneayiomeid o0paboTKe TpagULIMOHHBIM MOHOTOHHBIM Aedop-
MHUPOBaHHUEM — THAPOIKCTPY3UEH, a TaKkKe XapakTep U3MEeHeHus (pa30BOro cocra-
Ba U YIPOUYHEHHS B 3aBUCUMOCTH OT PEKMMOB MHOTOMapUIPyTHOM (MHOToOMNepa-
[IMOHHOW ) TEPMOMEXAHNYECKON 00PaOOTKH.

Llenp HacTosIIEH pabOThI — UCCIEIOBATh BIUSHUE XOJIOJHON Aedopmarun Me-
tongoMm PKMVII B coueTtannu ¢ nmocineayromei ruipo3KCTpy3uell U OT)KUraMu Ha
(a3oBble TpeBpallleHUs U MEXaHUYECKHE CBOMCTBA HHMOOWN-TUTAHOBOTO CILIaBa.
[IpencraBisieT HHTEPEC CPABHUTD OTU PE3YNbTATHI C JaHHBIMU, MOJIYyYEHHBIMU HA
3TOH cucteme 6e3 00paboOTKH yKa3aHHBIM METO/IOM.

MarepuaJ u MeTObI UCCJIeI0BAHUM

B kauecTBe MCXOAHBIX 3arOTOBOK B SKCIEPUMEHTAX HMCIIOJIb30BAaHbl OMMETal-
andeckue npyTku cmaBa 60T (Nb + 60 at.% Ti) B meanoit (MOOG) oGonouke
auameTpoM 15 mm, nmosrydeHHble ropssuuM npeccosanueM mpu 750°C.

PKMYVII ocymecTBiaeHo mo cxeme aedopMariii 4yepe3 4YeThIpe IMepeceKaro-
IMXCS KaHala ¢ yriiamu nepecedenus @ = @3 = 160° u ®, = 140° npu crenenun
negopmanuu 3a mukia ey = 0.82. Jlns neneHanpapieHHOro GOpMUpPOBaHMs paBHO-
OCHOM CTPYKTYpHI CIIaBa MPUMEHEH MapHIpyT 0OpabOTKH 3arOTOBKHU C €€ mepe-
BopoToM Ha 180° BOKpYr OCHM MOINEpPEYHOro HAMpaBJIE€HUS U MOBOPOTOM Ha 90°
OTHOCHUTEJIbHO IMPOJOJBbHOM OCH B Ka)X0M IOCJEAYIOUIEM LUKJE MPECCOBAHMS.
Hakonnenue nedopmanuu oCyIieCTBISUIM NOBTOPEHHEM LIMKIOB IPECCOBAHUS B
uHTepBasie ot 1 1o 20. HakoryeHHas BeNW4YrHA 3HAKOTIEPEMEHHOW AeopManuu
PKMVTI coctaBnsiia e = 0.82—16.4, a BenmnurHa MOHOTOHHOM eopMaIii METOJIOM
TUAPO3KCTPY3uH e = 2.2 (MapupyT popmousmeHenus nuamerpa 15.0 — 5.0 mm).

ITpu nccnenoBaHuM TEpMOMEXaHUYECKOH 00pabOTKM CIijlaBa pealn30BaHbl Ba-
PpUAHTBI MapUIPYTOB C PA3JIMYHBIM KOJIUYECTBOM (10 3) MPOMEKYTOUHBIX TEPMO-
obpaborok (IITO) npu nonHoit HakoruieHHOH Aedopmaru PKMVII e = 16.4, ¢
npeaBaputensHon nedopmanueii PKMVYII o nepsoit Tepmoodpadotku e = 9.84,
¢ nepopmarmert PKMVII Mexmy mpoMeKyTOYHBIMH OT)KUTAMU ejy = 1.64 u 3a-
kmrountenbHoi pedopmarmeit PKMVII e, = 3.28. Bennunna npeaBapuTeabHOM
nepopmanmu PKMVII npu koMOuHHpOBaHHOH naedopmalnuu crjiaBa ¢ Hocie-
TyIOLIEH THIPOIKCTPY3UEH He mpeBbimana e = 13.12.

HarpeB uccrneayemblx HUCXOIHBIX U J1e(OPMHUPOBAHHBIX OOpa3LOB C HEIpe-
PBIBHOM BBIIEPKKOM IIUTEIHHOCTHIO OT 1 10 47 h 1 cyMMapHO#l BBIIEPKKOM 10
131 h mpoBoaunu ipu 400°C B Bakyyme 10~ mm Hg.

OcobeHHOCTH CTPYKTYpooOpa3oBaHus u ynpouHeHus crutaBa 60T Ha pazmud-
HBIX 3Tarnax TepMOMeXaHUUeCcKoi 00paboTKM W KOMOMHHPOBAHHOW JedopManun
U3y4alli METOJaMHU ONTUYECKON MHKPOCKONUH, PEHTI€HOCTPYKTYPHOTO aHaJIn3a
1 MUKPOMHJEHTHPOBaHUSA. MUKpPOCTPYKTYpYy CIUIaBa HCCIEIOBAIHM C IOMOILBIO
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mukpockorna «KHEO®OT». Tonkyto ctpykrypy (Dokp, Aa/a), TexkcTypy u (azo-
BBl COCTaB CIUIaBa M3y4YaJld PEHTTEHOCTPYKTYPHBIM METOJIOM Ha YCTaHOBKE
JAPOH-YMI1 ¢ npuMeHeHuEM METOJ0B Ka4YeCTBEHHOTO M KOJWYECTBEHHOI'O aHa-
au30B. M3Mepenne MUKpOTBEpAOCTH Mpou3BoaAwiIn Ha npudope [IMT-3 npu Ha-
rpy3ke 50 g. Omubka u3MepeHuii MUKpOTBEPOCTH IIPU 3TOM cocTasisia 2.5%,
napaMeTpoB TOHKOHM cTpYKTypbl — 10%, BTopuuHOii a-¢pa3sl — 1%.

Pe3yabTarhl 1 HX 00CYyKAEeHHE

Ha u3meHenue pu3MKO-MEXaHMUECKUX CBOMCTB MpPHU IUIACTHUECKOH nedopma-
IIUU CYLIECTBEHHO BJIMSIOT HECOBEPIICHCTBA KPUCTAIIMYECKOTO CTPOCHHUS CIUIa-
Ba, K KOTOPBIM OTHOCATCS pa3mep GparMeHTOB U OJIOKOB, BHYTPEHHHUE HAIPSIKE-
HUS, TUCIOKAIIMOHHAs CTPYKTypa, (a3oBblii cOCTaB. Y MEHbIIEHHE pa3mepa OJio-
KOB, YBEJTMUCHHUE TUIOTHOCTH JUCIIOKAIIMN B CTEHKAX SYECK, BIUSHUEC BBIICICHHIA
o-hasbl U IPYyrux BTOPUYHBIX (a3 pacmnaaa B-TBEpAOro pacTBopa CIjiaBa Crocoo-
CTBYIOT YIIPOYHEHHIO M TOKOHECYIel crocoObHocTH. B cBOtO ovepens, 3tu (ak-
TOPBI 3aBUCST OT PEKUMOB 00PaOOTKH.

Pe3ynbTaThl SKCIEpUMEHTANBHBIX HCCIEIOBAHUN CBUACTEILCTBYIOT O TOM, YTO
B oOpasnax, moasepruyThix nedopmaruu PKMVYII B npoOHOM pexume 6e3 uzme-
HEHUS CCUCHUsl 3arOTOBKH, HAOIIOAETCS OJHOPOJNHAsS, NMPAKTHUYECKU HETEKCTY-
pUpOBaHHAs CTPYKTypa C XapaKTEPHBIM pazmepoM 0710koB Mo3zauku 150-200 nm.
[ocnenyromas negopmanust THAPOdKCTpy3uer crutaBa 60T, moaBeprHyTOro
npeaBaputenbHoii 00padotke PKMVII, nmpuBoguT k 00pa3oBaHHIO OPHUEHTHUPO-
BaHHBIX B HAIMPABJICHUH BBHITSDKKH IMOJIOCOBBIX CTPYKTYP, COJEPIKAIINX MEJKHE,
OJIM3KHE K PaBHOOCHBIM CTPYKTYypHBIE 00pa3oBaHUs (SUEHKH, CyO3epHa), U pas-
JEJICHHBIX MEXay co00#l rpaHumnamu ne(opMalroOHHOTO MPOUCXOXKIAeHHs. Pas-
Mep o0JacTeit KorepeHTHOTo paccenBanus cocrapisier 130—150 nm.

[Tocnenyromuii Harpes npu temneparype 300-400°C He IpUBOAUT K CYILECT-
BEHHOMY M3MEHEHHIO XapaKTepHOTo pa3Mepa TOHKOI CTPYKTyphl cIuiaBa, aedop-
mupoBanHOoro PKMVII u runposkctpysueil.

OT0 MOXKHO OOBSICHUTH TEM, UTO 1O I'PaHUIIaM CyO3epeH BBIICINISAIOTCS TUCTIEPC-
HBIC YaCTUIIBI BTOPUYHBIX (ha3, B YACTHOCTH Ol-(ha3bl, MPEMATCTBYIOIINE UX POCTY.

[To maHHBIM PEHTTEHOCTPYKTYPHOTO (ha30BOT0 aHAIM3a HCCIeayeMble 00pado-
TaHHBIE 00pasubl SABISAIOTCSA AByX(asHeiMu. Hapsmy ¢ uHTepdepeHIIMOHHBIMU
auHUSAMH [-Qa3bl B HUX OOHapy>KeHbl TaK)Ke MaKCUMyMbl MHTEHCHBHOCTEH Ha
yriax 20°30', 26°24', 37°58', 38°30’, 4TO COOTBETCTBYET MOJOKECHHUIO JIMHUI
(011), (012), (112) u (021) o-pa3sL.

W3menenus comepkanus o-(p)a3bl 1 MUKPOTBEPIOCTH B 3aBUCHUMOCTH OT pe-
KUMOB 00paboTku criaBa 60T mpeacTaBieHsl B TaOIHIIE.

JlanHbIe 0 XapakTepe U3MEHEeHH (Pa30BOro cocraBa W YNPOYHEHUS B 3aBUCH-
MOCTHU OT yCJIOBUH TEPMOMEXaHUYECKON 00paOOTKH MO3BOJIAIOT YTBEPKIATh Clle-
nyromee. Jlehopmanus meromom PKMVII B coderaHuu ¢ MpOMEKYyTOYHBIMU U
3aKJIIOUUTENBHBIM OTXKUTAaMU IPUBOJUT K (POPMUPOBAHUIO CTPYKTYPHI C TEHJCH-
[[Mel MOBBINIEHUSI 00BEMHOTO CoJiepKaHus BbiaeneHui a-daset ot 1 10 10.5%.
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Tabnuma
HN3menenue ¢a3oBoro coctaBa U MUKPpOTBEPIOCTH
B 3aBHCHMOCTH OT Pe;KMMOB 00padoTkm ciiiasa 60T
Ne BapHanT 06pa6orKi Crenens Jmmrensrocts | Kommuectso| H),
/I P P nedopmaruu e | TepmMoodpaboTky, h | a-assr, % | MPa
L. — — ~1 1400
2 Hcxongnoe ropsiuenpec- B 1 1 1420
COBaHHOE COCTOSIHUE
3. - 47 <3 1630
4. PKMVII - ~3 1610
5. 1 >3 1660
6. 16.4 47 9 1740
PKMVII + TO *
7. 87 10 1890
8. 131** 13 2030
9. PKMVTII 9.84 — ~3 1520
10. PKMVII + TO 9.84 5 x 8" 5 1745
PKMVII + TITO +
11 T PKMVYTI 9.84 +1.64 5x8 ~3 1460
PKMVII + TITO +
12. + PKMVYII + TO 9.84 +1.64 2(5%x8) 5 1740
PKMVII + TITO +
13.| +PKMVII+IITO+ | 9.84+1.64 %2 2(5%x8) 4 1548
+ PKMVYII
PKMVII +IITO +
14.| +PKMVII+TITO+ | 9.84+1.64 x 2 2(5x8)+44 10.5 1880
+ PKMVYII + TO
PKMVII + TITO +
+PKMVYII+IITO + |9.84 +1.64 x 2 +
13- 4 My +1ITO + +3.8 25> 8)+ 44 ’ 1550
+ PKMVYII
16.| Tapodxetpysua (I'3) 2.2 - <3 1470
UCXOJHOTO 00pasia
17. I'2+TO 2.2 1 <3 1640
18. PKMVIT +TD 9.84 — ~3 1803
19.| PKMVYII+ID+TO 9.84+22 1 >3 1850
PKMVII+3IITO + [9.84+1.64 x 2 +
20. LT 29 2(5x8)+44 5 1700
PKMVII+3IITO + [9.84+1.64 x 2 +
21. T+ TO 29 2(5x8)+44+3 7 1916

3 o
5 IAKJIOB OTXKUTA JJTUTEIBHOCTHIO 110 8 h + 1 IHUKIT HeNpephIBHOM BRIIEPKKH 47 h;

*k o
1 nuki oTkura ¢ Beiiepx ko 47 h, 5 mukinoB — mo 8 h u 1 UK ATUTETEHOCTHIO

44 h;

sskok
5 LUKIOB OT)KUTa JIATENLHOCTRIO IO & h.
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Schemes of treatment

1

5

Bennunna mukporBepaocTu mpu 3ToM BodpacraeT ot 1400 no 1880 MPa, xoppe-
JHPYsI C XapaKTepOM M3MEHEHHs cojJiepKaHus a-¢a3bl. Pe3ynabraTsl 3TON 3aBUCH-
MOCTH MPEJICTABJIEHBI AUArpaMMOM Ha puc. 1.

[Tpomesxytounslie nedopmannu merogomM PKMVII Mexay oTxKUraMu U 3aKiito-
yutenbHas nedopmarus metogom PKMVII wnu ruaposkeTpy3un mociie OTKUTa
BBI3BIBAIOT JIpOOJIEHHE BbIEICHUHN O-(ha3bl U, BO3MOXKHO, YACTUYHOE MX PacTBO-
perne. O4EeBHIHO, MOITOMY HETIOCPEACTBEHHO IOCKe NeOpMaluu KaXIbli pa3
HaOJro/1aeTCsl CHUKEHHE 00BEMHOTO COZlep KaHus o.-a3bl U YMEHBIIEHUE BEJU-
YUHBl MUKPOTBEPAOCTH, KOCBEHHBIM 00pa3oM MOATBEpKIaloIIe n3MeHeHue ¢a-
30BOT'0 COCTaBa, a MOCJIE 0YEPEIHOI0 OTKHUIa — BHOBb IIOBBILICHUE YPOBHEHN yKa-
3aHHBIX XapaKTePUCTHK (puc. 1).

B oTHoOIIEHUM HENPEPBIBHBIX U LUKINYECKHX TEPMOOOPAOOTOK MOKHO T'OBO-
pPUTH 00 OTHO3HAYHOM TOJIOKUTEIFHOW MX POJH B U3MEHEHHH (ha30BOTO COCTaBa
U (uznyeckux cBoicTB criaBa. OHAKO U3 aHHBIX PEHTTEHOCTPYKTYPHOIO aHa-
JM3a, B CUJIY €ro OrpaHUYEHHBIX BO3MOXKHOCTEH pa3iauyaTh U (PUKCUPOBATH TOH-
KHe MJIaCTUHYAThIE BBIACICHNUS BTOPUYHBIX (ha3, B YACTHOCTH OL-(a3bl, BHITEKAET,
YTO HEINPEPBIBHBIN XapakTep TEpMOOOpabOTKU B CPAaBHEHUH C LIUKIMYECKUM MpH-
BOJIUT K 00Jiee YCKOPEHHOMY POCTY O.-BbII€JICHUH.

MOXHO TPEANoNIOKNATh, YTO HUCCIEIyeMble TeXHoJorudyeckue cxemsl 11-15
(Tabnuia) ¢ UMKIMYECKUM MOBTOPEHHEM olepanuii TepMoodpaboTku u aedop-
MaluH MpU TOCTHKEHUU OJIM3KOro 0OBEMHOIO COJAEPKAaHUS O-BbIIACIICHUN Mpe-
NOYTHUTENIbHEE B CPaBHEHHUU CO CXeMaMM 5—8 M3 MpeanochUIoK (popMHUPOBaHUS
CTPYKTYpPHO-(a30BOTO COCTOSIHUSI C O0Jiee OJaronpusaTHBIMU ISl CBEPXIIPOBOIS-
IIMX CBOMCTB CIUIaBa pa3MepamH, INIOTHOCTBIO U PACIPEAEICHUEM BBIICICHUN
BTOpPUYHBIX (a3 [3].

3HakonepeMeHHass MHOrouukioBas nedopmanus meronom PKMVII (6e3 u3z-
MEHEHHUSI CEYEHHUS 3aroTOBKH) B KOMOWHAIIMHM C IOCIEIYIOIIMM MOHOTOHHBIM
(OpMOU3MEHEHHEM METOAOM THUAPOIKCTPY3UH NPUBOIUT K CYLIECTBEHHOMY
(~ 30%) ynpounenuto ucxoanoro craBa 60T. B ciydae uckiroueHus nmpeaBapu-
TenbHOU 00paboTku MeTooM PKMVII sddext ynpouneHus nocie ruapo3KCTpy3un
cocraBisieT ~ 5% (Tabnuua, tuarpamMa Ha puc. 2). Takoe paznnane o0bsICHIETCS
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2.0
1.9+
1.8+
< 1.7F
[ : Puc. 2. YpoBeHb MUKPOTBEpP-
O l6¢F
o noctu cmaBa 60T mpu pas-
T 1.5 i JMYHBIX CXeMaX KOMOWHHPO-
14 BaHHOW TEPMOMEXaHHUYECKOM
131 06paboTKH
121

1 9 14 16 18 20 17 19 21
Schemes of treatment

TEM, UYTO 3HaKOIepeMeHHas AegopMalys MOAroTaBIMBAaeT CTPYKTYpY CIUIaBa K
WHTCHCUBHON (parMeHTAallMd TPU TOCIEIYIONIe MOHOTOHHOH JedopMaiiu
MeTo oM ruposkeTpy3ur. PKMVII u ruaposkcTpy3ust cnocoOCTBYIOT aKTUBU-
3allMy MPOLIECCOB JUCHEPCHBIX BBIAEICHUI BTOPUYHBIX (pa3 3a cuer Bo3pacTa-
HUS IUIOTHOCTH TPAaHULl Cy03epeH M MeCT 3apojbllieoOpa3oBaHUs M, Cilel0oBa-
TEJBHO, TOBBIIEHUsT KodpdunmenTa nuddy3un TuTaHa, a TakKe BKIIOUYCHHS B
neiictBue moMuMo AU(PY3MOHHOr0 Oapuyeckoro MexaHuzMa (a3oBbIX Hpe-
BpalleHu# 3-MaTpHUIBL.

Ponp BenmuuHBI npenBapuTeNbHOM 3HaKonepeMeHHOM aedopmarun PKMVYIT
npyu KOMOMHHpOBaHHOW 00paboTke meromom PKMYVII m mocnemyromeit rumpo-
9KCTpy3uM B ynpouHeHuu cruiasa 60T mpexncrasinena Ha puc. 3 Ha ImpuUMepe u3-
MEHEHHUSI BEIMYMHBI MUKPOTBEPAOCTH B 3aBUCHMOCTH OT CTENEHH AeopMaruu
PKMYVII. Pe3ynbrarel U3MepeHUN MHUKPOTBEPIOCTH MOAYEPKUBAIOT OTYETIUBOE
BIIMSIHUE CTENEeHH npeaBapuTensHoi nedopmarmm metogom PKMVYII Ha saddext
YIPOYHEHHUS MIPU Moceaytomeit Tuapo3keTpy3un. C Apyroil CTOpOHBI, MOJ00HBIE
3pPeKTs KOMOWHUPOBAHHOW IUIa-
cTUdeckoi nedopManuu He HaOIIO-

1.8¢ P JIAOTCA B M3MEHEHHH OOBEMHOTO CO-
171 nepxkaHus o-(assl.

(Q;j [Tocne TMAPOIKCTPY3UH OOpa3LOB

. 1.6F B HCXOIHOM TOpsYENpPEecCOBAHHOM

= s R ! COCTOSIHUM CIUIaB cojepxan a0 3%

| o-(azbl, ¢ yBEIMYEHUEM CTENICHH Tpel-

1.4} 1 1 1 BapuTenbHON nedgopmanuun PKMVII

0.00 3.08 6.56 084 KOJIUYECTBO O-(ha3bl M3MEHSIOCH He-

€ 3Ha4MTeNbHO. [lo-BuaMoMmy, Hamps-

Puc. 3. Bnusgaue npenBaputensHoOl nedop- KEHHBIC COCTOSHHS HE HACTOJIBKO
manpn PKMVII (kpuBast /) Ha BEeNMYMHY  OTJIMYAIOTCS APYr OT JIPyra, 4YTOOBI
MHUKPOTBEPAOCTH NPH KOMOMHMPOBAHHOM  CYIIECTBEHHO IIOBIIUSATh Ha WHTCH-
(PKMVII + I'D) (kpuBas 2) 00pabOTKE CHBHOCTH NPOMCXOMSMIETO B CILIABE
crutasa 60T HOJIMMOpP(HOro  —o-mpeBpaleHus.
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YpoBeHb MHUKpoHanpspKkeHu Aa/a B ciaBe mocne oopadotku PKMVYII cocras-
JSeT (0.8—1.2)-10_3, nocie coBmecTHOH 0b6padotkn PKMYVII u ruaposkcrpysueit
Aala = (O.65—O.8)~10_3, TepMooOpaboTKa CHIKAaeT MUKPOHAMPSDKEHUS A0 3HaYe-

HUH (0.22—0.5)-10_3. HaGmromaemoe HeOosbIioe yBEIMYEHHE CONEPIKAHUS
o-(ha3bl IPOMCXOIUT, OUEBUIHO, 32 CUET COBOKYITHOTO BIIMSIHUSI CABHIOBBIX Jie-
dbopmartuit mpu PKMVYII u dakTopa BEICOKOTO JaBICHUS, COMPOBOXKIAIOIIETO Je-
(dopmaruio criaBa B Mporecce THAPOIKCTPY3HH.

OTcyTcTBHE KOPPENSAILMN B CTENEHH M3MEHEHHH YPOBHS MHKPOTBEPIOCTH U
conepxaHus o-¢a3pl, HAOIIOAAEMBIX TPU KOMOMHUPOBAHHOMN IUIACTUYECKOM Jie-
dopmarun MmeronoM PKMVII u rumposkcTpy3un, HEe SBISETCS JKECTKUM TMPOTH-
BOpEYHEM, TaK KaK MUKPOTBEPIOCTb OTpaXkaeT Ae(POpPMaLMOHHOE YIIPOUHEHHE OT
BBIJIEJICHUI HE TOJBKO O-(ha3bl, HO U BCEX BTOPHYHBIX CTAOMJIBHBIX M METacTa-
OounbHBIX (pa3. OGHapyKeHHe BceX BTOPUUHBIX (pa3 TpeOyeT npruMeHeHHs] 0COOBIX
HU3KOTEMIIEPATYPHBIX METOJUK PEHTICHOCTPYKTYPHOIO aHajlu3a MpU UCKII0Ye-
HUH BIMSIHUS TEKCTYpbI 00pa3uos [4].

TepmooOpaboTka, TpuMeHseMass B TEXHOJIOTHYECKUX CXeMaxX O0OpabOTKu
CBEPXIPOBOJAHUKA, MPUBOANT K YBEITUUEHHUIO KOJIMYECTBA (i-(a3bl B CIJIaBE HE3a-
BUCHMO OT BHja nedopmaruu. KomudaecTBo a-¢asbl mocie oTkura B 1ByxGha3Hou
00J1acTH JMarpaMMbl COCTOSTHUS CIUIaBa YBEJIMUYMBACTCS 3a CUET pacraza 3-TBepaoro
pactBopa. O6pabotka npu Temmneparype 400°C mpuBOAUT, C OJHOW CTOPOHBI, K
UHTEeHCUUKAIMU 11 (HY3HOHHBIX TPOIECCOB, KOTOPBIE CIIOCOOCTBYIOT yBEIHYe-
HUIO COJIepKaHusl BTOPOil (a3bl M0 MEXaHU3MY 00pa30BaHMS U POCTA 3apPOJIbILIEH,
a C IpYroi — K yMEHBIICHUIO BHYTPEHHUX HAIPSDKEHUH M, BCIEICTBUE 3TOTO, YK-
pyTHEHUIO BbIAeNeHUN o-pa3zbl. OO0CHOBaHHE BBHIOOpPA ONTUMAJIBLHOTO TEMIIepa-
TYpHOTO HHTEpBaJia TepMOOOpabOTKH (cTapeHus) cIulaBa, Ae(hOopMUPOBAHHOTO
PKMVTI (e = 16.4) u komOuuanpoBaHHbIM MeTOIoM (PKMVIIL, e =9.84 + 1D, e = 2.2),
npuBeeHO Ha puc. 4. BumHo, 4TO ONTHUMaIbHOM TeMnepaTypoi BO3IEHCTBUS, € MO-

MOLIbIO KOTOPOH MOMKHO YCHIIUTh

1.9 CTPYKTYpHO-(pa30Bble HM3MEHEHHS B

N CIUIaBe IMocie KOMOWHHMPOBAHHOM Je-

1.8¢ dopmanuy, sBisercs uHTepBan 350—

g Wia 2 400°C. 9101 3 deKT 3HAUYNUTETHHO YCH-

o A JMBAeTCS TOCHC TPUMEHEHHS JUTH-
1.6# o " ] TeJIBHBIX TEPMOOOPAOOTOK.

L5l : MHoOroKpaTHble TPOMEXKYTOYHBIC

OTXKHUTH C Tocnenyrmen nedopma-
0 160 260 360 460 500 uneﬁ CHOCOGCTByIOT TIOBBIIIICHUIO

T.°C KoluyecTBa o-(a3pl B CIUIaBe [0
5-7%, co3marT ocoboe CTPYKTYpHOE
COCTOSIHUE C pa3ApoOJeHHBIMU Yac-
TuiamMu BbieneHuil. Takas oO6paboT-
Ka NEpCHEeKTUBHA JUIsl ITOBBIIICHHS
KPUTUYECKOM IIJIOTHOCTU TOKa B

Puc. 4. I3MeHeHre MUKPOTBEPJIOCTH B 3a-
BUCHUMOCTH OT TeMIIepaTypbl TepMooOpa-
ootku: I — PKMVII, e = 16.4; 2 — PKMVII,
e=9.84+1D, e=2.2. Bpems Beinepxku — 1 h
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CBEPXIIPOBOJHHUKE.

BriBOaBI

1. MccnemoBanbl 3aKOHOMEPHOCTH BIHSIHUSI METOJIOB IIACTHUECKON aedopma-
IIUH, B TOM YMCJIC BKIIIOYAIOIIMX HEMOHOTOHHYIO Aedopmarto merogom PKMVII u
TPAAUIIMOHHYI0O MOHOTOHHYIO Je(hOopMaliio THAPOIKCTPY3UEH, a Takke nedopma-
ITMOHHO-TEPMHUYECKHUX CXEM Ha (pa30BbIi COCTaB 1 MUKPOTBEpaOCTh cruiaBa 60T.

2. YcTaHOBJIEHA HACJEICTBEHHAs YCTOMYMUBOCTb MOJIOXKHUTEIbHBIX CTPYKTYp-
HBIX W3MEHEHMH, BhI3BaHHBIX PKMVII, pu nmanpHeiieMm MOHOTOHHOM (hopmo-
U3MEHEeHUHU. 3HaKonepeMeHHass MHorouukiosas aedopmarus PKMVYII B komOu-
HAIMM C MOHOTOHHBIM ()OPMOM3MEHEHUEM METOAOM I'MIPOIKCTPY3UH MPUBOAUT K
cymectBeHHOMY (~ 30%) ynmpOYHEHHI0 HCXOAHOTO CILIABA.

3. Hedopmarus meronom PKMVII B coueTtanuu ¢ MpoOMEXyTOYHBIMU M 3a-
KJIFOUUTEIIBHBIM OT)KUTaMU C CYMMAapHOM IIMTENbHOCTHIO 124 h BBI3BIBaeT yBe-
TUYeHUE 00BEMHOTO CoIepKaHus BoiAeneHu o-¢a3zbl 10 10.5%.
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L.F. Sennikova, E.A. Medvedskaya, B.A. Shevchenko, I. M. Kovalenko

INVESTIGATION OF PHASE COMPOSITION AND HARDENING

OF ALLOY 60T UNDER THERMOMECHANICAL TREATMENT USING
THE EQUAL-CHANNEL MULTIPLE-ANGLE PRESSING

The investigated are regularities of the influence of combined methods of treatment based
on the application of nonmonotonic deformation by the equal-channel multiple-angle

pressing (ECMAP) and monotonic deformation by hydrostatic extrusion, as well as of
their deformation-thermal schemes on phase composition and strength of alloy 60T.
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Fig. 1. Influence of plastic deformation and annealing on /), level and a-phase content in
alloy 60T for the case of additional operations of thermomechanical treatment (scheme
number corresponds to that in the Table): |4 — H|,

Fig. 2. Level of alloy 60T microhardness under various schemes of thermomechanical
treatment

Fig. 3. Influence of prestraining with ECMAP (curve ) on value of microhardness under
combined (ECMAP + HE) (curve 2) treatment of alloy 60T

Fig. 4. Changes in microhardness depending on temperature of treatment: / — ECMAP,
e=16.4;2—ECMAP, ¢=9.84 + HE, e = 2.2. Time of holding— 1 h
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PACS: 61.72.Mm, 81.40.Lm

H.N. MaTtpocos, B.B. Yunwko, 3.A. MeaBeackas, J1.®. CeHHuKoBa,
E.A. NaBnoBckas

3ABVCMOCTb MEXAHVUYECKMX CBONCTB METANNIMYECKUNX
MATEPUWAJIOB OT CXEMbl AE®OPMUPOBAHNA

JoHeuknii nsmko-TexXHNYeckuin MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa
E-mail: chishko@ukr.net

CraTbsa noctynuna B pegakumio 26 anpensa 2005 roga

Hccneoosano enusnue yuxiuueckou oegopmayuu uzeubom u uzeubom, coemeujeHHbiM C
KpyueHuem, npu OUCKDEMHOM USMEHEHUU HANpasieHus 0eropmayuu Ha MexaHuyecKue
ceolicmea Hepaicageroweli cmanu, Meou U CHIA8a HUOOUU—NUMAH.

BBenenne

M3BecTHO, YTO POCT TUAPOCTATUUECKOTO JIABJICHHUS, U3MEHEHHUE HAIPaBICHUS Jie-
(dopManuy U MOBBILIEHUE TEMIEPATyphbl CTUMYJIUPYIOT 3aleuuBaHue Ae(heKTOB WU
YMEHBIIAIOT X 00pa3zoBaHue U pa3ButHe [1]. 3HaKomepeMeHHas aedopmarys mpu-
BOJUT K OoJiee MEIUICHHOMY IUIACTUYECKOMY Pa3phIXJICHUIO 00pabaThiBaeMoOro ma-
Teprana, (OPMUPYET MEIKOJUCIEPCHYIO OJHOPOAHYIO MHUKPO- M CYOCTPYKTYpBI.
3aKOHOMEPHOCTH M3MEHEHHSI MEXaHNYECKUX CBOWCTB METAIIOB IPH 3HAKOIIEPEMEH-
HOM 7e()OPMUPOBAHHM MOTYT B 3HAUUTENIBHON Mepe OTIMYAThCA OT TAKOBBIX IPU
MOHOTOHHOM Jie(hopMHUpOBaHUM. B yacTHOCTH, TPU MOHOTOHHOM XOJIOJHOM Jedop-
MHPOBaHUHU MaTepHall BCET/la YIPOUHAETCS, a IPU 3HAKONIEPEMEHHOM — MOJKET IUK-
JIMYECKH YIIPOUHSTHCS, Pa3yNPOUHATHCS MO0 OBITh IIMKIMYECKH CTaOMIBHBIM [2—5].

WHTepec K TaKMM CIIOXKHBIM 3HAKONIEPEMEHHBIM Harpy>K€HHsIM CBsI3aH C TEM,
YTO 3HAKONEPEMEHHBIH XapakTep Ae(GOpPMHUPOBAaHUS C MPOMEKYTOUHBIMHU pa3-
rpy3kaMu B KOMOWHAIIMKM ¢ MOHOTOHHOHU Jeopmanueil B TOW WM UHOW Mepe Ha-
OmroiaeTcst B OONBIIMHCTBE MPOIecCOB 00paboTku MeTaiwioB AaBieHueM (OMJI).

B Hacrosiee BpeMsi B IPakTUKE IIMPOKO HCIOJB3YIOTCS: XOJOIHAs MpaBKa
NpOQUIBHBIX U3ACTUI U3 Pa3IUYHBIX METAIJIOB, B TOM YHCJE€ M KOMIIO3UIUOH-
HBIX MaTepHajoB, Ha POJIMKOMPABUWIBHBIX MalllMHAX; yAaJeHHUEe OKAJIUHBI C MPO-
BOJIOYHOHN 3arOTOBKU 3HAKOIIEPEMEHHBIM M3rMOOM; NEPEMOTKA C KaTyIIKHU Ha Ka-
TYLIKY; IPaBKa IIPOBOJIOKM BPAILAOLICHCSA NPAaBUWIbHOW paMKou. TexHosmoruye-
ckue nponeccsl OM/] BKIIIOYAIOT ONEpaluy 3HAKONEPEMEHHOTO IIaCTHYECKOro
WIN yHpYyromnjaacTU4ecKoro u3ruba U KpydeHus, IPU KOTOPBIX BO3MOXKHO H3Me-
HEHHME MEXaHHMYECKUX CBOMCTB 00pabaThIBaeMbIX METAILIOB.
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[TosToMy mpencTaBisieT MHTEpEC MCCIECIOBAaHWE HM3MEHEHHUM MeXaHMYEeCKUX
CBOWCTB, y4eT BIHMSHHS STUX W3MEHEHHH JJIsI METAIUIOB M, B YaCTHOCTH, OMMeTasuia
Ha OCHOBE CIUIaBa HHMOOHMSI C TUTAHOM B METHOM O0OJIOUKE KaK KOHCTPYKTHBHOTO
9NIEMEHTa B TEXHOJOTHU TIOJTy4YECHHS ITaKeTHBIM CIIOCOOOM MHOTOBOJIOKHHUCTOTO
CBEPXIPOBOIIIETO MPOBOJA MpU 00pabOTKe 3HAKONEPEMEHHBIM H3TMOOM—KpyUe-
HUEM M B KOMOMWHAITMH C TOCJICAYIONIEH MOHOTOHHOM AedopMaliiueii — BOJIOYECHHEM.

W3y4enne BIUSHUS CXEMBI 3HAKOTIEPEMEHHOTO JIe)OpMHUPOBaHUS Ha IPOYHOCTH U
JpyTHE CBOMCTBA MPOBOJIOYHBIX OOBEKTOB M SBIISAETCS LENbI0 HACTOSIIECH padoTHI.

MaTepuaJjbl 1 MeTObI UCCJIEI0OBAHUI

OObexTaMM HCCIIEOBAaHUI CIyXKHMJIM IPOBOJIOYHBIE 3arOTOBKHM JHAMETPOM
0.4-0.5 mm u3 mequ MOOG u cramu 12X18H10T, a Takke OumeTamnaeckast mpo-
Bosioka auamerpom 0.4—0.5 mm Ha ocHoBe cmaBa Nb + 50 wt% Ti u mequ MOG
¢ 00beMHBIM cofepkanueM cmnasa Vy= 0.402.

W3ydanu cnemyronie cxeMbl 00paboTKH:

1. UcxomHyro 3aroToBKY JIMHON > 1 m oOpabaThiBaid 3HAKOIIEPEMEHHBIM CO-
CPEOTOYEHHBIM H3rMOOM MPOTATUBAHUEM Yepe3 S-YITIOBYIO Ae(hOpPMHUPYIOLIYIO
CHCTEMY KaHAJI0B, 00pa30BaHHYIO CMEILIEHHEM IIATH TBEPIOCILUIABHBIX BKJIA IbIIICH —
BOJIOK B HANpaBJICHUH, NEPIECHIUKYISIPHOM Oocu BojoueHus (puc. 1,a). Hakoruenue
nedopmaiii B 3aroTOBKE OCYILECTBIUIN 24 MPOXOJaMHU NPU aMIUTUTYJE (MHTEH-
CUBHOCTH) n3ruba 0; = 05 = 87°, 06, = 04 = 81°, 03 = 72°. B kax1oM mocineyoiem
npoxoyie (IuKie) AehopMUPYIONIYI0 CUCTEMY TTOBOPaYHBAIIM (PUKCUPOBAHHO B OJTHY
cTopoHy Ha 90°, U3MeHsIs IPU 3TOM TOJIOKEHHUE TUIOCKOCTH U3rHOa B MPOCTPAHCTBE.

2. 3aroToBKy /UMHOW > 1 m oOpabaThIBaNM 3HAKOTIEPEMEHHOM Jedopmanueit
IUTACTUYECKUM HM3THOOM C OJHOBPEMEHHBIM IOJKPYYHBAHUEM 3arOTOBKU IpU €e
BOJIOUECHHH 4Yepe3 BPAIIAIONIYIOCs 4-yTIIOBYIO CXeMy, 00pa30BaHHYIO YETHIPHMS
CMEILEHHBIMH OTHOCUTEIBHO OCH BOJIOYEHUS posinkamu (puc. 1,0). Hakornienue B
3aroToBke Ae(opManuy aHAIOTUYHOM (IT0 HAITUM BeCchMa MPUOIMKEHHBIM OICH-
KaM) BEJIMYMHBI B NEPBOM CXe€Me OCYLIECTBISUIM 5 MPOXOJaMHM CO CMEHOM Ha-
NpaBJeHUs KpyUeHHs B KaKJIOM LIMKJIE MpU aMIUTUTyAax u3ruba 0; = 04 = 79°,
0, = 03 = 60° u cTenenu 3akpyuuBaHus obpasua n = 6 rev/cycle. Ouenky Benu-
YHHBI HAKOIUICHHOW NedopManuy KaK TPOHW3BEACHUS KOJIMYECTBA ITUKIOB Ha
CYMMY €IMHHYHBIX AedopMaruii u3ruda—KpyueHusl B IUKJIE BBHIIOJIHSIM Ha OC-
HOBE TIOJIX0/I0B, U3JI0KEHHBIX B paboTax [6,7].

3. OOpa3sipl, 06paboTaHHbIe 1O cxemaM | U 2, BOJOYWIH TPaJUIIMOHHBIM CIIO-
coboM mo mapuipyty no auamerpa 0.2—0.148 mm ¢ cymmapHOI CTENEHbIO Jie-
dopmanuu coorBeTcTBEHHO 75 1 91.2%.

4. O6pasup! crmaBa HT50 B OnmeTammmaecKkoM UCTIONHEHNH O€3 MpeIBapUTETbHOMI
00paboTku 1 oOpaboTaHHble MO cxeMe 1 Bonounnu o mapupyty 0.5 — 0.148 mm
C CyMMapHOU cTerneHbio nedopmarmu € = 91.2%, a 3aTeM OTKHTaIH B BaKyyMe
npu 375°C B Teuenue 1 h.

MexaHn4ecKre HCIBITAHNUS POBOJIOYHBIX 00pa3IoB Ha pa3phIB IS Ompee-
JIeHUS Tpefiesia TPOYHOCTH G U OTHOCUTENBHOTO yATUHEHUsS O MPOBOAMIN HA
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Puc. 1. Cxema 3HaKonepeMeHHON MehopManyy H3ruOOM TP MPOTATHBAHUN 3aTOTOBKH B
MHOTOYTJIOBOM KaHalie, 00pa30BaHHOM: @ — CMEIIICHUEM TBEPIOCILIABHBIX BOJIOK: 0 = 05 =
=87° 02 =04 =81°, 03 = 72°; 6 — onemeHTamMu BpalleHHs (POJIMKaMH) C KPYTOBBIM Bpa-
IIICHUEM OTHOCUTENIBHO OCH BojioueHus: 01 = 04 = 79°, 0, = 03 = 60°, n = 6 rev/cycle

pa3pbiBHOI MammHe ZM-20. J{ns kKaKaoi cxemMbl 00paOOTKH HCTIBITHIBATIN HE Me-
Hee 10 o6pasios. [lorpemnocTs u3Mepennii cocrasisiia ~ 1%.

TepmooOpaboTKy 00pa3iioB OumeTaiia Ha ocHoBe crutaa HTS50 ocymecTsis-
mu B BakyymMHO# ieun CHBO-1.3.1/16. /Ilnametp 00pa3iioB H3MEPSIIA PHIYaKHBIM
MukpomeTrpom MP-0-25 ¢ nenoit genenust 0.002 mm.

Pe3yabTaThl 3KCIIEPUMEHTa U UX 00CYKIeHHe

PesynbraTel Mccne10BaHNN M3MEHEHUS] MEXAHWYECKHX CBOMCTB METAJUIMYECKHUX
MaTepuaiIoB (Tpeaesa MPOYHOCTH, OTHOCHTEIIBHOTO YITMHEHUSI, BEJIMIUHBI Pa30po-
ca 3Ha4E€HHH MPOYHOCTU Gp  /Gp . ) B 3aBUCHUMOCTH OT CXeMbl Ae(OpMHPOBAHMS

max min

TIpe/ICTaBJICHbI B TaOJIHIIE.

W3 Tabnuimpl clieayeT, YTO 3HAYCHUs MPEIeSIOB MPOYHOCTH MCXOTHBIX M IIHK-
audecku neopMupoBaHHBIX 00pa3ioB u3 Menu, ciaBa HTS50 u 6umeranna Ha
ocHoBe HT50 m Memu ¢ MMCKpPETHHIM M3MEHEHHEM HallpaBJieHUs aedopmManuu
u3ruba mo cxeme | MpakTHYECKH paBHBI APYT Apyry. VCKIoueHHeM SBISIOTCA
MHOTOIIMKIIOBass 00paboTka (M3rub—kpydenue) no cxeme 2 cramu 12X18HI10T,
rae nehopManroHHOE YIpPOYHEHHE cocTaBisieT ~ 15%, a Takke 3HaKOMepeMeH-
HBIN TTACTUYECKUI M3rHO C KpydeHHEeM OMMETaUTMYeCKON 3arOTOBKH, MPUBOJIS-
MUK K PasynpovyHEHHIO ~ 5% IMpennoIoXKUTEIbHO 3a CUeT U3MEHEHHU MOP(OII0-
MM MEKKOMIIOHEHTHOM CBSI3H, 00YCIOBICHHOTO APOOICHUEM CTPYKTYPHI B IPO-
1ecce APoOHOr0 3HAKOTIEPEMEHHOTO HATPYKEHHUS.

OpmHako, ¢ Ipyroil CTOPOHBI, IPeABapUTENIbHAS 00pabOTKa MPOBOJIOYHBIX 3ar0-
TOBOK 3HAKOTIEPEMEHHOHU nedopMarell Cocpe0TOYCHHBIM U3rnooM (cxema 1) u
n3rudoM ¢ KpydeHueM (cxema 2) B KOMOMHAIIMU C MOHOTOHHOM nedopmaruenn —
TPaJULIUOHHBIM BOJIOUEHHEM — MPUBOJUT K MOBBIIIECHUIO TPOYHOCTH BCeX 00Opa-
OaTbIBaeMBIX MaTepHaioB (MOHO- U OMMeTa/uIoB) B npenenax ~ 5—10% u cHuxe-
HUIO pa3dpoca MPOYHOCTHBIX CBOMCTB 1O JTMHE o0pasIia.

Kpowme Toro, 3HakonepeMeHHas peaBapuTeabHas Aedopmaius u3ruoom ¢ of-
HOBPEMEHHBIM Kpy4YeHHEM OMMETaITNYeCKON 3aroTOBKHM Ha ocHoBe cruiaBa HTS50
CIOCOOCTBYET MOBBIIMICHUIO €€ MIACTHUYHOCTH. OTHOCUTENBHOE YJIMHEHUE BO3-
pocino o 3HaueHuid O = 2.14% mo cpaBHeHuto ¢ BenuunHOM O = 1.33% mns 00-
pasia 6e3 mpeaBapuTeIbHOM 00paOOTKH.

Heckonbko moBbIieHHBIE TPOYHOCTH (Ac), = 10 MPa) u xpynkocTs (BenmnuuHa
CHIDKEHHUSI OTHOCHUTENBHOTO yunHEeHUS Ad = 4%), cTaOMIBHOCTh POYHOCTHBIX
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Tabmuma
BimsiHue cxembl 3HaKONIEPEeMEHHOI0 1e()OPpMHUPOBAHNS HA MEXaHUYEeCKHE CBOMCTBA
MeTAJNIMYeCKHX MaTepHaIoB

Cxema npenBa- Sp .
O6pazen PHUTENBHOM 006- H%%J;eazgg;)iaa 1\(/;;’3 3{’) . iﬁg Z ’
paboTku min
Mens MOG, — - 223 29 1.04 -
& 0.5 mm Cxema 1 - 227 14 1.01 +4
Crias HT50 6e3 memu, - - 930 | 2.4 | 1.06 —
@ 0.44 mm Cxema 1 — 942 | 235 | 1.03 | +12
- - 663 | 23 | 1.06 -
g“gf rﬂso BMEH, (0 oma | - 630 | 20 | 1.01 | +17
Cxema 2 - 633 | 244 | 1.03 | =30
Cranp 12X18H10T, - - 788 30 1.1 -
& 0.4 mm Cxema 2 - 901 5 1.01 | +113
- - 215 21 1.1 -
g?z XSQ _ Bomouenne | 408 | 0.82 | 1.05 | -
Cxema 1 e=T75% 438 | 0.75 | 1.01 | +30
- Bozoere 784 | 1.33 | 1.04 -
Cxema 1 c=912% 849 | 1.63 | 1.01 | +65
Cmtas HT50 B menu, Cxewma 2 817 | 2.14 | 1.03 | +33
& 0.5 mm _ Bonouenue 565 8 1.02 _
€=91.2%, oTxur
Cxema 1 375°C, 1 h 575 4 1.0 +10

CBOMCTB 10 JUITMHE 00pa3roB Ommeraia Ha ocHoBe crutaBa HT50 B menHo# 060-
JIOYKE TIOCNE MPEeIBAPUTEIBHOM O0OpabOTKM 3HAKONEPEMEHHBIM IUIACTHYECKUM
U3ruOOM U TMOCJIEAYIOIIEr0 MOHOTOHHOTO J1e(OpMHUPOBaHUS TPAaTUIIMOHHBIM BO-
JIOYEHHUEM, MTOJIBEPTHYTHIX OAHOYAcOBOMY OTKUTY IpH 375°C, CBUAETENBCTBYIOT
00 akTuBH3aIuu (Ha30BBIX MPEBPAIICHHUI B [3-TBEpIOM pacTBOpE CIJIaBa HUOOUS C
TUTAHOM C BBIJECIICHUEM BTOPUYHBIX (a3 U 0 POPMUPOBAHUH OJJHOPOIHOTO CTPYK-
TYpPHOTO COCTOSIHUSI.

PU3UKO-MEXaHUYECKHE CBOMCTBA B 3HAUYUTEIBLHON MEpPE ONMPEACIISIIOTCS U3MeE-
HEHUEM BHYTpPEHHEH CTPYKTypbl MaTepuaja IpU MHOTOLUKIOBOW 00paboTke.
Habmogaembie M3MEHEHUS! UCCIIEIOBAHHBIX CBOMCTB MOXKHO OOBSCHUTH (POPMH-
pPOBaHMEM TPU pPEANHU3ALUU YKAa3aHHBIX CXEM 3HAKOIEpEMEHHOU nedopmanun
MEJIKOJIMCIIEPCHON OAHOPOJHOW MHUKPO- M CyOCTPYKTYp B IPHUIIOBEPXHOCTHBIX
CJIOSIX U 00BhEME MIPOBOJIOYHBIX 00PA3I0B C PETYISPHBIM YepeioBaHHeM o0acTeit
C BBICOKOM M HHM3KOW IUIOTHOCTBIO JHMCIIOKALWKA MPU HEBBICOKOM YPOBHE MHKpPO-
HUCKOKEHUH 1 epeKTHOCTH MaTepuana [2,8].

3HaKkonepeMeHHas Ae(opMarisl MoAroTaBINBACT CTPYKTYpPy MaTepualia K HH-
TEHCUBHOM (pparMeHTalMy MpH MOCIEAYIONIed MOHOTOHHON Ae(opMalui BOJIo-
YEHHUEM M, CJICIOBATEIhHO, MPUBOANUT K nedopManimoHHOMY ymnpodHeHuio [9]; B
Clly4yae aHaJIOTUYHOM 00pabOTKH cIIaBa HUOOMH—TUTAH aKTUBU3UPYET MPOLIECCHI
BBIJICJICHUI BTOPUYHBIX (a3 u3 B-TBepAOro pactBopa mpu Harpese aedopmupo-
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BAaHHOT'O CILJIaBa 3a CYET MOBBIMICHHS MJIOTHOCTH I'PaHUI] CyO3epeH U MecT 3apo-
JbIIe00pa30BaHus, COKpaleHus U Ppy3MOHHbBIX My Tell TUTaHA.

BreiBOABI

1. BBISBIEHO MOJIOKUTENIHHOE BIIMSHUE HCCIICAYCMbBIX CXCM IIPCABAPUTCIIBHOI'O
HEMOHOTOHHOTO JIe(hOPMUPOBAHUS B KOMOMHAIIUK C TOCIICYFOIIMM MOHOTOHHBIM Ha
MPOYHOCTHBIEC CBOMCTBA 00padaThiBaeMbIX MaTepuasioB (~ 5—10%) 1 UX CTaOMITBHOCTB.

2. Cxema 3HaKONEPEeMEHHOM eopMalii U3ruOOM ¢ OJTHOBPEMEHHBIM Kpyde-
HUEM 3aroTOBKH TPEANOYTUTEIbHEE B IJIAHE MOBBIMICHUS TUIACTUYHOCTH OMMe-
TaJyla Ha OCHOBE CIIaBa HUOOWH—THUTAH.

3. Ilpennaraemple METOJUKH MPH BBIMOJIHEHHUH KOMILUIEKCA YTIyOJIEeHHBIX TeX-
HOJIOTHYECKUX ¥ (PU3MYECKUX HMCCICIOBAHUNA MOTYT OBITh IOJIOKEHBI B OCHOBY
pa3paboOTKH CITOCOOOB CTPYKTYpPHOM OOpaOOTKH CIUIaBa HUOOWI—THTAH C LEITHIO
HOBBIIIIEHUS €r0 (YHKIIMOHATBHBIX CBEPXIPOBOISIINX CBOICTB.
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N.I. Matrosov, V.V. Chishko, E.A. Medvedskaya, L.F. Sennikova, E.A. Pavlovskaya

DEPENDENCE OF MECHANICAL PROPERTIES OF METALLIC
MATERIALS ON STRAINING SCHEME

Influence has been investigated of straining with bending and bending combined with
torsion under a discrete change of straining direction on mechanical properties of stain-
less steel, copper and niobium-titanium alloy.

Fig. 1. Scheme of alternating flexural straining for drawing a billet in multiple-angle
channel formed by: a — displacement of hard-alloy dies: 8; = 65 = 87°, 0, =04 = 81°, 03 =
= 72°; 6 — rotating elements (rollers) with the rotation around drawing axis: 0; = 04 = 79°,
0, =03 =60°, n=6rev/cycle
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PACS: 81.40.Np

E.H. Bbicoukun

B3AMMOCBA3b COOTHOLWEHWA ONUH PASAENAEMbIX YACTEW
NMPOKATA C KAHECTBOM MNMOBEPXHOCTWU

HIMM «CtaHko MaLwu»
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CraTbsa noctynuna B pegakuuio 24 mapta 2005 roga

Ilokasano, umo npu pasdenenuu npokama no cxeme mpexmoyeyno2o uzeuba Ha OmKio-
HeHue MmpaeKmopuu mpewursl OKa3vléaem GusHUe OMHOueHUe ONUuHbL Hededopmupye-
MOIL uacmu K OluHe nieua npuioxcenust uzeubaiowei nazpysku 1j/l;. Haumenvwee om-

"t
KIOHeHUe om niocKocmu Haopesa Habniooaemes npu omuowenuu I/l > 1.

BBenenne

st obecriedeHus] MPSMOIIMHEHHOTO MPOJIBUKEHHSI TPEIIUHBI B IMONEPEYHOM
CEUYEHUU NpOKaTa HEOOXOAMMO CO3/1aTh TAKOE HANPSKEHHOE COCTOSHUE B 30HE
cKaTus, KOTOpoe Obl B AMHAMHUKE OJTHO3HAYHO OTMPEAEISI0 CHMMETPUYHBINA YTIIO0-
BOW KOPHUIOP CKUMAIOIIMX HAMPSHKEHUH C BEPIIMHOM, pa3MEIIEHHOW B MpoLecce
Pa3BUTUS TPELIMHBI B IJIOCKOCTH CUMMETPUH. J[0CTaTOUHBIM yCIOBUEM ISl TIOTY-
YEeHHs TAKOro YIJIOBOTO KOpHUJOpa SIBIISETCS oOecliedeHrne paBHOBECHS CHJI MHeEp-
IIUOHHOTO COMPOTHUBIICHUS B HeAC(POPMUPYEMBIX OTACISIEMBIX YaCTSIX MPOKaTa.

N3BectHO [1,2], uTO COBMECTHOE IeCTBUE U3rMOa C y4eTOM CHJI HHEPIIMOHHO-
IO CONPOTHUBJICHUS B HeAe()OpMUPYEMBIX UacTIX MpokaTa (OPMHPYET CBOEOO-
Pa3HbI KOPUIOpP COKUMAIOIIMX HAMpPsDKEHUH, NMPU MONaJaHuUd BHYTPh KOTOPOTO
TpelIHa 3aTOPMaXKMBAETCS, U JaJIbHEiIIee ee pacinpOoCTpaHEHUE OIpPEACIISeTCs
BJIMSTHUEM Ha HANpPSDKEHHOE COCTOSIHHE CHJI MHEPIIMOHHOTO CONPOTUBIICHUS BHE
nedopMupyeMbIX dacTel mpokara. [Ipeanonaraercs, 4To HIKHSS TOYKA YTIIOBOTO
KOpHJIOpa CMENIaeTcss OTHOCUTEIBHO MJIOCKOCTU CUMMETPUHU TOJIBKO TPH OTpejie-
JICHHBIX COOTHONICHUSX JJIUH HenehopMupyeMbIXx dacTeil mpokaTa B pe3yJbTaTe
JTUHAMHYECKOr0 BO3MYIIEHUS, BEI3BAHHOTO CHUJIAMH MHEPLUU B 3THUX YacCTAX. JTO
MO3BOJIUT ISl HEKOTOPBIX MapaMeTpPOB UIMH 3arOTOBOK CYIIECTBEHHO CTaOWIIH-
3UpOBATh TPEIIMHY U YJIYYIIUTh KaYECTBO MOBEPXHOCTH H3JI0MA, a TAKXKE B Jlajlb-
HEHIIeM MPOTHO3UPOBATH BEPOSITHBIE MYTH M3MEHEHHS TPEIIMHBI U CIOCO0 CTa-
OWIM3aluy paclpoCTpaHEHHs] pa3pylIEHUs, YTO JaeT BO3MOXKHOCTb MNPHUAATH
Tpacce TPEIMHBI HEOOX0IMMOE HaIIPaBJICHHUE.
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B mpouecce paspylieHus npu HarpyeHUU MpoKaTa TPEXTOUYEUHBIM U3THOOM
YCTAHOBJIEHA CBSA3b MEXIY M3rMOAIOIIMMU CHJIAMM, CHJIAMH HWHEPLHUOHHOTO CO-
NPOTUBJICHUS B HEACPOPMHUPYEMBIX YaCTSAX IMPOKaTa, OO0YCIOBICHHBIMU pPa3HO-
CTbIO OTHOLICHHUH pa3feNsieMbIX AJIUH, U TMOJEM CKUMAIOIUX HAMpPsDKEHUH moj
OIOPHOM MPU3MOM, KapTHHA PacIpeleleHHs] KOTOPOTrO U ONPEIEIIsEeT BEPOSTHBIE
IIyTH OTKJIOHEHUS TPAEKTOPUHU TPELINHBI B 30HE CxKaTHs [3].

MeToabl HCCJICIOBAHMSA H MaTEPHAJIbI

JlocTaTouHbIM yCIOBHEM JUIl CHMMETPUYHOCTH pacHpe/ieSieHUs] HapsDKEHUH 1o
OTIOPHO# TIPU3MO¥T IPH OT/IENICHNUH 3ar0TOBOK OT JUTMHHBIX IITAHT NpH /| = /5 sBIsieT-

cs1 obecrieueHre OTHOMICHHS JUTHHBI Hele(hOpMHUPYEMOi YacTu /| K IUIedy MpHIIoKe-
HUSI JIOMAroLedt Harpy3ku /) : [f'/[] > 1 vu sxe pas/eneHne npokara Ha paBHbIC YacTH.

MuHUMaNbHYI0 BETUYMHY OTKJIOHEHHS TPACKTOPUM TPEIIMHBI OT IUIOCKOCTH,
onpenensieMoil KOHUEHTPATOPOM M ONOPHOM NMPU3MOM, MpPU pa3eiIeHUuu NpoKaTa
Ha JBE€ HEPABHBIE YACTH OINPEAEISUIM IIyTEM BApbUPOBAaHUS JUIMH OTIEJISEMBIX
YacTel U TuIey NPUI0KEHUS N3ruOaroleil HarpysKu.

HccnenoBanus MpoBOAWIN Ha ABYX Mapkax craned — cr.45 u cr.lIX15 npu
TPEXTOUEYHOM Harpy>K€HUU C ONTHUMAJbHBIMU NapaMeTpamMH KOHLIEHTPATOpa Ha-
NPsOHKEHHUH, MTOTyYEHHOTO METOJIOM BHEIPEHHUS HOXa ¢ TIyOMHO# Hajape3a 3 mm,
pamuycom 0.1 mm u yriom Hazpesa 90°.

PesynbTaTsl HecjiefoBaHMil B UX 00CyKIeHHE

CorjacHo MOJYYCHHBIM JaHHBIM MTOCTPOMIIH TpadUUECcKyr0 3aBHCHMOCTE Be-
JIMYHHBI OTKJIOHEHUS TPACKTOPHH TPEIIMHBI OT COOTHOIIEHHS UTHH Pa3/essieMbIX
vacreii nmpokata mpu /['/f = 0.15; 1.0; 1.2. U3 rpaduka (puc. 1) BumHO, 4T0 MH-

HUMaJIbHOE OTKJIOHEHHUE TpaeKTOpuH TpeutuHbl (0 = 0.3 mm) cCOOTBETCTBYET OT-
HOUIIEHUIO JJIMH pa3JesieMbIX YacTel MmpokaTa, paBHoMy 1.2.

V3meHeHre OoTHOIIEHUST HelepOpPMUPYEMOIl YacTU 3arOTOBKU K TIJIedy HU3ruodaro-
1Ieil Harpy3Kd B CTOPOHY YMEHBILIEHUS! HeAe()OPMUPOBAHHOM YacTH 3arOTOBKH IPHU-
BEJIO K YBEJIMYECHHUIO OTKIIOHEHHS TPASKTOPUH TPELIUHBI HA BennuuHy 0 = 1.0-5.5 mm.

Taxum 00pa3om, pa3HMLA B AJTMHAX Pa3/AeIsieMbIX YacTel U OTHOIICHUE Hefe-
dbopMUpyeMBIX YacTel K IUIedy MPUIIOKEHUS M3THOAIONICH HArPy3KH OKA3hIBAIOT
CYILIECTBEHHOE BIUSHUE HA XapaKTEPUCTUKU Ka4eCTBa IOBEPXHOCTH U3JIOMOB.

Ha ocHOBaHMM MOJTyYEHHBIX JAQHHBIX MOCTPOEHA Ipaduyeckas 3aBUCUMOCTb Be-
JMYMHBI OTKJIOHEHUSI TPAEKTOPUH TPEIIUHBI OT OTHOIICHHS JUTMHBI HeneopMupye-
MO YacTH 3arOTOBKH K IUiedy u3rubaromeit Harpysku (puc. 2). 13 rpaduka BumHO,
YTO ONTHUMYM BEIMYHHBI OTKJIIOHEHHS TPAEKTOPUU TPEIMHBI 3aBUCUT OT OTHOIICHUS
JUTMH HeaeopMHUpyeMOl 4acTH 3arOTOBKM K IUIeUy MPUJIOKEHUS M3rudaromieil Ha-
rpy3ku. Taxke BumHO, uTo utst ctaym [1IX 15 ¢ moBsIneHneM U3rubaroieid Harpy3Ku
(kpuBast 2) BeJIMYMHA OTKJIOHEHHS TPACKTOPUH TPEIIMHBI UMEET MUHUMAJIbHOE 3Ha-
YEeHHUE MPU OTHOIICHUH IJTUHBI HelehOpMHUpYEeMON YacTh 3ar0TOBKH K IUIEYy W3TH-
Oaro1reil Harpy3ku, paBHoM 1. [Ipu ymensiennu mieda ot 50 g0 35 mm (kpuBast /)
OIITUMYM OTKJIOHEHUSI TPELLIHBI HAXOIUTCS MPU OTHOLIEHHH OoJbIe 1.
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4 g 05 1.0 1.5
L/1, L,/1,

Puc. 1. 3aBUCUMOCTb BEMYMHBI OTKJIOHEHUS TPAEKTOPHH TPEIMHBI OT OTHOLIEHHUS JTHH
paszmensiemMbix dacteit npokara mipu /1= 0.15 (1), 1.0 (2), 1.2 (3); — — crans IIX15, - - -

— cTaib 45

Puc. 2. 3aBHCUMOCTD BETTMYUHBI OTKIIOHEHUS TPACKTOPUHU TPEIIUHBI OT OTHOIICHUS JITHH
Hee(OPMHUPYEMOI YaCcTH 3arOTOBKM U IljIeYa M3rHOaromel Harpysku npu ;== 35 (1),

l}=1=50(2)

st cranu 45 nipu miede u3rubaroie Harpy3ku 35 mm ONTUMYM OTKIIOHEHUS
TPEUIMHbI HAXOJUTCS MPH OTHOLICHUH JJTMHBI Hele(hOpMUPYyEeMOi 4acTH 3arOTOB-
KM K IJIedy u3ruoaromnieil Harpysku, paBHoM 0.9, a misa mieua 50 mm oH paBeH
0.8 mm.

OTKJIOHEHHE TPAaeKTOPUHU TPEIIMHBI MPU OTHOIICHUU AJUHBI Hexedopmupye-
MOIf 4acTH 3aroTOBKH K IUIedy nu3rubaroiieit Harpysku '/ /] < 1 He Habmronanoch
NpUMEPHO A0 2/3 nmuamerpa 3arOTOBKH, HO B KOHIIE CEUYEHHUSI OHO COCTaBIIsUIO Be-
JUYUHY, npuMepHO paBHYIO 4.0-5.0 mm. [IpuueM Takoil xapakTep OTKIOHEHHUS
TPAaeKTOPUU TPEIINHBI XapaKTEPeH I Pa3IuIHON (OPMBI MTOTIEPEUHOTO CEUCHUS
poKara.

[Tpu ykazaHHBIX apaMeTpax Iuied NMPUIOKEHUS HAarpy3KHU U JAJTUH Henedop-
MHUPYEMOMN 4acCTH 3aTrOTOBKH 3alUCh TPACKTOPUHU JIBHIKEHUSI OTIIEISIEMbIX YacTel
IPOBOAMIN METOJOM J1e()OPMALlMOHHOIO OTIEYaTKa Ha MEIHYIO IMPOKIAJKY,
pa3MelleHHYI0 B 30HE Hajapesa. Jljig ucciaeayeMbIX mapaMeTpoB OTIEYaTKU Tpa-
EKTOPUU JIBMXKEHUS OTICNAEMbIX YacTeld ObUIM CHMMETPUYHBI OTHOCHUTEIBHO
Hajpesa.

3anuch TPaeKTOPUU JIBUKEHUSI BHOBb O0pPa30BaBIIMXCS MOBEPXHOCTEH MPOU3-
BOJAWJIM JUIsl BCEX HCCIEIyeMbIX MapaMeTpoB UIMH mpokarta. [Ipu oTHOeHun
pasznenseMbix 1vH [/l = 10 1 OTHOIICHUH JUTMHBI Hee(OpMUPYEMOii YacTh 3a-
TOTOBKH K Tuleuy u3rubarouieii Harpy3ku /['//{ = 0.15 3anuch TpaekTOpuu UMeeT

NPEPHIBUCTBI HECUMMETPUUHBIA XapaKTep OTHOCHUTEIBHO KOHLEHTpaTopa Ha-
npsbkeHuit (puc. 3,a). [lo 3amucu ycTaHOBIIEHO, UTO pa3/ieisieMble YaCTH UMEIOT
paBHbIE TPaeKTOpUH. B pe3ynbpTare pazpylleHus 3aroTOBKM Ha METHON MPOKIIaI-
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Ke HaOJIOIaJICS OTIEYATOK pelbeda TPACKTOPUH JBIKCHHS Pa3IesieMbIX JacTe.
BuiHbI 4eTKO OYepUEHHBIE CTYNICHBKH, IPHYEM CTYIICHBKH, 00pa3yeMble KOPOTKOM
OT/IEJISIEMOM YacThlo, B 2 pa3a JUIMHHEe, YeM 00pa3yeMble JUIMHHON YacThio.

IIpu Tex ke mapameTpax, 94To U B PACCMOTPEHHOM CJIydae, HO TIPH OTHOIICHHH
[//l{ = 1.0 pucyHok penbeda Ha MeJHOW MPOKIAAKE BBHIMNISAUT HHAYe (puc. 3,0).

Kak u B nmepBoM ciy4ae, OTIEYaTKH TPACKTOPHH JABWKEHHUS UMEIOT pa3indyue, HO
MeHee BhIpaXKEHHOE. 30Ha PUCYHKA TPACKTOPHH JIBUKEHUS KOPOTKOM OTAEIsIeMOM
YacTU Ha MEIHOW MPOKJIAJIKe YMEHBIIWIACH MO JUTMHE BJBOE [0 CPABHEHMIO C 30-
HOM 3aliCH JUTMHHOM YacCTH.

H3mepeHue OTKIOHEHHs MOBEPXHOCTH Pa3pyLICHUS OT 3aJaHHOW IUIOCKOCTH
MMOKAa3bIBACT, YTO MyTh, MPONJACHHBIA TPEIIMHONW OT MeCTa cTapTa 0€3 U3MEHEHUs
TPaeKTOPUH TPEUINHBI, paBHsAETCS mpuMepHo (3/4)D, nanee HaOMIONACTCS OTKIIO-
HEHHE TPACKTOPUHU TPEUTUHBI B BUAE KO3bIphKa (& = 1.5 mm). [lo manHOU 3anucu
MOYKHO CYJHUTb O TOM, YTO pa3feisieMble YacTH B MOMEHT Pa3pbiBa CIUIOIIHOCTH
npUOOpeTaoT NPUOIU3UTENFHO OJMHAKOBBIE CKOPOCTh U YCKOPEHUE.

W3meHenue otHouieHus [/l no 3HadeHus 1.2 mpu Tex ke mapaMmerpax Impo-

11ecca JIOMKH MPUBEIIO K CTaOMIM3alH nporiecca paspyuienus. Ha puc. 3,6 nokasana
MeJHas! POKJIA/IKa, Ha KOTOPOH BHIHBI pPaBHBIE 30HBI pelibeda oTreyarka.

Puc. 3. Mennas IpokIIajika ¢ OTIEYATKOM pefibeda TPAEKTOPUH JBUKEHHS PA3IeseMbIX
vacredt ipu: a — [)/L=10u [j/}=0.15;,6 - 1i/L=10u [[/[;=1.0; 6 — /L =10 [{/[}= 1.2
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N3menenue otHouenus o/l = 3 npu [/'/l] = 0.15 He U3MEHMIIO KAPTHHY 3aIH-

cu. Co CTOPOHBI KOPOTKOM YacTH HAOJFOMACTCS YSTKO OYepUCHHAS PE3KUMH CTY-
NeHbKaMH IIHPOKasi 30Ha JedopMalii MeTHON MPOKIIAIKU, KOTOpas MPUMEPHO B
2 pa3a 1o JUIMHE TPEBBIIIACT 30HY 3alMCH JJIMHHOTO KOHIIA 3aTOTOBKH. 3aluCH
penbedpa Ha MeJHOW NPOKIAAKE COOTBETCTBYIOT pHC. 3,a. Takum o0Opasom,
YMEHBIICHUE OTHOILICHUS IJIMHBI IPOKaTa B 3ar0TOBKE (/5//] = 3) KayecTBEHHO HE
MEHSET KapTHHY IOBEPXHOCTH U3JIOMa.

I[Tpu nomke obpasioB momnonam, koraa /Iy = 1, npu otHowenun '/l = 0.15
OTIIEYaTOK peibeda COOTBETCTBYET M300pak€HHOMY Ha puUC. 3,6. AHAJIOIMYHBIN
oTreyarok penbeda HabmrogaeTces Taxkke s L/l =1u [/ =1.2.

OCO0OEHHOCTBIO YCTAaHOBJICHHOTO XapaKTepa pa3pyLICHUs SIBISETCS TO, YTO Ha
OTKJIOHEHHME TPACKTOPUH TPELIMHBI OKA3bIBAECT BIMSIHHUE JJIMHA 3arOTOBKU U IUIE-
4o TOpwioKeHUs Harpy3ku. [lpuueM HauMeHblllee OTKJIOHEHHE TPELIUHBI OT
MJIOCKOCTH Hajpe3a HAOIIoAaeTCs IPH JJIMHE 3arOTOBKH, TPUMEPHO paBHOU 2D u
Oonee, U TUIeYe MPWIOKECHUS HArpy3KH, IpUMepHO paBHOM D. J[nsi yka3aHHBIX
apaMeTpoB 3aMKCh pesibeda TPaeKTOPUH OTIeYaTKa UMela CHMMETPUYHBIN BH/I.

[Tpu nuHE 3aroTOBKH, MEHBINEH 2D, U TUIeue MPUIOKEHUsT U3rubdaromei Ha-
rpy3KH, paBHOM D), OTHEYaTOK TPACKTOPHI OTAEISIEMBIX YacTE€d MMEET HECUM-
METpUYHBIA BUA. TperniuHa npu JaHHBIX MapamMeTpax OTKIOHSETCS OT MPSMOJIH-
HEUHOCTH 0 5 mm.

ITomyuyeHHbIe pe3yJIbTaThl C JOCTATOYHOU Ul UHKEHEPHOU IPAKTUKU TOYHO-
CTBIO COBMAJAIOT C pe3yJIbTaTaMH TEOPETUUYECKUX UcchenoBanuil [4]. CI0KHOCTb
TOYHOT'O TEOPETUYECKOr0 OMMCAHUS IpOLEcca JOMKH IIPOKaTa Ha HEPABHbBIE yac-
TH TPENONpeaeInia NOCTPOCHUE SMIIMPUYECKON 3aBUCUMOCTH, KOTOpasi MOKa3bl-
BAET, YTO OTKJIOHEHUE TPACKTOPHH TPEIIMHBI O CBA3aHO C OTHOIICHUEM /['/[] ciie-

IYIOLUM YPaBHEHUEM:

" n

1 1
8 =—=|13.9|L-a |-2.5|-=13.9 l—{—a +2.5|+c,
2 4 2 4

r7ie @ ¥ ¢ — KO3(PPUIHEHTHI, 3aBUCSIINE COOTBETCTBEHHO OT IJIACTUYHOCTH CTAJIN
U IUleya NpuiIoXkeHus usrubaromeidt Harpy3ku (a = 0.6-0.93, ¢ = 2.7-3.0).
bonbune 3HaueHus kod3(PUINEHTOB XapaKTepHbI IJIs XPYIKOH CTald M MalbIX
1Y MPUJIOKEHHS N3TMOAIOIINX HArpy30K.

BreiBOABI

Taxum 00pa3oM, yCTaHOBIIEHO, YTO MPU CUMMETPUYHOM HArpyEeHHUU TPEXTO-
YEYHbIM M3rMOOM Ha mepepacrpeesieHue HanpsyKeHU OTHOCUTEIBHO 3aJaHHOM
IUIOCKOCTH pa3pyIleHHs B MPOLIECCEe PA3BUTUS TPEILMHBI OKA3bIBAET BIUSHUE CHU-
Ja MHEPLUUOHHOIO CONPOTHBIICHHUS B HEAEC(POPMHUPYEMBIX OTIEISIEMBIX YaCTAX
npokata. JlocTaTOYHbIM YCIOBUEM AJIS CTAOMIIM3AaLUU TPAEKTOPUU TPEIIUHBI PU
OTJENICHNH XPYTNKOTO MPOoKaTa M3ruOOM OT JUTMHHBIX IITAHT SIBIISIETCS obecrede-
HHE OTHOLICHUS JUTHHBI HeJiehopMUpyeMoi yacTh /| K Iiedy NpHII0KEHUS H3TH-
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Oaromieit Harpy3ku /{ Gousbie 0.8—1.2 BBICOTHI CeUSHHsI MPOKATA UITH JIOMKA TIPO-

KaTa IIOII0JIaM. I[J'I?[ 3aroToOBOK, PABHLIX IO AJIWMHEC ABYM AHAMCTpPaM U 60.]'[66, C
JUTMHOM mjieda MIPUIIOKCHUS HAI'PY3KHU, paBHOﬁ AUaMETpPy, TPpCUIMHA HE OTKJIOHSA-
C€TCA OT IJIOCKOCTH HaApcC3a. Z[J'I?I 3aroToBOK, MO AJIMHC MCHBIIMX ABYX JHAMCT-
POB, TPpCIIHMHA OTKJIOHACTCA Ha 3HAYUTCIIbHYIO BCIIMUUHY.

1. II. Kpocnu, 3. Punaune, Mexanuka paspyuieHust Ne 25, 74 (1981).

2. B.M. @unkenv, IO.U. I'onosun, I'.b. Podwokos, XonoaHas JToMKa Tpokara, MeTtai-
myprus, Mocksa (1982).

3. JI.C. Mopo3, Mexanuka u Qusnka aedpopMaluii ¥ pa3pyLIeHUs] MaTepraioB, Mamm-
HOCTpoeHue, Jlennnrpan (1984).

4. T. Exobopu, ®u3vka U MeXaHWKa pa3pylIeHUs W MPOYHOCTh TBEPIBIX Ten, Merain-
myprusi, Mocksa (1971).

E.N. Vysotsky

INTERRELATION BETWEEN THE RATIO OF LENGTHS OF DIVIDED
ROLLED PRODUCT PARTS AND SURFACE QUALITY

At the division of rolled products by the scheme of three point bending a deviation of
crack trajectory is shown to be influenced by the ratio of the length of undeformed part to
that of shoulder of bending load application /I, The least deviation from the plane of

notching is observed for ;7> 1.

Fig. 1. Dependence of the value of crack trajectory deviation on ratio of lengths of divided
rolled products for '/ 1] =0.15 (1), 1.0 (2), 1.2 (3); — — steel ILIX15, - - - — steel 45

Fig. 2. Dependence of the value of crack trajectory deviation on ratio of lengths of unde-
formed part of billet and bending load arm for /j= ;=35 (1), [;=1,= 50 (2)

Fig. 3. Copper spacer with printed relief of the trajectory of separated part motion for : a —
I/l =10 and [[/[;= 0.15; 6 — [1/l, = 10 and [{/l}= 1.0; 6 — [/l = 10 and [{/lj= 1.2
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PACS: 81.40.—z

O.B. MNpokobesa, A.E. benrenbanmep

BIIMAHNE MPOPUITIA CEHEHNA MATPULbI HA TTAPAMETPbI
BMHTOBOW 3KCTPY3UM

JoHeuknii unsmko-TeXHNYeckUin MHCTUTYT M. A.A. MankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbs noctynuna B pegakumio 20 masa 2005 roga

IIposeden meopemuueckuti aHAIU3 2eOMemMpUY KAHAIA MAmpuybl Osi NPOYecca GUHMO-
60t sxcmpysuu (BD) ¢ ucnorvzosanuem pacuemuol npocpammol, HANUCAHHOU 8 HaKeme
Matlab. Ilonyuena oyenka cpednezo 0asieHusi HA CIMEHKU GUHMOBO20 KAHAAA MAMPULbL
onst paznuunsix popm e2o npoguns. Ilpeonodicenvl pexomenoayuu no nPoeKmMupoB8aHuo
OCHACMKU 0151 OAHHO20 NPOYECCd C Yeblo NOBbIULEHUS ee CIOUKOCTILL.

BBenenne

Cpenu METOIOB TMOYUYEHUS! OOBEMHBIX YJIbTPAMEIKO3EPHUCTHIX MaTEpPUAJIOB
MyTeM HaKoIUIeHHsI B HUX AedopManuu BD sBiseTcs] CpaBHUTENHHO HOBBIM U
a¢dexktuBHBIM TporieccoM [1,2]. JIo HACTOSIIEro BPEMEHH MHOTHE MPUHITUIIH-
aNbHBIC BOMPOCHI TEXHOJOTHH BCE €Ille OCTAIOTCS OTKPHITHIMU. B yacTHOCTH, He
UCCJICIOBAHO BIHSIHEE (DOPMBI MPOQIIISL HA CTPYKTYPY MOTy4aeMOro MaTepuara,
€ro TMJIACTUYECKOE TEUYEHHE, DHEPrOCHIIOBBIC MapaMeTphl Mpolecca, CTOMKOCTb
WHCTpyMeHTa. [laHHas pabora mpencTaBiseT cOOOW OJHY U3 IMEPBBIX MOIBITOK
U3YYHThH BIMsSIHHE TIPO(UiIsS cedeHus KaHama (a cleoBaTelbHO, U POl 3aro-
TOBKH) Ha XapaKTEPHUCTHKHU Tpoiiecca BD u gaTh OLIEHKY CpeHEro KOHTAKTHOTO
JaBJICHUS HAa CTCHKHU KaHaa.

IIpenBapuTenbHbIe paccy:KaeHUs

[To Mepe BHaBnMBaHUS 3arOTOBKM B BUHTOBOW KaHal MaTpHIbl (Y4acTOK 2 Ha
puc. 1) BO3HUKAET peaklusi CO CTOPOHBI €r0 CTEHOK, MPUBOJAIIAS K CKPYUMBAHHUIO
HI)KHEHW YacTu 3aroToBKHU (y4acToK 3) OTHOCHUTENBbHO BepxHel (yuactok /). Ha
HAYyaJIbHOM CTaJuM Ipoliecca, KOrja B BUHTOBOM KaHajle HaXOAWUTCS elle He3Ha-
YUTENbHBIH 00beM MaTepuaia, BeIMYNHA CKPYUHBAIOIIEr0 MOMEHTAa HEeA0CTaTOY-
Ha JUISl TOTO, YTOOBI IEPEBECTH B TUIACTHYECKOE COCTOSTHHE BCE CEUCHHE 3arOTOB-
ku. [Ipu 3TOM ee mOBepXHOCTHBIE clIoU 1e(hOPMHUPYIOTCS TUIACTUYECKH, a TIpHUoCe-
Bble — ynpyro. CKkpy4HBaromuii MOMEHT BO3pacTaeT 1o Mepe MPOJABUKEHUS 3aro-
TOBKH 110 BUHTOBOMY KaHally ¥ HAa HEKOTOPOM IIyOMHE JOCTUTAET 3HAUCHUS, IPU
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z N\ KOTOPOM ILJTACTHYECKOE TEUCHUE OXBAThI-
BAaCT YK€ BCE CEUCHUE 3aroToBku. Kak mo-
|~ xazaHo B pabore [1], ocHOBHas aedopma-

Sprof I ] LY TIPY 3TOM MPOUCXOUT B 30HE [ — 2 U

T i o MPEICTaBIsET COOOW MPOCTOW CIBUT B
S, ; - 2 MepexoTHOM 00IacTH.

| [Tocne Toro, kKak 3aroToBKa MpPUHSIIA

q ¢bopmy BHUHTA (T.€. TIOJIHOCTBHIO TIACTH-

yecku JegopMHpOBaiach), YyXKe HET
CMBbICTIa YBEJIMYUBATh TJIyOUHY BUHTOBO-
ro KaHaJjla, IIOCKOJIbBKY €€ MpOJBHKEHUE
M0 KaHaly MPOUCXOJUT MPAKTUYECKH
6e3 nedopmaruu TOMOOHO TOMY, Kak
BHHT BKpy4HBaeTcs B raiky. [[ns obec-
MEYCHHSI JTOMOIHUTEIBHON nedopMaun
Puc. 1. Hanpsokenwusi, nmeictByrorme Ha 3arOTOBKH MOXHO MO MEpE €€ MPOJIBU-
9JIEMEHT 3arOTOBKHM Ha Pa3jIMYHBIX yd4acT- JKEHUSI M3MEHSTh Yroj HakjIoOHa BUHTO-
Kax BHHTOBOTO KaHala Marpuilbl: / — 3a- Boil marpuibl. Ho Haubonee s dexrus-
XOJIHOM, 2 — BUHTOBOM, 3 — KanMOPYIOIEM  HOoe pelleHne, ¢ HAIleH TOYKU 3PEHUS, —

3TO BBIXOJ| 3arOTOBKH B BEPTHKAJIbHBII
KaHaJ IocJie €€ IMOJIHOTO NEpexo]a B IulacTuieckoe coctosHue. [Ipu aToM BO3-
HUKHET BTOpas mepexojHasi 30Ha 2 — 3, B KOTOPOM 3aroTOBKa OMATH MOABEpra-
€TCs IPOCTOMY CABHTY, HO YK€ 0OpaTHOI HanpaBJICHHOCTH.

W3 npuBeneHHBIX BHIINIE PACCYXKICHHUMA CIEAyeT, YTo Mepor 3(h(EKTUBHOCTH
npoduiis KaHaja sSBISIETCS ero ClOCOOHOCTh CO3/1aBaTh MOMEHT, CKPYUYHBAIOIIUI
3aroToBKy. Takoil MOMEHT CO3al0T HEe BCE YUaCTKU KaHajla MaTPHUIIbI, a JIUIIb T€,
KOTOpBIE€ OKa3bIBAIOT COIIPOTUBIIEHUE IPOABM)KEHUIO 3aTOTOBKU BHM3, T.€. UMEIOT
BEKTOP HOpPMaJIM K TIOBEPXHOCTH, HaIlPaBJICHHBIN BBepX. Takue y4acTKu B Jlajib-
Heimem OyJeM HasbIBaTh aKTUBHBIMU. OTCIOAA CIEQYeT, YTO KaHal TeM 3¢ dek-
TUBHEE, YeM OOJIbIlle OTHOCUTENbHAS IJIOaJb aKTUBHBIX YYacTKOB M YEM paB-
HOMEpPHEE OHM pacMpe/eeHbl MO NMepuMeTpy KaHana. Eciam ykazaHHble yyacTKU
pacnpe/ienieHbl HepaBHOMEPHO M UMEIOT Mallyl0 OTHOCUTEJIbHYIO IUIOIA b, TO Ha
HUX BO3HHUKAIOT OOJBIINE KOHTAKTHBIC NABJICHUS, MPUBOMASAIINE K CMSITHIO 3aro-
TOBKM BMECTO €€ BHHTOBOro TedeHus. Kpome Toro, B 3TOM cilydae cO37aroTcs
KpaiiHe HeOJIaronpusaTHbIC YCIOBHS pabOThl HHCTPYMEHTA, BBI3BIBAIOIIUE €T0 yC-
KOPEHHBI U3HOC U pa3pyIllCHHE.

Msl pa3bunu 3amady 00 onpeaeneHur 3PGHEKTUBHOTO MPOGUIS CEYCHHS KaHa-
Jla MaTpHUIlBl Ha JIBe YacTu. B maHHOM paboTre ;MHY KaHala W aaBieHue BD mo-
Jlaraem 3aJJaHHbIMU U Ha OCHOBE 3TOT0 OIpPEAEIIsieM KOHTaKTHbIE AaBICHUS HA TE€X
y4acTKax KaHalla MaTpHUILbl, KOTOpPbIE CO3AAI0T CKPYyYMBAIOIIUNA MOMEHT. B nanb-
HEHIIeM IIaHUPYETCs] PACCYUTATh MUHIUMAILHO HEOOXOAMMYIO BBICOTY BHHTOBO-
ro KaHaja MaTpuIlbl (T.e. ydacTka 2), 00€CIeunBaronlyo MIacTUIeCKyto nedop-
MAaIMIO BCErO CEYEHHUS 3arOTOBKH.
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B pacderax MbI ynpolaeM 3aady U 3aMEHSEM CIIOXKHYIO 3II0PY KOHTAKTHBIX
JaBJICHUHA HEKOTOPBIM CPEIHUM JaBJICHUEM, PACIIPEICICHHBIM HA aKTHBHBIX y4a-
CTKaX KaHaJla MaTPULLbI.

AKTHBHBIE YYaCTKH KaHaJa MaTpunbl. CpeHee qaBJieHHe

DJIEMEHTAPHYIO OLEHKY JIaBJICHUSA MOJYyYHUM U3 YCIOBUSI PABHOBECHS AJIEMEHTA
3aroTOBKH, HAXOSIIErocs B BUHTOBOM KaHalle MaTpuLibl (puc. 1):

PSpof = [ 7v.dS+ [ gn.ds (1)
S, S,

rae P — oceBoe masnenue BI; Spof, Sp — MIOM@AL COOTBETCTBEHHO CEUECHUS U
OOKOBOI OBEPXHOCTH BUHTOBOI'O KaHalla MaTPUIIbl; T — HANPSIKEHUE TPEHUS; ¢ —
JaBJICHUE MaTepuaja Ha CTEHKH MaTpHIbl; 1 — HOpMaJlb K BUHTOBOI MOBEPXHO-
CTH (n, — ee MPOEKIMs Ha OCb AKCTPY3HH Z); V — €AUHUYHBIA BEKTOP BJOJb BUH-
TOBOH MOBEPXHOCTH (V, — €ro MPOEKLHUs Ha OCh Z).

B kauecTBe P MBI B34JIM BEPXHIOIO OLIEHKY JUIs f1aBiaeHus BO u3 [1]:

P=20 gt B
J3 cosp R

33

I71e Gy — Mpenei TeKy4YecTd Marepuana; [3 — yros HakjIOHa BUHTOBOM JIMHHUU K

2)

HAIIPaBJICHUIO OCH JKCTPY3HH Z; p| — KOIQPUIMEHT IJIACTHYECKOTO TPEHUs; /1 —
BBICOTa BUHTOBOI'O KaHaja MaTpHLbl; R — paJuyc OKPY>HOCTH, OIMHCAHHOW BO-
KPYT MPO(UIISE CeUeHUsI.

Tpenue onpenensiayn coriacHo 3akoHy AMoHTOHa—KysoHa B Buze T = ug (L =
= Hp1).

CormacHO TIPHBENEHHBIM BBIINIE PACCYXKICHHUSIM KAadeCTBEHHOTO XapakTepa
JIaBJIEHHE Ha MOBEPXHOCTh 3arOTOBKHM OKa3bIBAIOT B OCHOBHOM T€ YYacCTKH KaHasa
MaTpHIlbl, HA KOTOPBIX 7, > 0. Bomee Toro, Hamm SKCIEPUMEHTHI MOKA3bIBAIOT,
4yT0o 0e3 MPUJIOKEHUsI TIPOTUBOIABIICHHS 3arOTOBKA MOXKET Jlake HE MPHJIETaTh K
ydacTKaM MOBEPXHOCTH KaHana ¢ 7, < 0. Toraa as OLEHKH CPeHero IaBJiICHUs
MaTepHalia Ha CTeHKH BUHTOBOT'O KaHajla MaTPHUIIbl TIOJI0KUM

x mpu n,>0,

q= 3)
0 mpu n,<0,
T/Ie % — HEKOTOpasi KOHCTaHTa, 3HaU€HUE KOTOPOU MPEICTOUT ONPEACTUTh.
CoryiacHO U3BECTHOMY COOTHOIIEHHUIO TEOpHH moJs [3]:

grad®
== 4
" | grad(D| ’ @

rae @ = (0 — ypaBHEHHE BUHTOBOW MOBEPXHOCTH.
Mo’kHO IOKa3aTh, 4TO JJI1 BUHTOBOI'O KaHala ¢ MpaBoil opueHTanuei (mo va-
COBOM CTpeJKe) 3TO ypaBHEHNE UMEET BU]L
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<1>(r,<P,Z)=r—f(q>—%tgﬁj=r—f(w), 5

rae » = f{¢p) — ypaBHEHHE KOHTYypa CEUeHHs KaHaja B IMJIMHAPHUUYECKON cucTeMe

z .
KOOpAWHAT; | = (@ ——tg — yroj, yYUTHIBAIOIINI MPOJABIKEHHUE 3JIEMEHTA 3aro-

TOBKHU IO BUHTOBOMY KaHaly.
[loncraBus (5) B (4) 1 B3B COOTBETCTBYIOIIUE MPOU3BOIHBIE, TOTYYUM KOMITOHEH-

Thl BEKTOPA HOPMAJIU N = (71, T, 11;), B YACTHOCTH BBIPAKEHHUE JUISL Z-KOMITOHEHTBL

g
R oy

2 2
JCaEs
R oy oy

U3 reOMCTPHUICCKUX Hpe[[CTaBJ'IeHI/Iﬁ HCCJIIOXKHO IOJIYUYHUTb BBIPAXKCHUA JIA
KOMITOHCHT BEKTOpaA V. HY)KHOG HaM 3HA4YCHHC Z-KOMIIOHCHTBI COCTAaBJISACT

voo— (7)

. 2
1+ (R thj

[ToncraBum Beipakenus (3), (6) u (7) B cootHommenue (1), pa3pernm ero oTHO-
CHUTEIIbHO UCKOMOM BETMUMHEI ) U, cienaB nepexon dS = rdedz = f{¢)dedz, momyunm

(6)

PS
%= = .®
tgp of
h2m R 0
[[ - z /(9)dodz
00

rooY wpor Y (o
(] (e (%)

[Tnomane ceuenus mpoduis MPOU3BOIBHOM (POPMBI pacCUUTBHIBAEM IO GopMyJie

2n f(¢) 21 2
Sprot = | [ rdrdo= | %dw.
0 0

0

)

Terepb, yuutbiBas GopMy TpoduIIsi, JOCTATOYHO 3aIHCaTh 3aBUCHMOCTE 7 = f{(()
B SIBHOM BHJE, U C TOMOIIbI0 Gpopmyn (8) u (9) MOXKHO paccuuTaTh CpeHEe JaB-
JICHHWE MaTepuaa Ha CTEHKH MaTPHIIbI.

ComnocrapiieHue pa3jJM4YHbIX Npo¢puiei no ux 3¢gdekTnBHOCTH

Mgl paccMOTpeny TpH XapakTepHBIX TpoQuiisi BHHTOBOTO KaHana [1] (puc. 2).
Ha sToMm ke pucyHke i Kaxaoro npouis KUPHbIMU JTUHUSIMU OTMEYEHBI aK-
THUBHBIE YYaCTKH M COOTBETCTBYIOIINE 3HAUEHUSI CPETHETO JIaBJICHUs MaTepHasa
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90 20 20 _20

120 60

150 30 150/ X 230

180 0 180} -+ — SR T 0

210\ /330 2108 gl /330

240 5 300 240 = 300

150/

Puc. 2. Bun npoduneld B monsipHBIX KO-
opauHaTtax. JKUpHOW JMHUEH IMOKa3aHbI
AKTUBHBIE YYAaCTKH KOHTYpa, KOTOpPbIE
XapaKkTepU3yloTCi BBICOKHM YpOBHEM
cpeanero nasienus g, MPa: a — 1109.1;
6 —837.2;6—845.8

180

210\

Ha CTEHKH MaTpHULbl g. Pe3ynbTaThl MOMyUYeHB! YMCICHHBIM PAacye€TOM 110 COOTHO-
nieHuto (8) B nmporpammHoit cpeae Matlab 6.0 MeTo10M, OCHOBaHHBIM Ha KBaJpa-
TypHOU (hopmyne CumricoHa.

['eomeTpuueckue pasmepbl mpoduiield ObUIM MOAOOPaHBI W3 COOOpaKECHHIA
OIMHAKOBOW TJIOMIAIN CEYEHUS Sprof VIS TOTO, YTOOBI MOXKHO OBLIO MPOBOIHUTH
UX CpaBHEHHE.

ComnocraBieHue pe3yJbTaTOB I0Ka3ajo, 4TO Haubojiee BBICOKOE 3HAUEHUE
cpennero naeneHus ¢ = 1109.1 MPa cootBercTByeT hopme npoduisi, mpeacTas-
neHHoi Ha puc. 2,a. CKpy4yuBaOIIMA MOMEHT B 3TOM CJIydyae CO3JAETCS JIHIIIb
JIBYMsl aKTUBHBIMU ydacTKaMH. Takas HEpaBHOMEPHOCTb B pacIpe/leIeHUH J1aB-
JICHUS IO KOHTYPY CEUEHHUsI SIBJISIETCS CIEICTBUEM TOTO, YTO €0 OKPYTJIbIE YAaCTH
HE OKa3bIBAIOT JIaBJICHMS HA 3arOTOBKY, HAXOJALIYIOCS B BUHTOBOM KaHale, IO-
cKoJbKY a7 HUX f{@) = R = const u coryacHo (6) n, = 0. Cpenu ocTajbHBIX y4a-
CTKOB KOHTYpa JaBJIEHUE OKAa3bIBAIOT TOJBKO T€, AJIs1 KOTOPBIX 7 = f((p) yObIBaET.
Bonee Toro, octpble Kpas TaHHOTO NpoGuIIsi HEU30€KHO SBIIAIOTCS KOHLIEHTPATO-
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pamu HanpspkeHui. Takum oOpas3om, nmpoduiib Ha puc. 2,a obecrieunBaeT Haubo-
JIee J)KECTKHE M HeOIaronpusTHIC YCIOBHS PaOOTHI U HHCTPYMEHTA.

[Tpodwis Ha puc 2,6 TOCTPOEH UMEHHO TaK, YTOOBI BCE YUAaCTKH €ro KOHTypa
ObUTH aKTHBHBIMH, T.€. YAOBIETBOPSIN yciIoBuio 1, > 0. lanublil npoduns npen-
cTaBysieT co0OM /1Ba OMHAKOBBIX, CIBUHYTHIX JIPYT OTHOCHTEIIBHO JIpyTa CIUpa-
JICBUIIHBIX Y4acTKa, Ha KaXJIOM M3 KOTOPBIX f{() — yObIBaromas (GyHKIHL. DTOMY
nporiTI0 COOTBETCTBYET HanbosIee HU3KOE M PABHOMEPHO pacIipe/ieJIeHHOE JIaB-
JIeHHE ¢, OJHAKO OH HE TEXHOJIOTMYEH, TaK Kak mocje BD ero TpynHo nmepeBectu
B (hopMy 3arOTOBKM CTaHAAPTHBIX cedeHuil. OJHUM W3 BapHAaHTOB NMPUMEHEHHS
00pa3uoB ¢ Takoi (opMoii MpouiIst MOKET ObITh pa3feiieHHe X Ha BE MOJIOBU-
HBI IyTEM Cpesa.

Haubonee mpuemieMbIM, IO HallleMy MHEHHIO, SBJSETCS MPOQUIIb, PEICTaB-
JIEHHBIA Ha pHUC. 2,8, — NPAMOYTOJIbHUK CO CKPYIJIEHHBIMU yriaMu. C oqHOM CTO-
POHBI, IaBJIeHHE HAa CTEHKHU MATPHIIBI B HEM paclipesieieHo 0ojee paBHOMEPHO —
MMeeTCs YeThIpe aKTHBHBIX y4acTKa KOHTYpa, Cpe/lHee AaBJIeHUE Ha KOTOPBIX (¢ =
= 845.8 MPa) Huke Mo cpaBHEHHIO C pUC. 2,a. ITO 00ECIIEYNBAET MEHEE JKECT-
Kyl Harpy3ky Ha o0opyaoBaHHE, TeM Oojiee YTO CKPYIVICHHBIC Kpas Tpoduiis
NPEnsATCTBYIOT 00pa30BaHUIO TaM KOHIIEHTPATOpOB HampspkeHuid. C apyroi cTo-
POHBI, JaHHBII MPOQHIL CEYCHHS 3arOTOBKM TEXHOJIOTHUEH M HE CO3JaeT Ipo-
6nem nanpHeiimei 00paboTKH 00pa3oB HA TOTOBOE U3ZEIHE.

BriBOaBI

Ha ocHOBe mpeayio’)KeHHOTO TEOPETHYECKOro aHalIM3a paclpelesieHus] KOH-
TaKTHOTO JIABJICHUS MO KOHTYPY CE€YEHHsS BHHTOBOTO KaHajla MaTPHIBI BBHITIOIHE-
Ha oIleHKa 3((HEKTUBHOCTH NMPODUIIS CeUeHUs 3ar0TOBKH 1ist BO.

N3 paccMOTpeHHBIX BapHaHTOB (hopma MmpoduiIs, MpeacTaBIeHHas Ha puc. 2,4,
SBIISICTCSI HEYJIOBJICTBOPUTENIBHOM, TaK KaK OH XapaKTepu3yeTcs KOHIIEHTpaTopa-
MH HalpsDKEHHH, a CpeiHee TaBJICHHE PACHPEIeNIeHO MO €ro KOHTYPY HepaBHO-
MEpPHO U UMEET OOJIBIIYIO BEIUYHHY.

[Tpoduns hopmbl, mokazaHHBIA Ha pUC. 2,0, d3OPEKTUBEH C TOYKU 3PEHUS pac-
npezeNneHst KOHTAKTHOTO JIaBJICHHUs IO KOHTYPY, OJHAKO OH He TEXHOJIOTUYEH, 32
UCKITIOYEHHEM CITydast pa3JesieHus: oOpa3iia Ha JBe MOJIOBUHBEI.

Haubonee npeanodrutensHoi sBisgercs: opMa npoduiis, mpeacTaBieHHas Ha
puc. 2,8, KaKk OTBEUAroOIasi MPUBEACHHBIM KpUTEPHAIM (P PEKTUBHOCTH U TEXHOJIO-
MU TIPEBapUTEILHON U MOCIeaAyIomel 00padoToK.

1. AE. Betizenvsumep, B.H. Baproxun, C.I. Opnos, C.I'. Coinkos, BUHTOBasI 3KCTPY3HUS —
nporecc HakoruteHus nedopmaruu, TEAH, donernxk (2003).

2. A.E. Beiicenvsumep, C.I'. Cuinxos, /[.B. Opnos, A.B. Pewwemog, KUIII Ne 6, 15
(2004).

3. B.A. Unvun, 3.I'. Iloznax, OcHoBbl MaTeMatudeckoro ananusa, Y. I, Hayka, Mocksa
(1980).
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O.V. Prokof'eva, Y.Y. Beygelzimer

INFLUENCE OF DIE’S CROSS-SECTIONAL PROFILE
ON PARAMETERS OF TWIST EXTRUSION

Theoretical analysis of the geometry of die channel for the twist extrusion process has
been performed by using computation program developed in MatLab packet. The average
pressure to the walls of twist die channel has been estimated for various shapes of its pro-
file. Recommendations on the designing of more resistive equipment for the process are
given.

Fig. 1. Stresses acting on billet element at different parts of twist die channel: / — entry, 2 —
twist, 3 — calibrating

Fig. 2. Profile types in polar coordinates. Heavy line shows active outline sections with a
high level of average pressure g, MPa: a — 1109.1; 6 — 837.2; 6 — 845.8
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PACS: 81.40.Lm, 62.20.Fe

C.B. MupoLuHnyeHko

OVNCMEPCWA TBEPLOCTW 3ATOTOBKU KAK KPUTEPUI
ONTUMANBbHOCTU HAKOMMEHHOW OE®OPMALIAN

JoHeuknii nsmko-TexXHNYecknin MHCTUTYT um. A.A. MankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbs noctynuna B pegakumio 1 anpens 2005 roga

Hns konuuecmeeHHOU OYeHKU Kauecmed COCMOSHUA MAmepuand, no08epeHymozo0 nid-
cmuueckoll depopmayuu, 8blOPaHbL KpUMepUU OYeHKU 20MO2EHHOCIU €20 MeXAHUYECKUX
CB0liCm8, KOmopbie 0aionm 803MONCHOCb 8bLOOPA ONMUMATLHBIX PEHCUMO8 Oehopmayu-
OHHOUL 0OPAbOMKU MAMepUana 3a20MmosKu.

KavecTBO npogyKIMy 3aroTOBUTENBHOTO, B YACTHOCTH KY3HEUHO-IIITAMIIOBOYHOTO,
MIPOM3BOJICTBA B MAalIMHOCTPOEHUH TPAKTYeTCS KaK COBOKYMHOCTh CBOWCTB, 00Y-
CJIOBJIMBAIOUIUX MPUTOJHOCTH 3arOTOBOK M3ACIUN NIl YAOBIETBOPEHUS OIpeie-
JICHHBIX TpEeOOBaHUN B COOTBETCTBHH C WX HazHaueHueM [1,2]. B cBs3u ¢ pesko
BO3POCIHINM B MOCJIEIHUE TOABI MHTEPECOM K MpoOJIeMe MOBBIIMICHUS XapaKTepH-
CTHK MaTepuaja 3aroTOBOK IyTEM HaKOIUICHUS IUIaCTUYEeCKUX nedopManuii u3
MHO>KECTBA CBOWCTB OOBEKTOM aHAJIM3a 11e1eco00pa3Ho BHIOPATh MOAMHOXKECTBO
MEXaHUYECKUX CBOMCTB, OIIEHKA KauecTBa KOTOPHIX JaeT BO3MOKHOCTb CYAUThH O
CIIOCOOHOCTH METaJuia K MPOTUBOCTOSHUIO BO3JCHCTBUIO KOHTAKTHPYEMOTO Tea
WM OKPY>KaloUleil cpeibl B MPOIecce UCIOIb30BaHUS METAIJIOU3AEITHS.

MexaHu4eckrue CBOWCTBA TMOJIMHOXKECTBA 7y4; [2] XapakTepHu3yloTcs B OOIIEM
Clly4ae MPOYHOCTHIO 74] U IIACTHYHOCTBIO 74 MaTtepuana. [lo meTonam ucmbITa-
HHI IPOYHOCTD ONPEETSAETCS TBEPAOCTLIO HV, IpenenoM TeKy4ecTu Gyield, Ipe-
JIEJIOM TIPOYHOCTH Gp, @ IIACTHYHOCTh — YJTHHEHUEM O, OTHOCHUTEIBHBIM CYIKe-
HHEM ¥ yaapHo# BsaskocThio KCU. U3BectHo, uto mokaszarend HV, Gyield, G5
OOBIUHO SBJIAIOTCS MEXAYy COOOW JMHEWHO-3aBUCUMBIMU, TOITOMY Ha MEPBOM
JTarne B MOAMHOXECTBO 74; AOCTATOYHO BKIIIOYUTH JIMIIL TBEPIOCTb U OTHOCH-
TEJIbHOE CY>KEHUE.

OaHUM U3 BECOMBIX MOKa3aTesiel MPOUCHISAIET0 U3MEHEHNUS MEeXaHWYEeCKUX
CBOICTB MeTaylia, MOJABEPTHYTOrO IIACTHYECKON aedopMaIuu B XOJOTHOM CO-
CTOSIHUH, SIBJISIETCSI U3MEHEHUe ero TBepaoctu (Hakien). Ha ocHoBaHuu 3aBuCH-
MOCTH MEXIY TBEPIOCTHIO M MHTCHCHBHOCTHIO HANpsDKEHUH U nedopmanuii Bce
0oJjee MUPOKOE MPUMEHEHUE HAXOAUT METOJ] OIpeieIeHHsl CTereHu aedopmanun
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Y MHTEHCHBHOCTHU HAMPSDKEHHOTO COCTOSHUS B IUIACTHYECKON obmacTu aedopmu-
pyeMoro Tena ucnblTaHueM TBepaocTH [3,4]. OgHako mpu UCCaeI0BaHUM MIPOIIEC-
COB pa3pyIICHUs MaTepUaJOB BCIEACTBUE HAKOILUICHUs MOBPEXKACHUI cama Xa-
paKkTepHUCTHUKA TBEPIOCTH CJIa00 UyBCTBUTEIbHA K U3MEHEHHSIM MOBPEKICHHOCTH
MmaTtepuana. Haubonee mpencTaBUTENbHBIMH B OTHOIICHUU OILIGHKH COCTOSIHUS
CTPYKTYpbl MaTepuaia CleQyeT CUUTaThb He aOCOIIOTHBIC 3HAUEHHUS €0 TBEPJIO-
CTH, a XapaKTePUCTUKH paccesHUs aOCONIOTHBIX 3HAYEHUH pe3yIbTaToOB U3Mepe-
HUH, BBITIOJIHEHHBIX HAa OJMHAKOBBIX 00pa3iiax B MACHTHYHBIX YCIOBUAX [5].

Jns monmydeHust XapakTEpUCTHK pacCcesiHUsl Pe3ysbTaTOB U3MEHEHHUs TBEPIO-
CTH MPHU HAKOIUICHUH IIACTUYECKUX Aedopmannii BaKHO ONpPeNeInTh, KaK CTaTH-
CTUYECKHU PACTIPEJEIICHO 3TO CBOMCTBO. B MexaHuke MaTepHuanoB yalle BCEro hc-
MOJIB3YIOTCS JIBa pacnpenenceHus: Beitoyna [6] u HopmansHoe [7]. [To-BuguMomy,
Ka)XX70€ U3 HUX Hauboyee aJeKBATHO OMKCHIBACT OIMPENCICHHYIO TPYMIy MaTe-
pHUaloB B OIpeeIeHHON CTaJuM IMpoliecca MoBpekaeHHOCTH. [l aHanu3a Tex-
HOJIOTUH BBIJABIMBAHUS HAMH MPHHITO HOPMAIBHOE pacHpeieieHne, 4TO IOJ-
TBEPKJIEHO MPOBEPKOM MPUHAICKHOCTH IKCIEPUMEHTAIbHBIX BBIOOPOK K COOT-
BETCTBYIOIIEH T'€HEpabHOM COBOKYIHOCTU C IOMOIIBI0 HEMapaMeTPUUYECKOI0o
KpUTEpUs ¥, @ sl OLEHKM FOMOTE€HHOCTH TBEPJOCTH Marepuaia B OTAEIbHBIX
30HaX U XapaKTEpUCTHKU €€ M0 00BbeMy 3aroTOBKH — CpeIHEee KBaJpaTHUYeCcKoe
OTKJIOHEHHE U Kod(hdunueHT Bapuanuu [8]. Takue cTaTUCTUYECKHE XapaKTepH-
CTHKHU TBEPAOCTH JAIOT BO3MOKHOCTh MPOCJIEANUTh 32 U3BMEHEHUEM CTPYKTYPHOIO
COCTOSIHMSI MaTepuaia IpH Pa3IUYHbIX CTENEHSX Pa30BOM M HAKOIUICHHOW je-
dopmaruii, a Takke B 3aBUCUMOCTH OT YCIIOBUH SKCIUTyaTalluu WU3/ETUsl BHIOH-
paTh CXeMy TEXHOJIOTMYECKOTO IMpoliecca U PeKUMBI €ro OTIACIbHBIX ONepalruil.
Jlns wnmocTpaliiy CKa3aHHOTO Ha pHc. | JaHa 3aBUCUMOCTh U3MEHEHHs TBEPAO-
cru HV u ee qucnepcuu B NpoLECce BbIIABINBAHMUS 3arOTOBOK BUHTOBBIM IIpEC-
coBanueM (BII) u peBepcuBHoii 3akpsiToit npormuBkon (P3I1) [8,9]. OcoOsrit un-
TEepeC BBI3BIBACT CPABHEHHE XaPAKTEPHUCTUK YMPOUYHEHUS B OCEBBIX U Mepude-
PUHHBIX 30HaX 3arotoBok, oopadoranHsix BII (puc. 1,a) u P3II (puc. 1,6). Mak-
CHUMaJIbHBIN YpoBeHb yrpouHeHus npu BII 3adukcupoBan Ha ocu 3aroTOBKH, B TO
BpeMms kak ripu P3I1 — B nepudepuiinoit obmactu.

[Tpu o6padotke P3I1 oTMeueHbl MakCUMalIbHBIE AUCTIEPCHH TBEPAOCTH B OCEBON
obmactu 3arotoBku D ~ 9000 (e = 7.2) ¢ mocTeneHHbIM cHIKeHueM 10 D = 1550
(e=14.4), ampu BII - D = 3025 (e = 4.5) ¢ ymensmenrnem 10 D = 100 (e = 8.5).

JlocTaTtouHo BBICOKHME 3Ha4eHHS paccesHus TBepaoctu D = 1800-3900 (e =
=7.2-14.5) nabmonanuchk Ha nepudepuifHbIX 30HAX 3aroTOBOK, 00pabOOTaHHBIX
P3I1. Takoil xapakTep paccesHHs TBEPJOCTH B PA3JIMUYHBIX 30HAX IMOINEPEUYHOIO
CEYCHHUS 3arOTOBKH OOBSCHSETCS NBYMs NpPUYMHAMH: aKTHBHOW aedopmarmeit
nepudepuu U 3aCTOMHBIMU 30HAMH Y OCH, CHIKAIOUIMMH HaKOIUIEHHYIO aedop-
Maluo. JTO TMOJATBEPKIACTCS U OTHOCUTENIbHO HU3KUM Hakjenom B cxeme P3II
1o cpaBHeHuto ¢ BII.

[Ipu omenke paccestHUs TBEPAOCTH MO MOMEPEYHOMY CEUYECHHMIO 3arOoTOBKHU B
1esoM (puc. 1,6) MOKHO BBIICIIUTH TPU CTAIMHM HAKOTUICHHSI 1epopMaIiui.
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Puc. 1. 3aBucUMOCTb U3MEHEHHS TBEp-
noctu HV u ee mucnepcun D OT Belu-
YUHBl HAKOIUIGHHOW JedopManuud e B
obpasuax, oopaboranusix BII (a) u P3I1
(0), cpaBHEHHME YIIPOYHEHUS B OCEBOH (+)
U nepudepuiiHoii (0) 06acTaX 3aroToB-
K{; 6 — CPaBHEHHE CPEJHMX TOKa3aTesnel
0 kadecTBa o0padoTku ms BII (kpussie /)
u P3II (xkpuBble 2) 10 TIOIIEpEeYHOMY Ce-
YEeHUIO 3arOTOBKH

- . N Sae -

0 2 4 8 10 12 14

l-a craguss (e < 5) XxapakTepus3yeTcsi HHTEHCHBHBIM pPOCTOM HAaKJIEmNa
(AHV/HV( = 0.5-0.7) u ero paccesaus (D/Dy = 10-50) mist 06enx cxem BbI-
naBinuBaHus. OgHako mpu oOpaboTke BII k KOHIly 3Toi cTanuu paccesHue TBep-
JOCTU pe3ko cHukaercs, a npu P3Il — mpomomkaer pact, 4To CBA3aHO, IO-
BUJIUMOMY, C HAJIMYUEM YIPYTUX 30H HA ONOPHOM TOPLIE 3arOTOBKH.

Ha 2-#t cranuu BeinaBnuBanus (e = 5—7.5) oTMedaeTcs aerpajaius TBEPAOCTH
o0pa3uos, nonyueHHbXx BII, n crabunpHblit ypoBeHr HV B o6pasuax, ob6pabo-
tanHbIX P3II npu 10ocTaTovHO BHICOKOM YPOBHE JTUCIIEPCHUH.

3-s cranus (e > 7.5) COOTBETCTBYET HapacTaHUIO Mpoliecca Aerpajaluu TBep-
noctu pu BII, HO ee aucnepcust ocTaeTcss HA ypOBHE UCXOIHOM 3aroToBKH. IIpu
obpabotke P3II TBepaocTh ocTaeTcst ctabunpHOM 10 e = 14.5 npu crabunuzanuu
paccesiHus Ha ypoBHe, cooTBeTcTByMomEeM BII. Cratuctuueckast 3HaUUMOCTh Jie-
rpagauuu TBepaocty B BII moarBepkaaeTcs 3HaUEHUEM JOBEPUTENIbHBIX MHTEp-
BaJIOB, KOTOPbIE MOCJIE BTOPOIO U TPETHETrO LIMKJIOB COOTBETCTBEHHO PaBHbI 37.3 U
36.4 MPa. IIpu obpabotke P3II xapaktep npupalieHus: Hakierna MOHOTOHHBIN BO
BCEH UCcleoBaHHOM 001acTu nedopManuu 10 3HaUYeHUs ee HakorwieHus P = 14.4
(oBepuTenbHBIE MHTEpBaNBI Mocie 4, 6 U 8-ro IHMKIOB COOTBETCTBEHHO 24.3;
15.5 u 21.1 MPa), a ko3¢ duHMeHT Bapualuyi OCTAaeTCA Ha JOCTATOYHO HU3KOM
yposae (0.067).

TBepnocth mo Bukkepcy, uamMepeHHass Ha 00OMX TOpPIIAX MEIHON 3arOTOBKHU
auaMerpoM U BbeicoToi 30 mm, mpomenmei o0paboTky MHorouukiaoBoit P3I1
MIPU MAKCUMAJIbHOM HOPMaJbHOM OCEBOM HamNpsbKEHUHM Ha myaHCoHe G, = 2.1 GPa
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u npotuBoaasienuu 400 MPa [5], cpaBHHBaeTCs C TBEPAOCTHIO 00pPaA3IIOB, BBIpE-
3aHHBIX M3 MEIHBIX MPECCOBOK C MOMEPEUYHBIM ceueHueM 14 x 14 mm, miuHOMI
100 mm, nocne obpadotku BII npu naBnenuu Ha myaHcone o, = 1.2 GPa u mpo-
tuBoaasienuu 0.3 GPa [6].
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S.V. Miroshnichenko

DISPERSION OF BILLET HARDNESS AS A CRITERION
OF OPTIMALITY FOR ACCUMULATED STRAIN

The estimation criteria of homogeneity of material mechanical properties have been cho-
sen to define quantitatively the quality of a material after severe plastic deformation.
These criteria make it possible to choose the optimum conditions of deformation treat-
ment of material.

Fig. 1. Influence of alteration of hardness HV and dispersion D on accumulated deforma-
tion rate e in billets machined by twist extrusion (TE) (@) and reversible closed broaching
(RCB) (6) methods, comparison of the hardness at axial (+) and peripheral (o) zones of
specimen; ¢ — comparison of average quality criteria after TE (curve /) and RCB (curve
2) deformation measured on the cross-section of billet
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H.B. I(opl4|/||<0|3a1

MMWKPOTBEPOOCTb KPUCTAJIIJIOB TI3VSy

1 o . .
JlyraHckuiA HaumMoHanbHbIV Negarornyecknii yHmeepcuteT M. Tapaca LLieByeHko
yn. O6opoHHas, 2, r. JlyraHck, 91011, YkpavHa

2)ZI,OHeL|,|<|/|17| PU3NKO-TEXHNYECKUI UHCTUTYT uUM. A.A. lMankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbsa noctynuna B pegakumio 20 anpensa 2005 roga

Ilpeocmasnenvl pesyiomamovl IKCHEPUMEHMATLHBIX UCCLEO08AHULL MUKPOMEEPOOCTHU HO
Buxxepcy HV xpucmannos TI3VSy H3zmepenus 6vinoiHeHvl HA KPUCALIOSPAPUYECKUX
naockocmax (100), (110) u (111) ¢ ouaconanvio undenmopa, nanpaeiennou 6donv [110]
IIpusedenvl pezynomamul usmepenuti HV 6 sagucumocmu om Hazpy3Ku OJisl HEOMONCIHCEHHBIX
U OMOACHCEHHBIX NPU PAZTIUYHBIX PEHCUMAX OMICU2A 00PA3Y08; YCMAHOBIEH ONMUMATIbHbILL
pesicum omarcuea. Koppekmuocms uzmepeHuti noOmMeepi*COeHa co2nacuem mMexncoy MUKpo-
meepoocmuio HV*, coomeemcmeyioweii navany niacmuyeckou oegopmayuu, u Koppexmu-
posarnou mukpomeepoocmuvto HV,, nomyueHHoU no HAKIOHY 3a6UCUMOCMU HAZPY3KU OM
ouazonamu omneuamxa. Cpaenueaiomes 3uawenus mukpomeepoocmu HV™ kpucmannos
TI3VSy, naiioennvie memodamu bpudscmena— Cmoxbapeepa u 30HHOU NEPEKPUCATIUIA-
yuu noo dasnenuem apeoua. Ilpednodcena noaysmnupuyeckas Gopmyna 0 ONUCAHUS MUK-
POMEEPOOCU UOHHBIX U UOHHO-KOBAACHMHBIX KPUCTHAAN08. Buinonnen cpasnumenvhulii ana-
U3 IKCHEPUMEHMATBHBIX U PACHEMHbIX 3HAYEeHUN MUKPOMBEEPOOCmU Ol 8CeX U3OCHPYK-

myphwvix coeounenutl kiacca Tl 3BjC46 (B5 —V, Nb, Ta; o S, Se).

o 5.6
T13VS4 — onHO u3 Hanbosee uHTEpecHBIX coenuHenui kinacca TIiB C4. OtoT

UHTEpec 0OYCIIOBIIEH TpeXk/ie BCero HaauuueMm B Kpuctamax Tl3VS, nanpasie-
HUH C HyJIEBBIM TEMIEPATYPHBIM KOI(PPHUIIMEHTOM CKOPOCTH «MEAJICHHOW» yIpy-
roii BosHbI. Kpome Toro, 3Tv KpucCTaIsl ABIAIOTCS Hanbolee n3ydeHHbIMH [ 1—4].
[Tocnennue HamM McCIeIOBaHUS ABJICHUN MEpeHoca 3apsaa [S] mokazaiu BICO-
KYl0 CTEN€Hb MOHHOW COCTAaBJISIONIEH TOKa B ATHX KpUCTALIaX, YTO, C OJTHOU
CTOPOHBI, 3aTPyAHSAET UX AKTUBHOE HCIIOJIb30BAaHHWE KAaK MAaTEpUAIOB aKyCTO-
ANEKTPOHUKH, a C APYroil — OTKPBIBAET HOBBIE MEPCIEKTUBBI B 00JACTH MOHUKU
TBEP/Oro Tela.

Hacrosimas paboTa mocssieHa n3y4eHni0 MEKPOTBEPAOCTH KpucTaiioB T13VSy,
BBIPAILLIEHHBIX METO/IOM 30HHOM MEPEKPUCTAIITU3ALMHU [I0]] JaBJICHUEM aproHa [7], u
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ee CBS3U C (DM3HKO-XMMHYECKUMH CBOWCTBAMH COCIMHEHHS, a TAKKE CPAaBHUTEIb-
o o 5~6
HOMY aHAJIN3Y yKa3aHHBIX CBOMCTB A7 Bcex coenuHeHnit knacca TI3B Cy.

Kpucranmmmaeckue obpasusl Tl13VS, moaroraBnmuBany B BHJIE IUIOCKOMapa-
JENBHBIX  IUIACTHH TOJIMUWHON 3 mm ¢ pabodeil MOBEpXHOCThIO 6 X 8 mm, 00-
paboTka KOTOpOil COOTBETCTBOBaNA 14-My KllacCy YUCTOTHIL. M3MepeHus ¢ momo-
ipI0 MuKpoTBepaoMepa [IMT-3 BBINONHSAIN Ha CBEKENPUTOTOBIEHHBIX TUTH(ax
HEOTOXKKEHHBIX U OTOXKEHHBIX 00pa3ioB T13VS, B Toukax KOOpAWHATHOMN CETKH
¢ maroM 500 um no merony Bukkepca. Onpenensiivi 3aBUCHMOCTb JUArOHaJIH
oTredarka d 4eThIpEXTpaHHOTO ajJMa3HOro MHACHTOpa ¢ yriioM 136.4° ot Benwu-
4yyHbI Harpy3ku P. I[Ipu 3TOM MUKPOTBEPAOCTH

HV:1854.4£2. (1)
d

[TockonbKy MHUKPOTBEPAOCTh — XapaKTEpPUCTUKA MaTepHala, He 3aBHCSIIAs OT
BEMUMHBI HAarpy3Kky, 3HaueHne HV = HV™, cooTBeTcTByIOIEE BHIXOMY HA IIATO
3aBucumoctd HV(P), paccunranHoit mo gpopmyiie (1), paccMarpuBaeTcst Kak MUK-
potBepaocTh 1o Bukkepcy. Bemmunny HV usmepsuin Ha kpuctammiorpadguaeckux
wiockocTsx (100), (110) u (111) tak, uTo AUaroHadb UHACHTOpPA ObLIa COPUCHTH-
poBaHa BI0Jb KpucTaiworpadudeckoro Hampasienus [110]. ITorpemHocTs ompe-
nenenust HV ne npespimana 50 GPa.

N3BecTHO, UTO MPOYHOCTH MaTepHaja U, B YACTHOCTH, MUKPOTBEPIOCTh CYIIECT-
BEHHO 3aBHUCAT OT MOJBIKHOCTH U TUIOTHOCTH JIMHEWHBIX AedexToB. [Ipu aTom mos-
BIDKHOCTB JTUCTIOKAIIMI B 3HAYHMTEIIHHOW Mepe CBs3aHa C TOYCYHBIMHU JiepekTamu, a
IUIOTHOCTh — C YCJIOBUSIMU MOJYYEHUS U TEPMUUYECKO 00paboTku Matepuaia. CHU-
YKEHHE KOHIICHTPAIIMU TOYCYHBIX e(EKTOB B MPOLIECCE OTHKHUTA MPUBOINUT K CHATHIO
BHYTPEHHHUX HAMPSHKCHUH, T.e. K YBEIMYECHHUIO TMOABWKHOCTH JUCIOKALWH, YacTHY-
HOMY YMEHBIICHUIO UX IJIOTHOCTH U, CJIEJOBATEIbHO, K OHIKEHUIO MUKPOTBEPO-
cTU. B Hammx sKcrepuMeHTax Mo MCCIECOBAHHIO BIHMSHUS OT)KUTa HA MUKPOTBEp-
noctb Tl3VSy mocnennuit mpoBoauiv B

I Bakyyme nipu Temrieparypax 170, 370 u

o 1.0 400°C B Teuenue 3 h.
?5 09 Ha puc. 1 B kadectBe mnpumepa
> NPE/ICTaBICHBI 3aBUCUMOCTH BEJIUYH-
038 el HV OT Harpys3ku Ha ILIOCKOCTH
AZ- 0.7 (111) ob6pa3uoB, MOABEPTHYTHIX OT-
KUTYy B YKa3aHHBIX peXuUMax. 31eCh
0.6 0 02 04 06 08 10 K€ ISl CPaBHEHHS TIPHUBENIECHA COOT-
' ' P, N ' ' BETCTBYIONIAs 3aBUCUMOCTH W JUIS

HCOTOXKIKCHHOI'O 06pa3ua. Kax BUOHO

Puc. 1. 3aBucumocts MUKpOTBEepaOocTH HV oT
POTBEPA u3 puc. 1, 3aBucumoctu HV(P) npak-

Harpy3ku P HEOTOMOKECHHBIX (M) M OTOMOKEH-
TUYECKH IEPECTAOT OTINYATHCS IO-
HBIX ~ MOHOKPHCTANIMYECKHX  00pa3IoB

T13VSs (rumockocts (111)). OTxkur ocyie- cne omkura npu 7' = 370°C u Bbime.
creiten mpn £, °C: 0 — 170, o — 370, ® — 400 Nmenno »tu 3nHaueHuss HV(P), mo-
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1.0 BUJUMOMY, CJIE€IyEeT CUMTATh UCTUH-
[ HeIMH 17151 kKpuctaiwioB Tl3VSy, mo-
£ 0.8 : JYyYEHHBIX METOIOM 30HHOM Iepe-
"g 06 KpUCTAJIIM3ALMU [0/l  JIaBJICHUEM
— aproHa ¥ cBOOOJHBIX OT BHYTPEHHUX
% 0.4 HanpspbkeHud. llosromy Bce nmaib-
HEHUINE WCCIEAOBAaHUS BBITOJIHAIN
02 Ha oOpa3zuax TI3VS,, npensaputens-
0 02 04 06 08 10 yo orosokennsix B Teuenue 3 h pu

P, N temneparype 400°C.
Puc. 2. 3aBUCUMOCTh 3HaYEHHHI MHUKpPOTBEp- Ha puc. 2 npuBeneHsl 3aBUCUMO-

noctu HV or Harpy3ku P Ui OTOXOKEHHBIX oy YCpEIHEHHBIX 3HaueHuit HV
o0pasioB T13VS4 Ha kpucTaIOrpaguUeCKuX

OTOXOKEHHBIX 00paszioB TI3VS, ot
mwiockoctax: m — (100), o — (110), ¢ — (111)

Harpy3ku P juisi kpuctauiorpaduue-
ckux Mmiockocteit (100), (110) m
(111). TIpu >tom 3Hauerue HV" coOTBETCTBYET Mmepexoy OT YIPYrUX K IIAacTH-
yeckuM aedopMmaiusaM (001acTh miaTo Ha rpadukax); CIeqyOMni 3a TaTo yJa-
cTok mnoHmwxkeHus HV ompenenser Hadamo XpymnkKOro paspyllIeHHs MaTepHala.
MakcumanpHasi Harpyska, elie He NMPHUBOJAIIAs K XPYINKOMY pPa3pyLICHHIO, CO-
craBisieT 1.1-1.2 N, 4To mouTu B JBa pasa MpeBHIIAECT JaHHbIE paboThl [6]. Tlo-
SIBJICHUIO JTUCIIOKAIIMOHHBIX PO3ETOK COOTBETCTBYET Harpy3ka 0.4 N, uro Taxxke
B/IBOE MPEBBIIIAET 3HAYEHUS, NpeAcTaBieHHbIe B [6]. dopMa OTIEe4YaTKOB MHJICH-
TOpa M JUCIIOKALMOHHBIX PO3ETOK Ha YKa3aHHBIX KpUCTAJUIOrpapUuecKuX II0C-
KOCTSIX XapaKTepHa Ui LEJT0YHO-TaJIOUIHBIX KPUCTAJIJIOB U, TAKUM 00pa3oM, sB-
JsIeTCsl AOMOJIHUTENIBHBIM apTyMEHTOM B TOJb3Y MPUHATOW HAMM KOHLETIUU Xa-

pakTepa CBS3M B KpUCTaJLIax T13B5C4 — MaTrepuajbl MOKHO pacCMaTpHUBaTh Kak
WOHHBIE COCIUHEHUS TAJTNS C KOMIIJICKCHBIM aHUOHOM (BSC:‘5 )3_ [4,5].

B ornnune oT pe3ysbTaToB, NIPEACTABICHHBIX B [6], HallM U3MEpEHUs MOoKa3a-
JY HaJIMYUe aHU30TPOIINU MUKPOTBEPAOCTH BTOPOrO poJa — U3 pUC. 2 BUAHO, YTO
pasHuIa B 3HaueHHAX HV™ Ha pasimuuHbIX KpHUCTaLIOrpadhHUYecKuX MIOCKOCTSX
nocturaet 20%. Koppektuposka 3Hauennit HV® ocymecTBiseTcs THHEHHOM per-
peccueil pyHKIIMOHAIBHON 3aBUCUMOCTH P = f(d). IIpn 3TOM KOpPEKTUPOBAH-
Hasi MUKpoTBepaocTb HV,. onpezensercs mo TaHreHCy yrijla HaKJIOHA perpeccu-
OoHHOM mpsimoi. Ha puc. 3 mpezacraBiieHbl 3TU MpsIMbIE AJIS U3MEPEHUH, BBINOJ-
HEHHBIX Ha Kpuctamorpadpuueckux miockoctsax (100), (110) u (111) obpasuos
T13VS,. Kak Buaum, yriasl HakinoHa 3aBucuMocted P~ = f(d) ans Bcex Tpex
mIockocTe Heckosbko oTimuarorest (0T HV,. = 803 GPa na miockoctu (110) o
HV. = 892 GPa na mockoctu (100)), a cpennee 3nauenue HV,. cocrassier 850 GPa.
ITpu stom 3naueHne HV*, monyueHHOE yCpeIHEHHEM MHKPOTBEPIOCTH JUIS BCEX
HCCIIeIOBaHHbIX IIocKocTel, coctapiser 841 GPa u mano otnuyaercss oT MUKpO-
TBEPAOCTH Ha ci1aboaHu30TponHol miockoctu (111): HV?HD = 823 GPa. Takoe
cornacue B ycpemHEHHHIX 3Hadenusx HV, u HV® (oTkIoHeHHe He MpeBBINIAeT
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1.0 2%), a Takxe Majoe OTJIMYHE STUX
YCPEIHEHHBIX 3HAYEHUHW OT MHKpO-
08 TBEPAOCTH Ha CIa00aHU30TPOITHOM
miockoctr (111) mo3BonsitoT B TIEp-
BOM TIPUOJIMKEHUH BBIMIOJHATH aHa-

12
U

~0.6 nu3  MukporBeppoctu  T13VS, Ges

ydyera HaOII0AaeMON aHU30TPOIHUH.

DTOT MOAXOJ SIBISETCS OOMICTIPUHS-

TeIM [6,9—13] mpu aHaimM3e MUKPO-
TBEPJOCTH CJIOKHBIX COCITUHEHUH.

02~ CpaBHEHHE MOTYYEHHBIX HAMU 3Ha-

10 20 30 40 50 yennit MHUKPOTBEPJIOCTU C TPUBEACH-

d, pm HEIMH B paborax [6,12] (706—755 GPa)

Puc. 3. CooTHoLIeHHE MEXTY HArpy3kod P roKa3bIBa€T OTKJIIOHEHHS, JOCTHUTalO-

¥ JUIMHOW JIMaroHaiM oTneyartka d Ha Kpu- e 15%. YuuTeiBas 3KCTIEPUMEHTHI

cramnorpaduaeckux mwiockocTsax: m — (100), ¢ omrHuroM M OTIMYHE B TEXHOIOTHSX
e —(110), & —(111)

172

0.4 1

(aBToper [1,6,12,13] momyyanu Kpwu-
cramtel TI3VS4 metomom Bpumxme-
Ha—Ctokbaprepa), Mbl TiojaraeM, 4yTo B kpuctaiuiax Tl3VSy, BbIpalieHHbIX METOIOM
30HHOW MEPEKPUCTAILTU3AIMYI T10]1 IaBJICHUEM aproHa, IUIOTHOCTb JIMHEHHBIX Je(eK-
TOB HECKONEKO HIDKE — 00 3TOM CBHJICTEIBCTBYIOT BHICOKME 3HaueHms HV™ mpu
OOoJIBIIMX Harpy3kax Xpymnkoro paspyiueHus. Takum oOpa3oM, MOYKHO YTBEpXIaThb,
4TO pa3paboTaHHas TexHONIOrus [7] obecrieunBaeT 0osee BHICOKOE KauecTBO KPHUCTAN-
70B. B monp3y Takoro yTBepKAEHHs CBUAETEIbCTBYET M CpPaBHEHHE 3HAYEHUN YIIPY-
IMX MOCTOSIHHBIX, OJTYYEHHBIX B [3] 1 mpeAcTaBiieHHbIX aBTopami [ 1,2]. U3MepenHoe
HaMH 3HaueHHe ynpyrou noctossHHou C1| ommvaercs npumepHo Ha 20% B CTOpOHY
YBEJIMYEHUS 110 CPAaBHEHUIO C JAHHBIMHU YKa3aHHBIX aBTOPOB. [Ipu 3TOM mpakThyecku
OJIMHAKOBBIMU SIBJISTIOTCSI 3HaUeHUs1 Cr U Cyy, @ TAKKE TEMIIEPATYpHBIE KO PHUILINEH-
ThI BCEX YNPYIUX MOCTOSIHHBIX. Takoe yBenmuueHnue Cpi npu HeU3MEHHBIX Cip U Cyy
TOBOPHT 00 y>KECTOUCHHHU PEIIETKH, He CBI3aHHOM C BHYTPCHHUMH HATPSHKCHUSMU.

[lepelineM Kk aHanKM3y BEIMYMHBI MUKPOTBEPAOCTH M 3aKOHOMEPHOCTEU €€ M3-
MEHEHHSI B Py HM30CTPYKTYPHBIX COEIMHEHMI Kiacca T13B5C46 . TBepmocts —
CJIOHAasl XapaKTepUCTUKA MaTepuaya, CBSI3aHHAs C €ro ynpyrMMH CBOMCTBaMH,
XPYIIKOCTBIO, TEKY4eCThl0. B mporiecce m3mMepeHns: MUKpOTBEPIOCTH B MUKPOOOb-
e€Me TIOBEPXHOCTHOIO CJIOsl Hapsy C YINPYrod M IUIaCTUYECKOM aedopManusiMu
MPOUCXOIUT pa3pyllIeHue Marepuaia. B 1emom MUKpOTBEpAOCTh KPUCTALIOB OI-
penenseTcss uX CTPYKTYpOU, XapaKTepoM CBsSI3€H aTOMOB U UX MOJSPHU3YEMOCTBIO.
Tak, cnocoOHOCTh KPUCTAIIOB C BAJICHTHBIMHE CBSI3SIMH (B CHITY HAIPaBJICHHOCTH) K
ruiacTuueckoi nedopmaru Hu3ka. OIHAKO C MOBBIIIEHUEM HOJSIPU3YEMOCTH aTo-
MOB 3Ta CIIOCOOHOCTH BO3pacTacT. B MOHHO-KOBAJICHTHBIX KPUCTAJUIAX POJb Ba-
JICHTHOCTH CBSI3€ll YMEHBIIIAeTCsl 3a CUET CIUIAXXMBAHUS MOTEHIMAILHOTO pebeda
pemetku (6appepa Ilaifepiica), MpEemsATCTBYIOMIETO MEPEMEIICHUIO TUCIOKAIIUH.
Koppemsimust mexay BwicoTOM Oapwepa [laiiepiica M MOHHOCTBIO OOYCIIOBJICHA
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TALHOJICHICTBUEM KYJIOHOBCKOTO TIOJISI M, KaK CJIEJCTBHE, OCIA0JICHHOW Harpas-
JIEHHOCTBIO HOHHBIX CBSI3€ M0 CPABHEHUIO C BAJICHTHBIMU [9].

Kax npaBuiio, 17151 KOJIMYECTBEHHOT'O OMUCAHUSI MUKPOTBEPIOCTH HCIOIB3YET-
csl TemrepaTypa IUIaBieHHus 1,,, 00bEM DJIEMEHTApHOW SYEeHKH V) U HEKoTopas
byHKIMsST HOHHOCTH f{(i), OOBIYHO OmpeaessieMasi OMBITHBIM IyTEM JIJISI TOTO WJIN
WHOTO Kjacca coenuHenuut [9—-11]:

HV*~5£@—fa», (2)
Yo
npudeM Ko3QQHUIUEHT MPOMOPIIHOHATEHOCTH TaK)KE HAXOIUTCS U3 OIBITA.
3aBucumocts HV" OT TemmepaTypsl TIaBIeHHs JOCTAaTOYHO ACHA — OHA OTpa-
JKAET SHEPTUI0 CBSA3HM, OOYCIIOBIEHHYIO KOPOTKOACHCTBYIOLIIMMHU B3aUMOJEHUCT-
BUSIMHU, BKJIIOYAIOIIMMU Kak OOMEHHBIE B3aMMOJCHCTBUS, TaK M TMOJSPU3ALMUOH-
HbIe 3 dekThl. [IocKoNbKY CpemHsis SJHEPTUs CBSI3H MOXKET OBITh MPHUHSTA ~ kT,
CpeIHsisl TUIOTHOCTh SHEPTHH Pa3pbiBa KOPOTKOJCHCTBYIOMIMX CBsI3eH Oyner or-
m
0
sueliky. Torma BeipakeHne (2) MOXKET OBITh MIPEACTABICHO B BUJIC

skT,,

0

peacIAThCA Kak , A€ § — YHCJIO CBHSGﬁ, MPpUXOIAINIUXCA Ha DJICMCHTAPHY O

HV* ~ (1- £()). (3)

CrinaxxuBaHue MOTEHIMATIBLHOTO pelibea pereTKy JalbHOACHCTBYIOUIUM KY-
JIOHOBCKHMM TIOJIEM Y4HTBIBaeTcs comHoxkuteneM (1 — f{i)), BenmnmumHa KOTOPOTO
OTIpeeINAeTCS U3 OMbITa A KKIOW M3 TPYMHN H30CTPYKTYPHBIX MaTEpHUAasIOB.
MpI nonaraeM J0CTaTOYHO OYEBUAHBIM, 4TO f (i) ~ ocj,,iz, rae oy, — 3hdexTus-
Hasl OCTOsIHHAsA MapenyHra, | — CpeHsisl HOHHOCTh COeAMHEHHU (/17151 OMHAPHBIX
COE/IMHEHUH O}, = 0Ly, , i — IOHHOCTH CBSI3H).

PaccMoTpyM IPUMEHHUMOCTB MPEVIOAKEHHON Moy MIpryeckoi opmyiisl (3) k
COCIMHEHMSM KJtacca T13B5Cf . DNeMeHTapHas KyOndeckas siaerka T13B5C4 (puc. 4)
COZIEP)KUT JIB€ (POPMYIIBHBIC SIMHHIIBL aTOMBI TIEPEXOAHOI0 METajlia, TeTpadapuye-

CKM OKpY>KEHHBIE aTOMaMH XajbKoreHa, oopasytor OLIK-cTpykTypy, a aToMbl Tams
LIEHTPHPYIOT TPaHU U pedpa 3neMeHTapHoro Kyba. Hamm skcrnepuMeHTanbHO Moa-

5.6
TBEPKICHHBIE pacyeTs! Mmokasanmy, 4to TIiB"C, MOXHO paccMaTpuBaTh Kak HMOHHBIC
5~63-
COEJIMHEHUS TaJUIUA ¢ KOMIUIEKCHbIM aHHoHOM (B°C,)” [4,5]; MoHHOCTB CBsI3U
56 5 6

TI-(B"C,) cocrasmnsier 75—77%, a nonHocts cBsizu B'—C™ — 38-39%. Otu pesyinbra-
o 506

ThI TIO3BOJISIFOT YTBEPJKaTh, YTO 3HAUMTENbHAsA 4acTh cBOUCTB T13BC,, B ToM uncie

Y MUKPOTBEPJOCTb, ONPEAEIISAETCS HOHHOM CBSI3bI0 TAJUIUS C KOMIUIEKCHBIM aHHOHOM.

[Ipu 3TOM OlLIEHKA METOOM OB)KEHa MOCTOSHHON MajenyHra Juisi Takoil OHMHapHON

SKBHUBAJICHTHOM PEMIETKH Aana oy = 1.75. YuuThiBas, 4TO B AIIEMEHTAPHOM siUEHKe

56 o
TI3B C, uncno cBsseit s = 32 1 4To JUIst OMHApPHOTO SKBUBAJIEHTA §; = 12, BhIpaXKeHue
(3) st mccneryeMbIX HOHHO-KOBAJICHTHBIX COSMHEHUN IPUHUMAET BUJT

80



du3uKka U TEXHUKA BbICOKHUX JaBjaeHuii 2005, Tom 15, Ne 4

S vV Tl
Se Nb
Ta

Hv* = 32Ky (1—3%(11\41'2) )

B uenom nmomyammupudeckas ¢popmyna (4) MoxeT ObITh 0000I1I€Ha U Ha CITy-
yall JpyruX TPOMHBIX MOHHO-KOBAJIECHTHBIX COCAMHEHUM, KOTOPBIE MOKHO Ipea-
CTaBUTh B BUJI€ OMHAPHBIX CTPYKTYP C KOMIUIEKCHBIMUM aHHOHaMHU. B s3Tom ciydae

L (l—liaMZizj, 5)
Vo 2s n

rae Z — BaJIGHTHOCTh KOMILJIEKCHOT'O aHHOHA, # — KOOPJIMHALIMUOHHOE YUCIIO.

[Tposepka ¢opmyn (3) u (5), BBIONTHEHHAS IS MIEJIOYHO-TAJOUIHBIX KpH-
CTaJIJIOB, Jlajia BIIOJHE y/IOBJIETBOPUTEIIbHBIE PE3YJIbTaThl, COIIACYIOIIUECS C IKC-
NEPUMEHTATbHBIMU JAHHBIMH 110 MUKPOTBEPAOCTH.

CrenyeT OTMETUTh, UYTO B MPEUIOKEHHBIX COOTHOIICHUSX HE yUYTE€Ha aHU30-
TPOIUSL MHUKPOTBepAOCTH. [l03TOMYy HMX NPUMEHHMMOCTH OrPaHUYMBACTCS KpH-
cTaIorpauuecKuMy TUIOCKOCTSMH, KOTOPBIE XapaKTepu3yroTcs ci1aboil aHU30-
TPONUE MUKPOTBEPIOCTH.

Pacuetr mukpotBepaoctu T13VS, B cooTBeTcTBUU C (4) MaeT 3HAUYCHUE HV =
=784 GPa, 4TO HEMmI0XO COorjacyercd ¢ SKCIEPUMEHTAIbHBIM 3HAYCHUEM JIst
wiockoctd (111) MUHMMaNbHOM aHU30TPONUU BTOPOro poja. J(OMOTHUTENBHYIO
MIPOBEPKY COOTHOIIEHHUS (4) BBIMOIHSIN IJIs1 BCEX U30CTPYKTYPHBIX COCIMHEHMIA
KJ1acca T13B5C4. B Tabn. 1 nmpencraBiieHbl TOCTOSIHHBIC PEIIETKU, TEMIIEPATyPhI
IUTABJICHUS, DKCIEPUMEHTAIbHbIE U PACCYMTAHHBIE 3HAYEHUS MHKPOTBEPIIOCTH
IUIL BCEX COENMHEHUH KJiacca T13B5Cf . CpaBHEHHE TOCIETHUX B IICJIOM IOJ-
TBEPKJIAeT MPUMEHUMOCTD TIOTYIMITUPHUECKON (HOopMyITbl (4) KO BCEM COeIUHE-
HUSIM paccMmaTpuBaemMoro kiacca. M3 tabn. 1 BUIHO, UTO B pacueTHBIX 3HAYEHUSX
MHUKPOTBEPAOCTH HAOIIOJAETCsl €e yMEHbIICHHE TIpu 3aMeHe kKak V Ha Nb, Ta, Tak
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%
u S Ha Se. [Ipu 3TOoM obOpamaer Ha ceOst BHUMaHue yBenuuenue HV B psny ce-
nenunoB npu 3amMeHe Nb Ha Ta. K coxaniennro, 607b1110# pa3dpoc B SKCIIEPUMEH-

TalbHBIX 3HadcHHsIX HV', MOJlyYEHHBIX pa3HbIMM HccaenoBarensmu [6,13], He
MO3BOJIET MPOCIEIUTh B HUX CTOJIb XK€ SIBHbIE 3aKOHOMEpPHOCTU. Tem He MeHee,
CpaBHHUBAsl OTJEIBHO pe3yJbTaThl U3MEPEHUH, mpejcTaBieHHble B [6] u [13], a
TaK)K€ YUYUTHIBAas MOTPEIIHOCTH HW3MEpPEHUH, MOXXHO MPUNUTH K BBIBOLY O CIpa-
BEJIUBOCTH PACUETHBIX 3aKOHOMEPHOCTEH. DTHU 3aKOHOMEPHOCTH OOBACHSIOTCS
HOJISIPU3AMOHHBIMU 3 dekTamMu B pemieTke T13B5C46 . JeWcTBUTENBHO, AN
cynbpunoB npu 3ameHe V Ha Nb monsipu3yeMocTh aTOMOB BO3PacTaeT MpHU
YMEHBIIIEHUU UX TOJsIpu3yromiero aeicteus (tadm. 2). [lepexon ke Nb—Ta mpu
OJIMHAKOBOM NOJSPU3YEMOCTH aTOMOB COIPOBOXKJIAETCS YBEIMYEHUEM MOJISPU-
3yromero nercTBus Ta mo cpaBHeHHUIO ¢ Nb, 4TO MPUBOAWT K YMEHBIIICHUIO CTE-
neHu noJisipu3anuu cBsazerd T1-S u, kak cieacTBue, K OXpyMUUBaHUIO KPUCTAIIOB
npu 3ameHe Nb Ha Ta. IlocienHee cTaHOBUTCS BBIPaKEHHBIM B COOTBETCTBYIO-
meM psgy ceiaeHunoB. [Ipu mepexoze ke oT cynb(UIOB K CEJICHUIAM OIpesie-
JSIOUIYIO POJIb UTPAET YBEIMUEHUE TOISIPU3YyEMOCTH XalbKOreHa.

Tab6muma 1
JKcnepuMeHTATbHbIE M PacyeTHbIe 3HA4YeHNs] MUKPOTBEPIOCTH Tl3B5Cf
Coexuetie [Tapametp Temmnepatypa MuxkpotBepaocts HV , GPa
pewerky a, A | mnaenenus T,,, K | skcnepumentansnas | paccuntansas
823 +49
T13VS, 7.5 823 706 + 39 [6] 765.4
823 £ 98 [13]
706 £ 39 [6]
7.61 853 756.6
T1NbS, 745 + 78[13]
696 + 39 [6]
T13TaSy 7.67 863 686 + 98 [13] 750.7
696 + 39 [6]
T13VSey 7.72 883 666 + 98 [13] 753.6
657 £ 39 [6]
7.85 903 732.1
T1sNbSeq 745 + 98 [13]
647 + 39 [6]
7.88 923 734.0
TlsTaSes 794 + 98 [13]
Tabauua 2
[onsipuzanuoOHHbIE CBOIICTBA HOHOB B Tl3B5C‘:S
N Hon
CBOMICTBO ™ v Nb Ta> g Qo2
II
OVIPIBYEMOCTE, 444 | 0595 | 107 | 1.07 | 528 | 587
10 ™" cm
Homspusyroiee 227 11.5 8.8 11.0 | 066 | 055
IECHUCTBHUEC
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CpaBHEHHE MUKPOTBEpAOCTH KpUcTaLoB T13VS,, moaydeHHBIX METO0M 30H-
HOM MEPEeKPUCTAIN3ALMY MOJ JABJICHUEM aproHa U IOABEPTHYTHIX IIpEeaBapHU-
TeIbHON TepMOOOPabOTKE, C MUKPOTBEPIOCTHIO KPUCTAIJIOB, MOMYUYEHHBIX METO-
nom bpumkmena—Crokbaprepa, mo3BOISET CACNATh BBIBOA O 00jee BEICOKOM Ka-
YECTBE MEPBHIX.

[IpeioskeHHast moimysMnupudeckas ¢opmyia i MHUKPOTBEPAOCTH HOHHO-
KOBAJEHTHBIX COEAMHEHUH C KOMIUIEKCHBIMH aHHOHAMH YJOBJIETBOPUTEIHHO
OMMUCBIBACT KaK BCIMYMHY MUKPOTBCPAOCTH HaA CJIaGOaHI/ISOTPOHHBIX IIJIOCKOCTAX,
TaKk M 3aKOHOMEpPHOCTHU €€ H3MEHEHHUS B PALY H3O0CTPYKTYPHBIX COEIUHEHUI
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B.V. Belyayev, V.A. Gritskikh, 1L.V. Zhikharev, S.V. Kara-Murza, N.V. Korchikova

MICROHARDNESS OF TI3VS4 CRYSTALS

Experimental results of Vickers microhardness HV researches of single crystals TlzVSy
are presented. Measurements were performed on the crystallographic planes (100), (110)
and (111) with indenter diagonal directed along [110]. Load-dependent microhardness
HV(P) was studied on unannealed and annealed samples at various conditions of anneal-
ing and the optimal condition of annealing was determined. Correctness of measuring
follows from the comparison of corrected microhardness HV,, that was determined as
slope of the function Pl/z(d), and load-independent microhardness HV". Values of micro-
hardness HV" of T13VS4 crystals obtained by the methods of Bridgman—Stockbarger and
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by floating-zone refining are compared. Semiempirical formula for the description of mi-
crohardness of ionic and ion-covalent crystals is proposed. Comparative analysis of ex-

perimental and calculated values of microhardness for all compounds of the T13B5Cf type
(B5 -V, Nb, Ta; cl- S, Se) is carried out.

Fig. 1. Load-dependent microhardness HV(P) of unannealed (m) and annealed single
crystals of TI3VS4 on (111)-plane. The annealing was done at a temperature ¢, °C: o — 170,
o —370, « — 400

Fig. 2. Dependence of microhardness HV on load P for annealed T13VS4 samples on the
planes: m — (100), o — (110), & — (111)

Fig. 3. Relation between load P and diagonal length crack d on crystallographic planes: m —
(100), @ — (110), & —(111)

Fig. 4. Elementary cubic cell of T13B5Cf
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PACS: 61.72.Qg, 82.35.Lr

6.6. Konynaes

BIIMAHWE OABJIEHUA B T-P-PEXKMME HA CKOPOCTb
PACMPOCTPAHEHWA YNbTPA3BYKOBbLIX KONEBAHUN
B METAJIJIOHAMNOJTHEHHbBIX MONMMEPHbBIX KOMIMO3MLUUAX

KueBckuii HaLmMoHanbHbIN yHMBEpcuTeT M. Tapaca LleByeHko
npocn. Akagemuka [nyLikoBa, 2, r. Kues, 03127, YkpauHa

Cratbsa noctynuna B pegakuuio 23 mapta 2005 roga

Hccneoosano snusanue guewneeo cunogozo noas P 6 ouanazone 0-300 MPa na genuuuny
CKOPOCMU PACAPOCMPAHenus YIbmpas3gykoevlx koarebanuii v (0 = 2.5 MHz) 6 noiusu-
nunoymupane (IIBE) u noausununxiopuoe (I1BX), cpopmuposanuvix ¢ T—P-pesicume.
Ycmanoeneno, umo eenuuuna v HeauHeiHo 3a8UCUm OM COOEPHCAHUS (P 8bICOKOOUCNEPC-
Hvix nopowxos W, Mo, Cu, Fe ¢ nonumepe u mexnonozuueckoeo oagienus. C nomoupio
npunyuna I amunbmona u nPeonoaoNHCe s, 4mo CmpyKmypa JUHeuUH020 2UOKOYenHo2o
HOAUMEPA USMEHAEMCS NOO OeliCN8UeM ONPedeileHHO20 MEeMAIIUYECKO20 HANOIHUmMes,
€20 codeporcanus 8 cucmeme U 8enuduHbl P, npogeden ananuz noayueHHsix pesyismamos.
C yuemom cmpykmypbel, 00pa308aHHOU YACMUYAMU HANOJIHUMENS, VKA3aHbl NYMU Ha-
npasienHoco pecyauposarus eeaudunsl v 8 IIBX- u IIBb-cucmemax.

BBenenue

Hns rereporennbix mnoaumepHbix cucteM (I'TIC) kpaitHe HegOoCTATOYHO
U3y4YECHO BJIUSHUE BHEUIHErO CUJIOBOI'O IOJIS HAa BA3KOYIpPYyrue CBOMCTBA Me-
TaJUIOHAIIOJIHEHHBIX aMOP(QHBIX MOJIMMEPOB. DTO OTHOCUTEIBHO HOBBIM Kiacc
B pAly KaK HallOJIHEHHBIX MOJUMEPOB, TaK U METAJIONOJUMEPHBIX cucteM [1],
HCCIEJOBAHUE KOMIIJIEKCAa CBOMCTB KOTOPBIX IPEACTABIAECT HE TOJBKO Hayd-
HBI, HO ¥ NPHUKJIaAHON MHTepec. s HUX 0COOCHHO MEepCHNEeKTHUBHBIMM SIBIIS-
I0TCSl aKyCTHYECKHE METOBI, MO3BOJISIONINE HCCIENI0BATh CUIOBOE IOJIE MaK-
POMOJIEKYJI B 3aBUCUMOCTHU OT AaBiieHUs B /—P-pexume. Ilpu 3T0M BaxHO yc-
TAHOBUTh POJIb MOJUMEPHOW MAaTPHUILIBI U CTPYKTypOOOpa3oBaHUIl 4acTHI] BbI-
COKOJUCIIEpCHOI0 MeTajuia (Ipu COAEp)KaHUU HAMOJHUTENIS B CHUCTEME @
MEHBIIE ¥ OOJbIIe KPUTHIECKOTO (¢r) B OPMHUPOBAHUU CBOHCTB KOMIIO3HTA.
B pemenun naHHOrO BOmpoOca HMCMOJB30BaHblI NPUHIUN ['aMHIBTOHA W Ipen-
monoxkeHue o ToM, 4to coiictBa I'TIC u3MeHsIoTCs B 3aBUCUMOCTH OT THIIA U
COZIEp)KaHMS MHIPEIUEHTOB CUCTEMBI IIPU BO3JEHCTBUU HA HEE BHEIIHUM TEX-
HOJIOTUYECKUM JIaBJICHHUEM.
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Mojaein

CxeMaTnyeck CTPYKTYpy HAIlOJHEHHOTO IMOJMMEpPA MPEACTaBUM COCTOSIICH
13 YaCTHULl BBICOKOAUCIIEPCHOTO METAININYECKOTO HAMOIHUTENS], TPAHUYHOTO CJIOA
(I'C) u nonmumepa ¢ HemsmeHHbIMH cBoiicTBamu [1]. Bynem paccmarpusars ['TIC B
JIBYX CIy4YasiX: IIPA @ < Pgr X @ = Q.

[Tpu @ < @ I'TIC Gyaem MozenupoBaTh B BUAE OJHOMEPHON PEIICTKH C Pa3iny-
HBIMH 3HAYEHUSIMUA PACCTOSHUS MEXYy YacTULaMM HarosHutens. B [2] ycraHoBie-
HO, YTO Ha MMOBEPXHOCTH BBICOKOJUCIIEPCHBIX METAIUTMYECKUX HAIIOJHUTENEH Cyliie-
CTBYIOT 1-2% KOOpIMHALIMOHHO-HEHACHIIIEHHBIX aTOMOB METailjia, SBIISIOLINXCS
AKTUBHBIMU LICHTPAMHU B3aNMOJICHCTBHs ¢ MaKpOMOJIeKysoi. Kpome Toro, BO3MoxHa
peam3anus TMCIEPCUOHHBIX CHJI, BEJIMYMHA KOTOPBIX cocTaBisieT 45-90% ot noH-
JIUTIOJIBHOTO B3aMMOJICUCTBUA. ABTOpPHI [ 1] yKa3bIBAIOT TaKKe HA HAJIMYHUE XHUMHYE-
CKOT'O B3aUMOJICHMCTBHUA. TeopeTudeckas MPOYHOCTh PACCMOTPEHHBIX CBA3EH C yue-
TOM npuHLuMna cyneprosumu At cucreM 1IBb ¢ W, Mo, Cu, Fe cootBeTcTBEHHO
paBHa 495; 930; 1405 u 1570 MPa npu ynenbHOH IUIOTHOCTA MOHOB Ha MOJUKPHU-
CTAJUTMYECKON TIOBEPXHOCTH TOPOIIKOB cOOTBeTCTBeHHO (5.1747; 9.920; 15.010;
16.620)-1018 m >, Takum 00pa3oM, yKa3aHHbIC BBICOKOAWCIIEPCHBIE MOPOIIKU IO
cnocobHoctu B3ammozeiictBus ¢ [IBX u I1Bb pacnonararorcst B onpeieieHHON 1mo-
cnenoBarenbHocTd (W, Mo, Cu, Fe) [3]. [Ipu atom, cnemys [1], Oynem cuurath, 9To
MaKpOMOJIEKYJIa CTAHOBUTCS aJICOPOUPOBAHHOMN, €CITH aJICOPOMPYETCS XOTS ObI OJTUH
ee cermeHT. [Ipu n3yueHnn BS3KOYIIPYTUX CBOMCTB CHCTEM OyJIeM YUUTHIBATh HAIIU-
YHe MPOYHBIX CBS3EH MOIMMEP—HAIOIHUTENb U CTPYKTYPHOTO 3 deKTa HATOTHUTE-
TS TIPH @ > Q. [IpeiBapUTENBHO ClICNIAEM CIIETYIOIINE JOMYECHHMSL:

1) Bce enu ceTku 1e(hOpMUPYIOTCS aHATIOTUYHO;

2) nedopmarnus 1enei moa AeWCTBUEM YIbTPa3BYKOBBIX KOJIeOaHUIN HE CIUIII-
KOM BeJIMKa.

Toraa, ecnu MpUIIOKEHO BHEIIHEE MEPEMEHHOE MEXaHMYECKOE HAIpsKEHHE,
TO, Hapsiy ¢ ymnpyroi nedopmarmend, TBHKEHHUIO CETMEHTOB MaKPOMOJIEKYJIbI
MPEMATCTBYIOT HEKOTOPBINA TeMII(UPYIOMNH MEXaHH3M U 3aKPEIJICHUE WX aKTHB-
HBIMH LIEHTPaMU MMOBEPXHOCTH HanoJHuTeNsA. /st onpeneneHuss CKOpOCTH BOJIHBI
HanpspbkeHus, pacnpocrtpanstomeiics B ['TIC, ucnonb3ys 3axkoH Herotona [4],

YpaBHEHUE JBHKCHUS MAKPOMOJIEKYJIbI IPEACTaBUM B BUJIE
’c o’
2 P20 1
ox ot

I7Ie G — CIIBUTOBOE HAMPSIKEHHE; P — TUIOTHOCTh; € — JAeopMariusl,
€=¢€elt Em, (2)

IZie € — ynpyras nedopmanus, & = 6/G (G — MOy CABUTA); €, — Aedopma-
1us, OOyCJIOBJIEHHAs JBM)KEHHEM CErMEHTa MaKpOMOJEKYNbl TOJ JeHcTBUEM
NPUIOKCHHOTO HAIIPSDKCHUS.

COOTBETCTBEHHO CpE/IHEe CMEIIEHHE CEerMEHTa MAaKpOMONEKYIbl & Moj jeii-

CTBUCM IPUIIOKCHHOTO ICPEMCHHOT'O HAIIPAKCHUA B KYGG CAVMHUYIHBIX PAa3MCPOB
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(&lb, rne b — mmpuHa Ky0a, COOTBETCTBYIOIIAS U3MEHEHHUIO JITUHBI MAaKpOMOJIe-

KYJIbI) OTIPEICTTUM KaK
_ 1t
§=7fé(y)dy, (3)
0

/i€ y — NPOCTPAHCTBEHHAs! KOOP/IMHATA CETMEHTa MaKpoMoJeKyJibl. CrenoBaTebHo,
eci L — o01mas IiMHa CIIOCOOHBIX IBUTATHCS YacTeld MaKpOMOJIEKYJIbI, TOTIa

/
e =L7b£&(y>dy. 4)

MaremaTrueckyo (GopMy YIPaBICHUS IBIKEHUEM 3aKPEIJICHHOW MaKpoMolie-
KYJIbI IPEACTABUM B BUJE TAaMUJIBTOHOBOM MOJIEU ¢ Auccunanuen [4]:

2 2
e % T

o ot oyt

()

rae m — 3¢ dexTUBHAs Macca CerMeHTa Ha €UHUILY IIUHBL, & = E(x,),f), TpaHnd-

HbIe ycinoBus umerot Buu: &(x,0,1) = &(x,Lt) = 0; B % — aeMmdupyromas cuia,
t

2
. 0 .
JEeHCTBYIOMAs HA €IWHUIY UHHBL, C —S — cuja, JCUCTBYIOIIAs Ha EIUHUILY
0

v
JUIMHBI, O0YCIIOBJIEHHAsl HATSHKEHHUEM H30THYTOH MakpomoJiekynbl; aG — cuna,
JENCTBYIOIIAs HA €AUMHUILY JJIMHBI CErMEHTa 3a CUET BHEIIHErO CABUTOBOTO IH-
HAaMHUYECKOT'0 HAIPSKEHUSI.
C yuerom cootHomenuit (2)—(4) ypaBaenus (1) u (5) MOXXHO CBeCTH K cle-
nyrolel cuctemMe uHTerpoanddepeHanbHbIX ypaBHEHUM]:

2 2 21
dc _po c:pra_J-ady’
o> Goarr 1 o
5 ) 0 (6)
mﬁﬂ-B%— ﬁ:acs
orr o @

C IpaHUYHBIM ycioBueM it &. Eciau cerMeHThl pa3MeleHbl o0 HOpMaid K Ha-
IIPABJICHUIO PACIIPOCTPAHEHUS YIbTPA3BYKOBOM BOJIHBI, TO OUEBHIHOE PEIICHUE

G =0 exp[—ocx] exp{im(f —iﬂ (7
v
HPUBOJINT K BBIPAKECHHIO
4ob & 1 C(2n+1)m exp|i(wz—98
S Z(2n+1)sm( : z) - [(2 A 1z ®
=0 {(mi—wz) +(cod)2}
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o2 od
rae d=B/m; , =(2n+1)| —| ;tgd=——-.
" m o2 — 0’
n

B [4] ycTaHOB€HO, YTO Aa)ke KOT/ia BO30YKAArolas 4acToTa paBHA OJTHOM U3
HEYCTHBIX TAPMOHUK, BKJIAJIOM YICHOB 00Jiee BRICOKOTO MOPSIIKA MOYKHO TPEeHE0-
peub. [loaToMy, HCTIOAB3YS TOJBKO MEPBBIM WIEH psa, UMEEM

2 2
2 Wy —®
v, = /G 1_8LGb ( ) . )
p

2n’m ((o% —w’ )2 +((x)d)2

N3 3akoHOB I'yka, IlyaccoHa u TepMHUYECKOro paclIMpEeHUs I U30TPOIIHOTO
Tesa ClleAyeT JUHEWHas 3aBUCHUMOCTh MEXIy TEH30paMH JeQopMaluu € U Ha-
NpPsDKEHUH, KOTOpast UMeeT Bu [4]:

£, :Eiy[cx—v(cymz)]mﬂ, (10)

rae £y, — MOIyJib yIpYroCTH; o — KO3()(QUIMEHT TEPMUIECKOTO pacmmpenus; A7 —
M3MEHEHHUE TeMIepaTyphl B Ipoliecce AepopMariuii.

VYuursiBas, uto paccmarpuBaeMas ['TIC nogsepraercs B 7-P-pexxume paBHO-
MEPHOMY BCECTOPOHHEMY CXKATHIO IIPH MIOCTOSIHHON TEMIIEPATYPE, € = & = &, = &;;
6, =0, =0,=P; (V- V,)/Vy =3¢ uB coorserctun ¢ (10)

V-V _
"

P
3e=—3(1-2v), 11
73(1-2v) (11)
cooTHotieHue (9) A cnydas mpoAoabHON AepopMaliid UMEET BU]T

. {EJW 8L’ [E-P(1-2v)] (0 -0)

p 21m (03% — o2 )2 +(cod)2

; (12)

[IOCKOJIBKY
o’ P o’ o 628,,,
o’ E o or?

=0

U B 00J1aCTH paCCMOTPEHHBIX HAMH TE€XHOJOTHYeckux naienuii P(1 — 2v) < E.
Torna

(13)

n

y _(Ejyz 1_8Lb2 c)%—(x)z
P 21’ m (0)% — o’ )2 +(ood)2

CrnenoBatenbHO, BKIIAJ B BEIUYHUHY CKOPOCTH PACIIPOCTPAHEHHUS YIbTPa3BYKO-
Boil neopmanuu B I'TIC BHOCUT KOMIOHEHTa, 00YCIOBJICHHAs! CMEILICHUEM Cer-
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MEHTOB MaKpPOMOJIEKYJIbl (3aKpEIUIEHHONW aKTUBHBIMU LIEHTPAaMH MOBEPXHOCTH
BBICOKO/IMCTICPCHOTO HATOJHUTENS), COBEPIIAIONINX KOjeOaTeIbHOe IBIKEHUE
mon Ilel\/,ICTBI/IeM HpI/IJIO)KeHHOFO HaHpH)KeHI/IH.
CornacHo [5] BemWYMHY CHJIBI, ICUCTBYIOIICH Ha €IMHMILY JJIMHBI, 00YCIIOB-

JICHHY0 HaTSYKEHUEM U30THYTOW MaKpPOMOJIEKYJIbI, ONPEAEIIUM KaK

0%E|  3kT

| —2§,

oy na
IJI€ © M @ — COOTBETCTBEHHO KOJIMYECTBO U JIJIMHA CETMEHTAa MaKPOMOJIEKYJIBI, k —
noctosinHas bonbiMana, 7 — abcomtoTHas TeMiieparypa. Toraa

1/2
® =( 3“;) . (14)

mna

[To mepe yBenuueHUs cColIEp:KaHUs BHICOKOJUCIEPCHOTO HAIOJHUTENS B CHC-
TeMe Bce OO0Jblllee KOJUYECTBO MOJIMMEPHOW MATPHUIBI IEPEXOJUT B COCTOSHHE
I'C. Ilpu ¢ > @ TpexxomnonenTHast ['TIC Bripoxkaercs B AByXKOMIOHEHTHYIO
tuna HanonHuTenb—1'C, U yke MOXHO TOBOPUTH O HEKOTOPOM HPOCTPAHCTBEH-
HOM yIOpSAJOYEHUH cUCTEMBI [3].

Paccmorpum BiausiHue cTpykTtypHOro 3ddexra, 00ycCIOBIEHHOTO BBICOKOINC-
MEPCHBIM HAMOJIHUTEIEM, Ha CKOPOCTh PaCIpOCTPaHEeHUS KOoJeOaHU B CUCTEME.
Hccnenyem npoaoiabHble KoJeOaHUs YaCcTUI] CUCTEMBI, KOTOPbIE 3aHUMAIOT OIpe-
nenennsie mecta (1, 2, ..., k, ..., n) Ha IPSIMOY B HAIIPaBJICHUU JEHCTBYIOIIEH CH-
nbl. Ecnii B Kako#i-TO MOMEHT BpEMEHH OTKJIOHEHHE k-0 YaCTHIIbl OT MOJTO0XKEHHS
paBHOBecHs] 0003HAYUTH Vi, TOT/IAa KOOPAMHATA €€ IIEHTpa X Oy 1eT

X, = kd+ (15)
(roe d = 2r) npu pacCTOSIHUU MEX]y IByMS JIFOOBIMU YacTULIAMU
Xl = Xpert =X =Ad + Yjery = vy - (16)

[ToTeHIMANBHYIO SHEPTUIO B3aUMOIEHCTBHS MEXK/y HUMHM IIPEICTABUM Kak [6]:
A 2
w, ZEZZ:(ka—yk) : (17)

Y4uteiBasi B3aUMOJICHCTBUE TOJIHKO MEXKITY OJVMKHUMH YaCTHUI[AMH, COTJIACHO
(17) Haxogum

A

w, =5{[yk+1 -+ —yk_l]z}, (18)

rae A — kKodpPHuIueHT ynpyrocTu KOHTakTa JBYyX 4acTull. KnHeTHueckyro sHep-
THIO k-OW 4aCTHIIbI IPEICTABUM B BUJIE

m
W =—¢,
k 2yk
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a (QYHKIUIO pacCesiHUsI YHEPTUHU KaK

12
R =By,

rzie m — Macca 4yacTulpl, § — ko3 duuuent conporusnenus [7].
Bocnonb30BaBnch arpaHXeBbIMM ypaBHEHUAMHU [5], konebanust k-oil gac-
THLBI HATIOJIHUTEIA 3alMILIEM B BUIE

dow, W, oR

, - (19)
de oy Oy Ok
[Toncrasmss B (19) cooTBeTCTBYOIIME 3HAYCHUS, TIOTYYUM
d’ d
M= 2B (<2t + 200 = ) =0 (20)

Koneunyro paszHocts B ypaBHeHUH (20) ¢ 1OCTATOYHOI CTENEHbIO TOYHOCTH
MO’KHO 3aMEHUTb

2
Ykt =2V + Vit o Ykt =2Vt Ve - S
4(r+AlY 4r? dr?

Torma (20) mpeobpasyercst K BUILY
dy
dr?

&y

P =0. 1)

+ 2Bd—y—4xr2
dt

Pellienye 5TOro ypaBHEHHUs UIIEM B BHJIE 3aTyXalOMIei BOJIHBL:
y = yoexp(—8x)exp j(wr+ox).

BennunHa 6 xapaktepu3yeT 3aTyXaHue YIpyTrux KojeOaHuii, o sBisiercs hazoBon
nocTossHHOM. [Ipu 3TOM CKOpPOCTh pacmpocTpaHeHus KoineOanuii OyaeT
1/2

2
1+(1+[32/m2(;02)1/2

S , (22)

( A jl/ 2
rae vy =2r| — .
m

[TockonbKy Takasi CTpyKTypa HAIMlOJIHUTENS MPECTaBIsACT CO00I CUCTeMy Yac-
THII, B3aUMOJEHUCTBYIOLIUX JIPYT C APYTrOM 3a cueT Hajauuus cui ynpyroctu, ['TIC
MOKHO paccMaTpuBaTh Kak (QUIBTp MexaHuueckux konebanuii [6]. [lomoOnas
CTPYKTypa CIOoCOOHA MPOITyCKaTh KOJIEOAHUSI C YACTOTOW HIKE KPUTUYECKON My,
MOCKOJIbKY KOJICOaHMS BBICIIUX YaCTOT CUIIbHO 3aTyxatoT. COrjJacHO MPeasioKeH-
HOM MOJIeNN B MPEIOJIOKEHNUH, YTO 3aTyXaHHE OTIEJIbHOIN YacTULIbI BBICOKOIMC-

MEPCHOT'O HAITOJTHUTCIIA AOCTATOYHO MaJjio, UMECM
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1/2
Oy ::2(;%;j >

rae [8]:
1/3
3 4E?
A=—r 5 P
2 9(1 _ v2)
Torz[a, HOCKOHBKY
1/3 1/2
2
SN N B , 23)

r :; 2np, 9(1—\/2)2

HaXO0JIUM

1/3 1/2

1 4E’P
2np, 9(1 _Vz)z

Vo = 3 5 (24)

A€ Pc, Ec, V — COOTBETCTBEHHO IJIOTHOCTH, MOYJb FOHTa 1 ko3 Purment Ilyac-
COHA CTPYKTYpPOOOpPa30BaHUN YACTHI] HATIOJHUTEIIS.

Ecnu npuHATH, 4TO NOJX AEMCTBUEM TEXHOJOTMYECKOrO NaBiieHUs B T—P-
pexUME MPU P > Q¢ MPOUCXOAUT yrpyroe cxkarue ['C, cBolicTBa KOTOPOro 3a-
BUCST OT (PU3UKO-XUMHUYECKOU MPUPOBI TBEPABIX MOBEPXHOCTEH HAMOTHUTEIS
[1], Torma

, l-v

rne E', Ef — momynb cxatus cootserctBeHHO I'C u Hamosnmutens. CornacHo
NPUHIHITY aIJIUTHBHOCTH PE3yJIbTUPYIOIIYIO BEIHYNHY CKOPOCTH PacIpoCTpaHe-
HUS yIbTpa3ByKoBbIX KojieOanuii B ['TIC onpeaenum kak

v=va+(1—B)vf, (26)

rae B — oovemHoe conepkanue nmosmmepa B ['TIC. C ydyerom kKyOuveckoul yma-
KOBKHU YaCTHUI] BBICOKOAUCIICPCHOI'O HAIIOJIHUTCIIA B HOHI/IMepHOﬁ MaTpune Imnpu
¢ > @ HA OCHOBE Teopuu ['epua [6]:

B E(E'
© yE;+(1-yx)E”

pe=(1=x)ps+xp',
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rae ), p° — COOTBETCTBEHHO 00BEeMHOE cojepkanue u mioTHOocTh ['C B cuc-
TeMe.

MaTepnanm U ME€TOAbI UCCTICI0BAHUA

B kavectBe 00BeKTa MCCIIEIOBAHUS BHIOPAHBI JTUHEHHBIC THOKOIICITHBIE TIOJH-
mepsl [IBX u IIBB. I[IBX cycnen3nonHol nonuMepusanuu mMapku C-65 nuHeil-
HOT'O CTPOCHMS OYMIIANIN NIEPEOCAXKACHUEM, B KAUECTBE PACTBOPUTEIIS MCIIOIb30-
BaJIM LuKJorekcaHoH [1]. MonekynspHas Macca nepeocaxaeHHoro [IBX cocras-
nsna 1.4:10°. TIBB — amopdusbiii momumep mapku [, TOCT 9439-73. B kaue-
CTBE HAIOJHUTEJICH MCIOIb30BaIu BeIcOKoAuciepcHbie mopomku W, Mo, Cu, Fe
C TNPEUMYIECTBEHHBIM DPa3MEPOM 8107 m. IlepBoHayaIbHO HAIMOJIHUTENH,
o6ezxupennbie CCly u BoIcymieHHbIe B Bakyyme nipu ' = 393 K, BBoauiu B wuc-
cileyeMblii TOIMMeEp MyTeM MX MeXaHW4yecKoro cmemmBanus. OOpasipl 11 uc-
CJIEIOBAHMM TOTOBHIIM METOJOM IOpSYEro ImpeccoBaHus B 1—P-pexuMe Mpu TeM-
nepatype 393—403 K u nanenun 1-300 MPa. O6pa3us! [IBb u ero komnosunuun
IIPEeCcCOBaIM aHAJIOTM4YHO, HO pu 7 =393 K.

KagecTBO 00pa31ioB KOHTPOIMPOBAIHN C IOMOIIBIO YJIBTPa3BYKOBOTO J1e(EKTO-
CKoIa.

[110THOCTH p KOMIO3ULMI ONPEAEIISAIN COIIACHO MeTonuKe [1], a BA3KOympy-
THE€ CBOMCTBA — CKOPOCTh PACIPOCTPAHEHUs MPOJOJIbHOM (V) U TomnepeyHoit (V)
BOJIH, 2 TAK)XKE COOTBETCTBYIOIINE UM KOA(PPHUITUESHTHI MOTIIOMEHus (oL, o) — UC-
cienoBany Ha yactore 2.5 MHz uMIysnbCHBIM METOJIOM € MPOXOASAIIUM CHUTHa-
JIOM COBMECTHO C METOZOM BpalllalOLIENCs TUIACTUHBI [3].

Pe3yabTaThl M MX 00CyK/IeHHe

Ha puc. 1 npeacraBneHsl SKCIEPUMEHTANBHBIE PE3YJIbTAThl 3aBUCUMOCTH P =
= f(p)g» B3 KOTOPBIX CIEMYET, YTO HAUOOJIEE CYIIECTBEHHBIE U3MEHEHHUS BEIMYH-
Hel p [IBX- u [IBb-cuctem nabmonatorcst B obnactu gasnenuid 60-200 MPa. 3a-
BHCHUMOCTb TUIOTHOCTH OT JaBiieHusi B oomactu 300 > P > 10 MPa unTepmonupo-
Banu 1o popmyne Cumricona—Jlarpanxka [8] k Bugy p = p1 + Ap3 + sz + Cp, T1ie
p1 — 3nayenue wiotHoctu ['TIC mpu P = 10 MPa (tabnuma).

Puc. 1. 3aBucumocts mnotHocTH p I1Bb- u

§D ' s IIBX-cucrem npu T = 313 K oT BenuuuHBI
MM 14% 5 nasnenust P B T-P-pexxume: [ — IIBb; 2 —
2 h I1Bb + 5% W; 3 —TIBX + 3% Cu; 4 —IIBb +
a

] 1t30%W; 5-TIBX+ 30% Cu (mass%)

10 60 120 200 300
P, MPa
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Tabnuma
3aBucumocTthb BeamunHbl I10THOCTH IIBX- 1 IIBB-cncrem
OT AaBJieHus B T-P-pe:kume

Tun KoMIIo3uuu | p1, 10’ kg/m3 A4-10° B C

TIBB 1.0802 2.5 47107 | 2.1-107*
TIBB + 5% W 1.0871 2.7 ~1.1-10° | 25107
TIBB + 30% W 1.4134 5.7 ~12:10° | 2.0-107°
TIBX + 5% Fe 1.3706 2.7 —6.1-107 | 7.7-107*
MIBX + 20% Fe 1.4286 1.4 —6.4-10° | 52107
MIBX + 10% Cu 1.5714 2.1 -5310° | 6.1-107*

AHanmu3 SKCHEPUMEHTAIBHBIX pe3yJIbTaTOB MCCIEIOBAHUSA aKyCTUYECKHX
CBOMCTB CUCTEM (pHC. 2) MOKA3bIBAET, YTO IPaUIECKyI0 3aBUCUMOCTE V = f(P),
MO’KHO Pa3/IeIUTh Ha YYaCTOK HEJIMHEHHOTO0 U3MEHEHUS! CKOPOCTH YJIbTPa3ByKa B
nuanazone 10—120 MPa gaBneHust npeccoBaHus M y4acTOK MEMJIEHHOTO, MOYTH
JMHEMHOr0, U3MEHEHHUS BEJIMYMHBI CKOPOCTU IPU MOBBIIMICHUN JABJICHUS (BBILIE
120-200 MPa). Ilpu 3TOM yBeTUYE€HHE CKOPOCTH PACTIPOCTPAHEHUSI TPOJOIBHOM
U CIABUTOBOHM JedopMaluii BO BCEM HCCIIEJOBAHHOM HHTEpBaJIe JaBIE€HUH co-
craBiget oT 20 1o 60%.

OueHum coryiacHo cooTHoweHUo (13) XxapakTep CTPYKTYpPHBIX U3MEHEHUN
HOJIMMEPHOM MaTpHULbl O JEeHCTBUEM JIaBJIEHUs NIpeccoBaHus B 1—P-pexume.
PacueTsl coOcTBEHHBIX YacTOT cerMeHToB Makpomousiekyn [IBX mpu 7 = 303 K,
BBITNIOJIHEHHBIE Ha OCHOBaHUM (14), moka3anu, 4YTO WX BEJIMYMHA JIEKUT B JUa-
Ia30HeE 9'1013—5'105 Hz nns 3HaueHui n = 1—2'103. B To xe Bpems, B I1IBX-
cucremax npu 0 < ¢ < @ BEIMYMHA PE30HAHCHON YaCTOThl CETMEHTOB MaKpoO-
mosekyn [IBX-cuctem odueHb OBICTpO yOBIBAET (Ha TPH JECATUYHBIX MOPSIKA),
a 3aTeM MpoIlecc yObIBaHUS 3aMEISIETCs, AOCTUTAs 3HAYCHUS 105 Hz npu
10" < B <10 N.ssm™ Dro OTKPBIBAET IEPCIEKTUBLI 32 CYET CTPYKTYp-
HBbIX M3MEHEHMI noJuMepHOW Matpulsl (L, ®g, m), IPUHUMAIOIUX y4acTHE B
K0J1e0aTeIbHOM JIBUJKEHHUH MOJ ACHCTBHEM BHEIIHETO JIMHAMHYECKOro Mexa-
HUYECKOT0 BO3JIEMCTBUS, BapbUPYsl BEIUYMHOMN , HAIIPABJIEHO U3MEHSTh 3HA-
YeHHUE V B CUCTEME.

Puc. 2. 3aBUCHMOCTH CKOPOCTH V; U V;
pacpoCTpaHEeHUsI  yIbTPa3BYKOBBIX
konebannii (o = 2.5 MHz) B [IBX- u
[IBb-cucremax OT BEIWYUHBI JaBIIE-
Hust P B T-P-pexume: [ — [IBX +
+20% Cu; 2 — TIBX + 10% W; 3 —
I1BB + 30% Fe; 4 — IIBB + 5% Mo;
5 —TIBB + 15% Cu (mass%)

10 60 120 200 300
P, MPa
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Puc. 3. OTtHOCUTENbHOE U3MEHEHUE

~1
10
BEIINYUHBl CKOPOCTH YJIBTPA3BYKO-
< o
2 o BBIX KOJI€OaHUH B 3aBUCHUMOCTH OT
|> ~ 102 nasnenus P B T-P-pexume: [ —IIBX +

+ 60% W; 2 — TIBX + 40% W; 3 —
IIBX + 10% W; 4 — I[IBX + 5% W
(vol.%)

10 60 120 200 300
P, MPa

B ciayuyae ¢ > @ HEOOXOAMMO YUYHUTHIBaTh KOOMEPATU3MPOBAHHOE JIBUKECHUE
aneMeHToB cTpykTypbl ['TIC. C yuerom cooTHoweHus (26) U TaHHBIX dKCIEpH-
MEHTa Ha pUC. 3 MPEACTaBIEHbl PE3YJIbTAThl OTHOCUTEIBHOIO H3MEHEHUS] CKOPOCTH
pacnpocTpaHeHusi YIbTpa3BYKoBbIX KojeOanuii B [IBX-cucremax, m3 KOTOPBIX
ClIe/lyeT, YTO M0 MEepe YBEJIUUEHMs COJAEp’KaHUs BBICOKOIMCIIEPCHOIO MeTaia U
JIaBJICHUS pOJIb JHcTiepcHOi (asbl B popmupoBanuu cBoiicTB I TIC Bo3pacTaer.

CornacHo cooTHOLIEHHUIO (23) onpeaeuM rpaHUYHYI0 YaCTOTY MEXaHUYEeCKUX
konebanuit s cuctem [IBX + W. Oxkazanoce, 9To B 00JIaCTH PacCMOTPEHHBIX
JIaBJICHUH U cOo/lep’KaHUM BBICOKOAMCIIEPCHOTO HAMIOJHUTENSI OHA JIEXKUT B JTUara-
sone 7:10'-3-10° Hz. B 10 e Bpems aHanu3 AMHaMuku ['TIC, BBIIOJHEHHBIN ¢
MMOMOIIBIO BapHAIlMOHHBIX MPUHIMIOB [6], MOKa3al, 4TO, €CJIM YaCTUIIbl HAIOJ-
HUTEJS] HEC)KMMAEMbl, OHU XapaKTEpU3yIOTCsl COOCTBEHHOM YyacToToH [9]:

) _ 631(3“1 +8M2)
461 (23p, +7p,)

rae Ky, Uy — kodddumnmentsr JlamMe COOTBETCTBCHHO HAIOJHUTENS W MOJHMEpA.
[IpoBeneHHbIE pacyeThl oKaszany, 4ro BeauunHa o st [IBX + 5% W cocraBnser
nopsiaka 2 10° Hz. [Tomy4deHHBIE Pe3yNbTATHI yAOBIETBOPUTEIBHO COIIACYIOTCS C
TaHHBIMU 110 O, (23). C yueToMm (cornacuo (14) u (23)) onpeaeneHHOro penakca-
noHHoro crekrpa [IBX-cucteM M COOCTBEHHOTO KOJIEOATEIHLHOTO JIBHMIKEHUS
YaCTULl HATIOJTHUTEJISI BOZMOXKHBI HE TOJIBKO CHHXPOHHU3AIUsI MEXaHUYECKUX KOJIe-
0aHuil UX CTPYKTYPHBIX AJIEMEHTOB BHEIIHUM JUHAMHYECKUM CHJIOBBIM IOJIEM, HO U
pa3paboTKa COOTBETCTBYIOUIHMX (PUIBTPOB, TEHEPATOPOB U/WIIM TPAHC(HOPMATOPOB.

BriBOaBI

Ha ocHoBaHMM pe3ysbTaTOB 3KCHEPUMEHTAJIBHBIX HCCIEIO0BAaHUM U TEOPETH-
YECKMX PacyeTOB 3aBUCHMOCTH BEJIWYMHBI CKOPOCTH PACIPOCTPAHEHMS YJIbTpa-
3BYKOBBIX KosieOanuii B MetasuioHanonHeHHoM [1Bb u [IBX npu usmenenun tex-
HOJIOTUYECKOTO JaBJjeHus B T—P-pexuMe u coaepkanus HarnoaHuTens npu 0 < ¢ <
< Qer U @ > ¢ YCTAHOBIIEHA POJIb CTPYKTYPOOOpa30BaHUI MOJTUMEPHOIN MaTPHUIIBI
U YaCTULl BBICOKOJHMCIIEPCHOTO MeTajlla B ()OPMHPOBAHUU CBOMCTB KOMIIO3MTA.
VYka3zaH nyTh nosrydeHus: u ucnonb3zoBanus [ TIC B kauecTBe GUIBTPOB W/WIIH Te-
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HEepaToOpoOB, a TakXke TpaHCHOPMATOPOB MEXAaHMUECKUX KoseOaHui B 001acTH
9aCTOT, HEOCTIKUMBIX JIUIsI HU3KOMOJICKYJISIPHBIX KPHUCTAJIIOB.
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Non ks

B.B. Kolupaev

INFLUENCE OF PRESSURE IN T-P MODE ON VELOCITY
OF PROPAGATION OF ULTRASONIC FLUCTUATIONS
IN METAL-FILLED POLYMERIC COMPOSITIONS

Influence of external field of forces P in the range 0—300 MPa on propagation velocity of
ultrasonic fluctuations v (o = 2.5 MHz) in poly (vinyl butyral) (PVB) and polyvinylchlo-
ride (PVC) generated in a 7-P mode is investigated. It is established that v value nonline-
arly depends on content ¢ of high-dispersive W, Mo, Cu, Fe powders in polymer and on
technological pressure. With the help of Hamilton principle and the assumption that the
structure of linear flexible polymer changes under the action of a specific metal filler, its
content in the system and P value, the analysis of the obtained results has been carried
out. In view of the structure formed by filler particles, ways of the directed regulation of v
value in PVC and PVB systems are specified.

Fig. 1. Dependence of density p of PVB- and PVC-systems at 7= 313 K on pressure
value p in 7-P mode: / — PVB; 2—-PVB + 5% W; 3 — PVC + 3% Cu; 4 - PVB + 30% W;
5 —PVC + 30% Cu (mass%)

Fig. 2. Dependence of velocity v; and v; of ultrasonic oscillation propagation (0 = 2.5 MHz)
in PVC- and PVB-systems on pressure value P in 7-P mode: / — PVC + 20% Cu; 2 —
PVC +10% W; 3 — PVB +30% Fe; 4 — PVB + 5% Mo; 5 — PVB + 15% Cu (mass%)

Fig. 3. Relative change in value of speed of ultrasonic oscillations depending on pressure
P in T-P mode: I — PVC + 60% W; 2 —PVC +40% W; 3 —PVC + 10% W; 4 - PVC +
+ 5% W (vol.%)
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KYPHAJI
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHU»
OBBABJISAET O HIOAIIMCKE
HA 2006 'O/

B xypHane myOnukyroTcs paboThl B 00JacTH (PU3UKH, MEXaHUKH U TEXHUKH,
BCKPBIBAIOIIME POJb BBICOKOTO TABJIICHUS KaK HMHCTPYMEHTA I W3YYeHUS W
dbopMupoBaHUs PUINIECKUX U MEXaHUIECKUX CBOWCTB MaTtepuasioB. OcoOblif MH-
TEepec NPEICTABISAIOT (YHIAMEHTAIBHBIC WCCICIOBAHUS, YCTaHABIUBAIOIINE
B3aMMOCBSI3M MHUKPO- U MaKpOCBOWCTB, a TaKK€ OCHOBAHHBIE HA ATOM IPHUKJIA]-
HBIE Pa3pa0OTKHU 10 MPUMEHEHHUIO BHICOKHX JABIICHHUH JIJISI CO3/IaHUSI MAaTEPHAIIOB
C 3a/IaHHBIMU XapaKTEPUCTUKAMH.

Crarbu, HampaBlIsieMble B PENAKIIHMIO, HE JOJDKHBI OBITh OMYyOJIMKOBAHBI WU
NpeHa3HAYCHBI IS OIyOJIMKOBaHMS B APYTUX U3aTEIbCTBAX.

TemaTuka xypHaJia

— DJIEKTPOHHBIE U KHHETUYECKHUE CBOMCTBA TBEP/IbIX TEI.

— @Ou3nKa MarHUTHEIX SIBIICHHH.

— dDa3oBbIE NIEPEXOBL.

— CHeKkTpoCcKonus TBEPABIX TEN.

— ®Ou3KKa TPOYHOCTH U MIIACTUYHOCTH.

— OU3NYECKOEe MaTEpUATIOBEICHHE.

— Ob6paboTka MaTepHUanoB IaBICHHEM, MHTCHCHUBHBIC TUTACTUYCCKUE
nedopmariiu.

— AnmapaTypa BbICOKOTO JaBJICHUS, TEXHUKA HKCIIEPUMEHTA,
TEXHOJIOTHYECKOE 000pyI0BaHHE.

Kpome pabot no ¢usuke u TeXHUKE BBICOKMX JABJICHUN XKypHal IyOIHKyeT
pe3ysbTaThl UCCIEIOBAHUH M3 CMEXHBIX OOJIACTEH NMPH TOM YCIOBUH, YTO OHHU
MOTYT OBbITh UCTIOJIB30BAaHBI B TPOPMINPYIOLIEH 001aCTH.

IIpaBuia oopMieHHd 11 ABTOPOB KypHAaJIa
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUI»

Pepakuus xypHama IpocHT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCSI M3JI0KEHHBIMH HIDKE TpaBUiIaMu. Matepuainsl, opopmiieHHbIE 6e3 coOio-
JIEHHS MOCIEIHUX, K PACCMOTPEHHUIO HE IPUHUMAIOTCH.

B xypHane myOnuKyIoTCs CTaThil Ha PyCCKOM, YKPAUHCKOM U aHTJIMICKOM SI3bIKaX.

B penakiuro HarmpaisiroTes 2 3K3eMIUIIpa pyKOIHCH (BKJIIOUYasi BCE €€ IEMEH-
Thl), HaOpaHHOH B porpamMmme Word 7-if unm 97-ii Bepcuit mpudrom tuna Times
pasmepom 14 1.T. uepe3 1,5 uHTEpBaNia HA OTHOM CTOpOHE JHcTa popmarta A-4.

ITonsa: neBoe — He MeHee 3, BepXHeEe U HUKHee — 2, mpaBoe — 1,5 cM. Bee crpa-
HUIIBI HEOOXOMMO POHYMEPOBATh.
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Pyxomnuck 1omkHa ObITh BEIUMTAHA U TOANKCAHA aBTOPOM (COaBTOPAMHU).

Heobxomumo mpenocTaBieHue 3JIEKTPOHHOW BEPCHU CTAThU HA JHUCKETE JINOO
nepeava 1o dMEKTPOHHOM moyre:

E-mail: pashinska@mail.ru.

KoMmiekTHOCTH pyKONUCH

Pykonuch nomkHa coep:kaTh TEKCT CTaTbH, aHHOTAIIUIO, CIIUCOK JIUTEPaTyPHl,
HOJPUCYHOUYHBIEC HAITUCH, KOMIUIEKT PUCYHKOB, CBEJCHHUS 00 aBTOpPax.

1. Tekcr craTbu. Ha nepBoii cTpaHulle yKa3blBatoTCs:

— KJIaccUpUKAIMOHHBIN nHeKC 1o cucteme PACS;

— MHUIHAIBI U (PaMUIIMHN aBTOPOB;

— Ha3BaHUE CTAThH,

— TIOJTHBIN MTOYTOBBIN a/Ipec YUPEKIACHHsI, B KOTOPOM BBIMIOJIHEHA padoTa.

Haszseanue ctaThl JODKHO OBITH KPaTKUM, HO MH(popMaTuBHBIM. He momycTu-
MO TIpUMEHEHHWE B HEM COKpallleHuH, Kpome cambix obOmenpuuatbix (BTCII,
'K, AMP u np.). Ucnons3yemble aBTOpamMu ab0peBUATypbl HEOOXOAMMO pac-
mu@poBaTh NpU NEPBOM UX YIOMUHAHHUU.

Pasmepnocmu ¢dusznueckux BenuumH (B cucreme CH) mo Bceil pykomucu
JOJKHBI ObITh HA AHTJIMMCKOM SI3bIKE. B ecATHYHBIX 4HClax Mepen AeCAThIMU
CJIEZlyeT CTaBUTh TOUKY.

2. Tabauubl J0KHBI ObITh HamedaTaHbl Ha OTHEIbHBIX CTPAHHULIAX U MUMETh
3arojoBkH. O0s3aTeNbHO YKa3aHUE eIMHHI U3MEPEHUS BEJINYHH.

3. @opMmyJibl KellaTeabHO HabupaTh B pelakTope ypaBHEHMH. Bce mHIEKCHI
JIOJDKHBI OBITh HAa AHTJIMHCKOM s3BIKE. DKCIIOHEHTY ciexyeT o0o3HayaTh Kak
«exXp», a He KaK «€» B CTEINEHH.

4. UnarocTpanmu TODKHBI ObITh M3TOTOBJICHBI aKKypaTHO Ha Oenoil Oymare
win Kanbke. POTOCHUMKHU MPUHUMAIOTCS TOJBKO UYETKHE U KOHTpacTHble. Ha
000poTe pUCYHKa ClleAyeT yKa3aTh (MSATKMM KapaHJalloM) ero HoMep, haMuiIuu
aBTOPOB M Ha3BaHUE CTATbU, IPU HEOOXOJUMOCTU MOMETUTh «BEPX» U «HU3». B
3IIEKTPOHHON BEPCUH BCE PUCYHKH TpeOyeTcs MpeJoCTaBUTh B YepHO-OEIoM Ba-
puaHTe, oTeabHBIME (aiinamu B crienytomux popmarax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynoxk, nomerrae-
MBI/ Ha BCIO IIMPUHY CTPaHUIIbI, JOJKEH UMETh pa3Mep Mo ropu3oHTanu 14 cwm,
Ha > cTpaHunbl — 7 cM. s pucyHkoB B pacTtpoBbix (bitmap) ¢opmarax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe paspe-
menue — He Menee 300 dpi. IIpu sToM B (aiine pasmep u300pakeHHs MO TOPU-
30HTAJIN, BKJIIOYas ITOAIKCHU 110 OCIM, JOJDKEH OBITh He MeHee 800 mukcenei mis
pUCYHKa Ha > IUpUHBI cTpaHulbl U 1600 nukceneil — Ha BCIO HIMPUHY.

5. AnuHoranusi (He 6omnee 15 cTpok) AOMKHA COMEPKATh 1ETb PabOThI, METO
ee JIOCTH)KEHUS, OCHOBHBIC Pe3yNbTaThl. B penakuuio mpeacTaBisiercs TEeKCT aH-
HOTalUU (C yKazaHHMEM aBTOPOB M Ha3BaHMs CTaTbU) HA PYCCKOM M aHIJIMICKOM
sI3pIKax (Ha OTAEIbHBIX CTPAHUIIAX).
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6. Crincok JuTepaTyphbl MPUBOAUTCS B KOHIIE CTATHH B TOPSAKE YIIOMUHAHUS
B TeKcTe. B OubimorpadguaeckomM onMcaHuy yKa3bIBAIOTCS MHUIHAIIBI U (haMIITUN
BCEX aBTOPOB, a Jiajee:

a) JUTsl KHUTH — Ha3BaHWs KHUTH, W3JAaTelIbCTBA M Topoja, Tox H3IaHus (B
KPYTJIBIX CKOOKaX):

A.®D. Hoghghe, Duzuka xpuctamios, [ 13, Mocksa (1929).

0) nns cTaThbU B JKypHale — Ha3BaHHWE, TOM, HOMEp KypHaia, HOMEp MepBO
CTPaHMIIBI CTAThU, TOJT U3IaHUs (B KPYTJIBIX CKOOKaX):

V.V. Kabanov, J. Demsar, B. Podobnik, D. Mihailvic, Phys. Rev. B59, 1497
(1999).

7. IlonpucyHoYHbIE MOAMUCH TaK K€, KaK U aHHOTAIINH, TIPECTABIISIFOTCS Ha
JIBYX SI3bIKAX.

8. CBenenusi 00 aBTOpax HEOOXOIUMO MIPECTABUTH HA OTIEIHHON CTPAHHMIIE,
IJie YKa3bIBAIOTCS:

— TIOJTHBIC UMS$1, OTYECTBO U (haMUIIHSI AaBTOPOB;

— ciIy>ke0OHBIC M IOMAITHUE ajipeca U TenedOHbI aBTOPOB;

— E-mail u anpec Internet.

Cnenyer yka3aTh, C KEM U3 aBTOPOB MPEANOYTUTEIHHO MOIICPKUBATH CBS3b
npu paboTe HaJ| CTaThEH.

CogoKynHoCmMb HA36AHUSL CMAMbU, AHHOMAYUU, PUCYHKO8 U NOOPUCYHOYHBIX
noonucetl 00IHCHA 0A8aMb ACHOE npedcmasienue o Cymu pabomal.

Obpawaem enumanue agmopos Ha 1o, 4to, HauuHas ¢ 2002 r., xxkypuan OTB/]
pedepupyercs u uHAEKCUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpauHCKUM ATEHTCTBOM IO 3aIATE aBTOPCKUX IMPaB, Y KPAMHCKUM DJIEKTPOH-
HBIM KypHaioM «Jlxepeno». AHHOTamu Kaxaoro Beimycka @TB/] Ha pycckoM u
AHTJIMICKOM SI3bIKaX pa3MEIIAlOTCsl COOTBETCTBYIOIMMHU (pupmamu B Internet, uto
JIeJIaeT )KypHaJl JOCTYIIHBIM JJIsl aHIJI0A3BIYHBIX CIIELIMATIUCTOB.
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NH®OPMALIUA O NIOAIIUCKE
HA JKYPHAJ «®U3UKA U TEXHUKA BLICOKUX JIABJIEHUI»

Kypnan «Pusnka u TeXHUKa BBICOKMX JaBJIEHUI» BKIIOUYeH B KaTtanor nepuo-
nuueckux u3naHuil Ykpaunsl Ha 2006 ron (moxamucHoit muaekc 74528). Kpome
TOTO, TOJAMUCATHCS HA KypPHAI MOYXXHO HETIOCPEIACTBEHHO B PEIAKIMU KypHaa.

Kypnan BeixoauT pa3 B 3 mecsiia (4 Homepa B rof).

CToumMocTh NOANUCKH (0€3 yueTa CTOMMOCTH MePeChblJIKH), TPH.:

— st GU3MYECKUX JTUI] Ha 3 Mmecama — 20

Ha 6 mecsies — 40

Ha 12 mecses — 80
— JUIS1 OpUIMYECKUX Jull  Ha 3 mecsra — 40

Ha 6 MmecsieB — 80

Ha 12 mecsueB — 160
s obopmiteHUsT MOANKUCKH B PEIAKIIMA HEOOXOJWMO B €€ aJapec BBICIATh
MUChbMO-33aKa3 Ha MOAMKCKY C YKa3aHHEM OAaHKOBCKHUX PEKBH3UTOB M TOYHOTO

azpeca.

AJlpec peJaKIMU )KypHaJa:

Yxpauna, 83114, r. loneux, yi. P. JlrokcemOypr, 72

3a IONOTHUTENBHON HH(pOpMAIHEl clieayeT oOpamaTbes

no tenedony (0622) 55-42-02.
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