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Tokazana 603MOHCHOCTb NOJYYEHUSE NPYMKOS 2ApHUS MeMOOOM 2udpoIxcmpysuu. Tpu
cmenenu oegpopmayuu 40% npounocms npymroe cagpuus docmueaem 1000 MPa, a om-
HocumeinbHoe yonurenue cruxcaemces 0o 6%. I[lnomuocms oucnoxayuii 6 maxom mame-

puane cocmasnsem 710" em ™. Hecnedosano enusnue memnepamypuvl omacuea Ha
CMPYKMYpy U MexaHuyeckue c8oUcmsa 2uOpoIKCMpyouposanno2o memannd. Hsyuenu
Xapaxkmep noGepXHOCMU paspyuleHus obpaszyos nocie UCHbIMAaHull Ha pacmsadcenue, d
makoice usMeHeHue OMHOCUMENbHO20 CONPOMUBIEeHUs Npu mepmoobpabomxe. Ycmarnos-
JIEHO, YO OmdicUe 2UOPOIKCMPYOUPOBAHHO20 2apHUSL NPUBOOUM K 8038DAMY €20 Mexa-
HUYEeCKUX CBOUCME U DJeKMpPOCONPOMUBTIEHUs, USMEHEHUIO Xapakmepa NO8epXHOCHU
paspyuienus npu mexanudeckux ucnvimanusx. Cywecmeennvle usmeHeHus Habaooawom-
¢ npu memnepamypax omoscuea eviuie 873 K. Hauanvnas cmaodus pexpucmaniuzayuu
Xapakmepuzyemcsi HeOOHOPOOHOCHbIO N0 00beMy 0ehOpMUPOBAHHO20 MEMATLIA.

KnioueBble cioBa: radgHuid, THIPOIKCTPY3HUS, TEPMOOOPAOOTKA, CTPYKTYpPa, MEXaHUUECKUE
CBOICTBA, 3JIEKTPOCONPOTHBIICHHUE

BBenenne

["aHmii Kak KOHCTPYKIMOHHBIN MaTepuall, KOTOPBIH HaXOAUT IUPOKOE pUMe-
HEHHE B SIIEPHOM SHEPreTUKE, €l1e HEJOCTATOYHO U3YUYEeH C TOUKH 3PEHUS U3MEHE-
HUSI €r0 CBOMCTB HA Pa3IMYHBIX CTAJAUAX MEXaHUYECKOH U TepMHUYecKol 00padboT-
KU IIPY U3TOTOBJICHUU U3 HEr0 HEOOXOIMMBIX M3aenuil. Fi3MeHeHue cBoiicTB Mare-
pHaa 3aroTOBOK IIpU 00pabOTKe CYLIECTBEHHO 3aBUCHUT OT COAEPKaHUs IIPUMECEHL.
Tak, nmeercs BO3MOXKHOCTb 3arps3HEHUs] METajlla Ta30BbIMU IPUMECSIMH IIPH Ha-
rpeBe M MPOBEJCHUH TIaCTHYSCKON nedopmarn (KOBKe, MPOKATKE, MPECCOBAHUH
U T.J1.) Ha BO3IyXe 0e3 MCIOJb30BaHMs 3alIUTHBIX 000104Yek. [ToaTomy mpencras-
JISIET UHTEPEC N3YYE€HUE BO3MOXKHOCTH M3rOTOBJICHUS NMPYTKOBBIX M3JENUHN U3 rag-
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HHSI METOJIOM T'HAPOIKCTPY3HU NPH KOMHATHOH Temiieparype. DtoT Metox [1] mo-
3BOJISIET 1e(hOPMHPOBATH TPYTHOOOpaOaTHIBACMbIE MATEPUAIIBI JUTS TIOTyUSHUS H3-
nenuii ¢ paznuuHoi popmoit monepeunoro ceueHus. ['aguuit oTHOCUTCS K TPYIHO-
00pabaThIBaeMbIM MaTepuajiaM, MOITOMY TIONyYEHHE TAKUX H3ICTHA METOI0M
THJIPOIKCTPY3UH IIPEICTABISAETCSA BEChbMaA IIEPCIIEKTUBHBIM.

Llenbt0 TaHHBIX WCCIIEAOBAHUM OBUIO M3YYEHHE BO3MOKHOCTH HM3TOTOBIICHUS
NPYTKOBBIX M3AEIMNA U3 raQHUS METOAOM TMIPO3KCTPY3HHM, a TAKKE CBONCTB U
CTPYKTYPHI MOJTYUYECHHBIX MPYTKOB MOCJIE TEPMOOOPAOOTKH.

MaTepnan M MeTOAMKH HCCIeT0BaAHUH

B kadecTBe HMCXOIHOTO MaTepHuaja HCIIOIB30BAM CIUTKH TadHUS MapKu
['®D-1 nocrne 2MeKTPOHHO-TyueBOro neperiasa [2]. Y3 clIUTKOB, MOMEIICHHBIX B
YexJIbl U3 MAJIOYTIEPOJUCTON CTalH, ropsiYeid KOBKOW M MOCIEIYIOLIUM TOPSYUM
IpeccCoBaHNWEM OBLIM IMOJTYYEHBI MPYTKH, C KOTOPHIX XMMHYECKHM TPaBICHUEM
yIAISUIH CTalbHYy 0 000s10uKy [3]. [lonyueHHbIe pyTKH radHUs 3aTeM MoBepra-
i TuposKeTpy3uu (puc. 1)

[TpoBeeHHBIE SKCTIEPUMEHTHI MTOKA3aJId, YTO MCXOJHBIA MPYTOK TraQHUS Ha-
MeTpoM 9 MM MOKHO THAPOIKCTPYIUPOBATH 338 OJWH MPOXOJ CO CTETEHBIO Jie-

dopmarnu 40%. Ilpu 3TOM BO3HHKAIOT 3HAYUTEIIb-

* r HbIE BHYTPEHHHE HAIPSHKCHUS, YTO MPUBOJMT K I10-

SIBIICHUIO TIPOJIOJBHBIX TPEHIMH B MpyTKaxX. YTOOBI
UCKIIIOYHUTH 00pa30BaHME TPEIIUH, UCXOHBIC MPYT-

]/ b
/ KH Tepe]l TUIPOIKCTPY3UEH MPeIBAPUTEIHLHO OTKH-
— | = %—2 raiu nipu 1273 K B Teyenue 1 h.
- A 3 MexaHHYECKHE CBOMCTBA HCCIEAOBAIM Ha 00-

= // pasuax, BBIPE3aHHBIX W3 MPYTKOB BIOJIb HaIlpaB-
- % neHus JKeTpys3uu. [Ipum KOMHAaTHOM TeMmmeparype
- % U3y4dalll W3MEHEHHE MHUKPOTBEPAOCTH, IPOYHO-
2\\\ N7 \\\// 4 CTH, OTHOCUTEIBHOTO YIJIHHEHHUS B 3aBUCUMOCTH
J S OT TEMIIEPATYpPbl OT)KUTA BILUIOTH O TEMIIEPATYPhI

1073 K. 3HaveHHss TPOYHOCTHBIX XapaKTEPUCTHUK

§ U OTHOCHUTCIBHOTIO y,Z[J'II/IHeHI/ISI nonyqann HpI/I HUC-
N
N

NBITAaHUAX Ha pacTskeHue. Taxxke ObLIM MpoBee-
HBl UCCJIEJOBAHUA. BO3BpATa 3JIEKTPOCONPOTUBIIC-
HUS;, MHMKPOCTPYKTYPBI METOJOM ONTHYECKOU
Puc. 1. Cxema ruipodKcTy-  MHUKPOCKOIUU; U3MEHEHUS CTPYKTYPHI MOBEPXHO-
3un: 1 — MyaHCoH, 2 — KOH-  ¢TH paspylIeHHs METOAOM PAacTPOBOW 3JIEKTPOH-
TelHep ¢ pabouel KUIAKO-  Hoif MUKPOCKOIHH, @ TUCTOKAIMOHHON CTPYKTYpPBI —

CTbIO, 3 — 3aroTOBKA, 4 —  \ero0M NPOCBEUYMBAIOLICH HICKTPOHHON MHKpPO-
Matpuia CKOTIMH.

" OKCTIepUMEHTHI IO TUAPOIKCTPy3uH npooauiu B Jlonerkom @TU um. A.A. I'ankuna
HAH VYkpaussl.
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OOpa3ipl A8 MEXaHWYECKHX MCIBITAaHUM BbIpe3ajd Ha 3JEKTPOUCKPOBOM
cTaHke. 3ateM 00pa3ipl NUTU(OBAIN Ha HAXKIAYHON Oymare U moJBeprajiu XUMu-
YeCKOM MOJUPOBKE B pacTBope, cocrosinem u3 HoO, HNO3, HCI (o 10 ml) u HF
(5 ml). TTocnenyromee TpapiIeHHE TaKUX 0OPa3LOB B PacTBOPE, COCTOSIIEM M3
H,0, HNO3 (o 45 ml) u HF (10 ml), mo3Boiuio BBISBIATE MEKPOCTPYKTYPY 00-
pas3ioB raHUs IPU UCCIIEIOBAHUHN C TIOMOIIBIO ONTHYECKOTO MHUKPOCKOTIA.

OOpa3ibl 47151 UCTIBITAaHKH Ha pacTshKeHUe UMeITH rornepedHoe ceyenue 2 x 0.7 mm
u pabouyro mmuy 10 mm. Cxopocts nedopMaiiii Ipu pacTsHKEHUH COCTaBIsIa
1.107° s, 3aBucumocTs HArpy3Kd OT yUTHHEHHsSI MCCIICIYyEMbIX 00pa3IoB 3aru-
CHIBAJIM Ha JBYXKOOPJIMHATHOM camonucue. M3 MmolyyeHHbIX KPUBBIX pacTsbke-
HUSI HAXOAWJIM TPEeNbl MPOIOPIUOHATBHOCTH M MPOYHOCTH, a TaK)Ke OTHOCH-
TenbHOE yaiauHeHue. CTpyKTypy MOBEPXHOCTH pa3pylleHus: Ha oOpasiax (mocie
nedopmanuu pacTsDKEHHEM JI0 pa3pylICHHUs) UCCICIOBAINA METOIOM PAaCTPOBOM
MHUKpPOCKONHUHU Ha Mukpockornie POMMA-202M.

Jis u3y4yeHHs BIMSHUS TEPMOOOPaOOTKM HA CTPYKTYpPYy M CBOIMCTBa Marepua-
Ja 00pa3libl OTXKHUTAJIM B BAKyYYMHOU IE€YH CONMPOTHBIICHUS IIPU OCTATOUHOM JaB-
nemn 1107 Pa NpU pa3IM4YHBIX TemIiepaTypax B Tedenue 1 h. Jlns uckimodeHus
BJIMSIHUSA MJICHKH OKCHMHUTPUIHBIX COEAMHEHHH, 00pa3yroIuxcs Ha IOBEPXHOCTH
00pa3IoB, TOBEPXHOCTHBIN CIIOW TONIMHON 0Koto 10 pm ynansim nuudoBKoit Ha
HaXJIa49HOU Oymare, a oW TOJIUHOMN 0KoJi0 20 UM — XMMUYECKOH TTOJUPOBKOH.

MHUKpPOTBEpAOCTh 00pPaA3LOB MOCIE MEXAaHWYECKOH M XMMUYECKOH MOJIHMPOBKHU
n3Mepsii Ha ipuoope [IMT-3 npu Harpy3ke Ha anvaszHou mupamuke 100 g.

DIEeKTPOCONPOTUBICHUE U3MEPSIIU MPU KOMHATHON TeMIiepatype U Mpu TeM-
nepaType JKUAKOro a30Ta Ha oOpaslax, NpeAHa3HAYeHHBIX JI UCHBITAaHUH Ha
pacTshKEHHUe, 1ocie NPeABapUTEIbHON XUMUYECKOHN MOIUPOBKU. M3 moydeHHbIX
3HaUYCHHUH 3JeKTpuueckux cornpotuBieHui npu 300 u 77 K Haxoauimu UX OTHO-
HIEHUE, KOTOPOE yKa3bIBaJO Ha U3MEHEHHUE COJepKaHUs Ne(EeKTOB KpHCTaJIye-
CKOM peleTKy raQHust pyu OTHKUTe.

JUis u3yueHus JUCIOKALMOHHOM CTPYKTYpBl 00pa3loB ragHUs METOAOM IpO-
CBEUMBAIONIEH AJIEKTPOHHOW MHUKPOCKONUU MCIOJIb30BAIM JIEKTPOHHBIA MHKPO-
ckort TESLA-BS-613 npu yckopsiromem Hanpsokernu 100 KV. Yronenue o6pas-
1IOB raHMs JUIsl 3THUX HCCIEAOBAaHUM INpeIBapUTENbHO MPOBOAWIN B PAacTBOPE
JUIS. XUMUYECKOW TOJMPOBKH (COCTaB yKa3aH BBINIC), & 3aKIIOYUTEIbHYIO DJICK-
TPOIOJIMPOBKY — B pacTBOpe, coaepskaiieM 5 ml xmopHoi kuciotet B 100 ml stu-
J0Boro crupra npu remneparype —/0°C u Hanpspxkenun 30 V.

Pe3yabTarhl HCCIe10BAHUI

M3MeHeHne XapaKTepUCTUK MPOYHOCTU M IJIACTUYHOCTU B TUAPOIKCTPYIAHPO-
BaHHBIX MPYTKaX MOCJIE OTXKHTa MpeJCcTaBiIeHo Ha puc. 2. 13 rpaduka BuaHO, uTO
B pesynbraTe 00paboTku mpouHocts raduus gocruraer 1000 MPa, npenen mpo-
nopuroHaabHOCTH — 870 MPa, a oTHOCHTEIRHOE YTMHEHHE CHUXKaeTcs 10 6%. C
NOBBIIICHUEM TeMIepaTypbl OTXKHIra INIACTHYHOCTH Bo3pacTaeT 10 20%, a npexen
HPOTIOPIIMOHATIBHOCTH CHIDKAeTCs 0oJiee CyIIeCTBEHHO, YeM Mpees MPOYHOCTH.
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Puc. 2. 3aBHCHMOCTh MMPOYHOCTHBIX XaPAKTEPUCTHK W OTHOCHTENBHOTO YJUIMHEHHUS JKC-

TPYIMPOBAHHOTO raHUs OT TEMIEPATYPBI OTXKUTA: —M— — Op, —®— — Cys, ~V— — 0

Puc. 3. 3aBHCHMOCTP MHKPOTBEPAOCTH SKCTPYAMPOBAHHOTO TaQHUS OT TEMIEPaTyphl
omxura: 1 — Ha 60KOBOI POJOJIEHOI MOBEPXHOCTH, 2 — Ha TOPLIEBOM ITOBEPXHOCTH MPYTKa

3aBHCUMOCTh MUKPOTBEPAOCTH OT TEMIIEPATYPhl OTXKHTra TPUBEACHA Ha puC. 3.
B negopmupoBaHHOM COCTOSSHUM MUKPOTBEPIOCTH Ha OOKOBOI MOBEPXHOCTH CO-
craisier 3700 MPa. Cnenyer oTMETHTB, 9TO MUKPOTBEPJIOCTh HAa TOPIEBOH TI0-
BEPXHOCTH IMJIMHIPUYECKUX IKCTPYIAUPOBAHHBIX 3arOTOBOK HIKE, YeM Ha OOKO-
Boi, u coctaBisier 3100 MPa. Tlpu 3ToM CyIIECTBEHHOE CHUXCHHE MHKPOTBEP-
nocTy HabmogaeTcs mocie oTkura cBoiiie 873 K, a pasnuuue B TBEpIOCTH IKC-
TPYAMPOBAHHOTO TPYTKA Ha OOKOBOW M TOPLEBOM MOBEPXHOCTSIX CTAHOBHUTCS HE-
3HAYUTEIbHBIM.

HccnemoBanre MUKPOCTPYKTYPBI OOKOBOHM M TOPIIEBOM MOBEPXHOCTEH 3aroTo-
BOK Ha ONTHYECKOM MHKPOCKOIE MMOKAa3allo, YTO B pe3yibTaTe THAPOIKCTPY3UU
UCXOJIHBIC 3epHa, HaOIoaeMbple Ha OOKOBOW MOBEPXHOCTH, MPETEPIICBAIOT 3HA-
YHUTENbHBIC U3MCHEHHS 3a CUET UX yauHeHus u Gpparmenrtanuu (puc. 4). Eciu B
MCXOJTHOW 3aroTOBKE pa3Mmep 3epHa Ha OOKOBOW MOBEPXHOCTH COCTABIISUI OKOJIO
120 pm, To mocne TUAPOIKCTPY3UN HabIroaaroTes hparMeHThl mmpuHoi 10-15 um
u amuHoi okoso 30 um. Ha ToprieBoii MOBEepXHOCTH MOIyYEHHBIX TPYTKOB OOHAa-
PY>KEHBI TOJILKO OTJENbHBIE (parMEHTHI ITUX 3€peH pazMepoM okoso 10 pum.

100 um

a 9]

Puc. 4. Ctpykrypa TopiieBoii (a) 1 00koBo# (6) MOBEPXHOCTEH THUIPOIKCTPYAUPOBAHHO-
ro MpyTKa radHust
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JIMCIoKaMoHHast CTPYKTypa THAPO-

AKCTPYAMPOBAHHOTO radHMs, HaOMoIa-

eMass B 0a3MCHBIX IIOCKOCTAX, Hpen-

CTaBJIsIeT COOOH CIJIETeHHE AUCIIOKa-

U ¢ MHO>KECTBEHHBIMU CTYTIEHbKaMHU

(puc. 5). II10THOCTH TUCTOKAIHIA JTOC-

0.3 um TUTAeT NPUOTU3UTEIHHO 7-1011 Cm_z,

(dparMeHTalMsl 3€peH Ha OTJENbHbIE

pa3opHEHTUPOBAHHbIE OJIOKM HE Ha-

OmroaeTcsi. DJIEKTpOHOrpaMMa OT Ta-

KHX YYaCTKOB HE CTAHOBUTCS KOJIbLIe-

BOM, a HabOII0JaeMble OTPaXKEHUs OT

KpHCTaIOrpau4eckux MIOCKOCTEH MPEACTABIAIOT TOYEUHbIE pedIeKChl KaK OT
MOHOKPHUCTAJIIIMYECKOro o0pasua.

N3 3aBucuMocCTeil MEXaHUYECKUX CBOMCTB THAPOIKCTPYAMPOBAHHOTO Ta(HUS
OT TeMIepaTypbl OTXKHra BUAHO, YTO TAaKUE XapaKTEPUCTHKH, KaK MHUKPOTBEp-
JIOCTh, POYHOCTh U TUIACTUYHOCTH, U3MEHSIOTCS HE3HAUUTENIBHO MPHU IOBBIIIE-
HUH TemIeparypbl okura 10 873 K, 1 ToIpKo OTKUT Tpu 00Jiee BBICOKHX TEM-
nepaTypax MpUBOAUT K PE3KOMY CHHKEHHMIO MUKPOTBEPAOCTH, IPOYHOCTH U yBe-
JUYEHUIO OTHOCUTEIbHOro YyJuiMHeHus. [Ipenen mnpomopiuoHaibHOCTH Oosee
YYBCTBUTEJICH K MOBBIIICHUIO TEMIIEpATyphl OTXKHUra U 00jee 3aMETHO CHUKAETCS
npu Temrieparypax otrxkura Beie 673 K.

M3MeHeHHe OTHOMICHUS AIICKTPUYECKOTO CONPOTHUBICHUS P300/p77 B 3aBUCH-
MOCTH OT TEMIIEpATyphl OT/KUIa MoKa3aHo Ha puc. 6. Ilpu Temneparype orxura
Bhie 873 K HabmoaeTcst pe3kuil pocT BETUYHHBI 3TOTO OTHOIIICHUSI.

Kak BHIHO M3 MOBEIEHUS MEXaHHMUECKUX CBOMCTB M 3JIEKTPOCONPOTUBIICHUS,
IPOIIECCHI BO3BpATa ITUX XapaKTEPUCTUK B 3aBUCUMOCTH OT TEMIIEPATyphl OTKHU-
ra B THAPOIKCTPYIUPOBAHHOM radHUM HAYMHAIOTCS TP Harpese Boimie 873 K.
[TosTOMy MccnenoBaHus TUCIOKAlIMOHHOM CTPYKTYphl IPOBOJIMWIM Ha oOpaslax,
oroxxeHHbIX Tipu 973 K. Ctpykrypa, HaOmonaemMast B 3JIeKTPOHHOM MUKPOCKOIIE
(puc. 7), COOTBETCTBYET HAYaJIbHOW CTauu pekprcTaum3anuu. Clienyer OTMETHTb,

Puc. 5. JlucnokanuoHHast CTPyKTypa THA-
PO3KCTPYIUPOBAaHHOTO radHUS O TpPOBe-
JIEHUST TEPMOOOPaOOTOK

3.15¢

»
)
vy

P300/P77
(U]
o

L )

2 4 6 8 10 12 1 um
Ty 107K

ann?

N
\O
O

Puc. 6. 3aBUCHMOCTE BETMYHHBI OTHOCHTEIBHOTO CONPOTHUBJICHUS OT TEMIICPATYPhI OTKUTA

Puc. 7. CTpyKTypa THIPOIKCTPYAUPOBAHHOIO radHHs MOCIE OTXKUTA MPU TEMIIEPaType
973 K B Teuenue 1 h
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YTO 3TOT MPOLECC MPOTEKAET HEPABHOMEPHO MO 00beMy oOpasua. Habmronarores
OTJENbHBIE PEKPUCTAIITN30BAHHBIC 36pHA pa3MEPOM HECKOJIBKO MUKPOH, KOTOPBIE
COCEJICTBYIOT C MOJIMTOHM30BAaHHBIMH OJIoKamu mupuHO# ~ 0.1 um u qmuHOU
~ 1 pum. Ha npyrux yyactkax M3y4eHHOTro oOpasia HaOIIOAAI0TCs MOJUTOHHU30-
BaHHBIE OJIOKU MUPUHOI ~ 0.4 UM U ATMHON HECKOIBKO MUKPOH.

[ToBepxHOCTH pa3pymIeHUs] THIPOIKCTPYANPOBAHHOTO HEOTONOKEHHOTO TadHus
nociie 1eopMaliy pacTsHKEHUEM TP KOMHATHON TeMIeparype B 3aBUCUMOCTHU OT
TEeMITEpaTypbl OT)KUra, HaOIIoaeMble B PAaCTPOBOM AIIEKTPOHHOM MHKPOCKOTIE,
npencTaBieHbl Ha puc. 8. VX xapakTepHOil 0COOCHHOCTHIO SBISIETCS BOJOKHHCTBIH
BUJI CTPYKTYpBI pa3pbiBa. Peanmuzamuio moJ0O0HOTO XapakTepa MpOSIBICHHS IO-
BEPXHOCTH pa3pylleHNUss MOXKHO MPEJCTaBUTh TaK, YTO 3e€pHA U UX OJIOKH B MpoIiec-
ce nedopmanuu THIPOIKCTPY3UEH BBITATUBAIOTCS B BHIEC HUTEBUIHBIX KpPHCTAJI-
JIOB, KOTOpBIE MPU PACTSHKEHUU Ne(OPMUPYIOTCS, KaK TICEBIOHUTEBHIHbBIA MaTe-
puain. C MOBBIIEHHEM TeMITEpaTypbl OTkura 10 673 K Bua MOBepXHOCTH paspy-
IICHHUS CTAQHOBHUTCS THIMYHBIM JUISI MEJIKO3EPHUCTHIX MaTEpPHAIOB C pPa3MepoM
kpuctauioB 10-20 pum, a Habmromaemple MpH OOJNBIIOM YBEIWYECHUH CTYNECHBKH
CKOJIOB CBUJIETEJILCTBYIOT O MMPOTEKAHUH MPOLIECCA XPYIIKOTO pa3pyLIeHHS.

Puc. 8. TToBepXHOCTH pa3pyIlIeHHs THAPOIKCTPYIUPOBAHHOTO TadHUs mocie aedopma-
UK PACTSLKCHUEM TIPH KOMHATHOM Temrepatype 6e3 omkura (a) u ¢ omkurom (K) B Te-
yenue 1 h: 6 — 673, 6 -973, 2— 1073
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Kak mokazan MeTox MpOCBEYMBAIOLIEH 3JEKTPOHHOM MMKpPOCKOIUH, IOCIe
omkura nipu 973 K BBISIBISICTCS HavalmbHAs CTAausl peKpUCTaIM3anuu. Pa3zmep
OTJENbHBIX OJIOKOB YBEIMYMBAETCS 10 HECKOJIBKUX JIECITKOB MUKPOH, a CTYIIEHEK
CKOJIa Ha MOBEPXHOCTH OTpPHIBA ATHX OJIOKOB HE HAOIIOMAETCS, YTO CBUACTENIBCT-
BYET O mepexojie K Bsi3komy paspyuienuto. Omxur npu 1073 K npuBoaut x pex-
pucTaimM3anuu ¢ oopaszoBanuem 3epeH BenmunHor 10-30 um. OxgHako 3TOT mpo-
[[ecc MPOTeKaeT HEPaBHOMEPHO IO CEYEHHIO 00pa3loB, O YEM CBUIETEIbCTBYIOT
00JbI1I0} pa3dpoC pa3MepPOB 3€pEH U CTPYKTypa MOBEPXHOCTU pa3pyLIEHUs MpU
pacTsHKEHHHU, XapaKkTepu3yemas OoJIbIINM pa3opocoM pa3MepoB 3epeH (puc. 8).

O0cy:xaeHne pe3y1bTaToOB

XomnoaHas muactuueckas aedopmanus raHAs IPUBOAUT K CHIIEHOMY HaKJIeITy
Marepuasia (4TO MPOSIBISICTCS B PE3KOM YBEIMYCHHH MPOYHOCTH) U CHUXKCHHIO
actTuyHocTH. [Ipy mpokaTke HamOousbIIas cTeneHb aedopmanuu 0e3 pacrpec-
KWBaHUS 3aroToBKU cocTtaBisieT ~ 30%, a B HameM ciy4ae MpH THAPOIKCTPY3UH —
40%. ITpounocts raduus copra I'®3-1 nocne npokarku Ha 30% npu KOMHATHOH
temneparype nocruraer 950 MPa, a oTHOcHTENbHOE yIJIMHEHUE CHIDKACTCS IO
5% [4]. Hedopmarnus ruaposkctpysueit Ha 40% MpUBOIUT K MOJXOOHBIM 3Haue-
HUSIM MEXaHHUYECKUX CBOWCTB, BO3BPAT KOTOPBIX MPH TIOCIEAYIOUINX OTKUTAX
JIOJDKEH OBITh COOTBETCTBEHHO MOJOOHBIM. Tak, CyIIecTBEHHOE CHIKEHHE MHK-
POTBEPAOCTH, MPOYHOCTH M TIOBHIIICHNE TUIACTUYHOCTH B O0OMX CIIydyasX Ha4H-
HaeTcs Mocjie OTKUra mpu Temreparypax Boime 873 K. V3menenue mpenena
NPOTIOPIIMOHATIFHOCTH B 3aBUCHMOCTH OT TEMIIEPATyphl OT/KUTA XOJIOAHOKATaHOTO
¥ THIPOIKCTPYIUPOBAHHOTO TaHUA MMEET MOAOOHBIE 3aBUCUMOCTH, T.€. Cy-
[IECTBEHHOE CHIDKEHHE ATOM BEJMYMHBI HAYWHACTCA IMPH TEMIIEPAType OTKHTra
BhIe 673 K.

Heckonpko OT/IIM4aeTcsi HM3MEHEHHWE OTHOIICHHS AJIEKTPOCOTPOTUBICHUI
P300/P77 C TIOBBIIICHUEM TEMIIEPATYpbl OTXHra. B mpokaraHHOM radHuM HaOI0-
naercst 0ojiee CyIIEeCTBEHHOE IMOBBIIICHHE 3TOW BEIMYMHBI TIPH TEMIIEPAType OT-
xwura 873 K 1o cpaBHEHHIO C THAPOIKCTPYANPOBAHHBIM MaTepraioM. B aTom uH-
TepBaJie TEMIIEPATyp BO3BPAT HJIEKTPOCOIPOTUBICHUS OOBIYHO CBSA3BIBAIOT C yXO-
JIOM aTOMOB BHEJIPEHHS M BaKaHCHI K MECTaM CTOKOB WMJIM MX B3aMMHOW aHHUTH-
asuun [5]. He3HauuTenbHOE yMEHBLICHHE 3JICKTPOCOMPOTUBIICHUS MPU OTIKHIC
npu temnepatype okoio 800 K B ruaposkcTpyAupoBaHHOM Ta()HUU MOKHO CBSI-
3aTh C CYIIECTBEHHBIM HAarpeBOM MaTepHaia B MpOLEcce THIPOIKCTPY3HH. Tak,
1o gaHHbIM [1], HarpeB TpyaHOAE(HOPMUPOBAHHOTO METaJLIa CIIOCOOCH JOCTHTaTh
250°C. JlokaipHBIN pa3orpeB B IUIOCKOCTSX CKOJBXKCHUS IHCIOKAIMK ObIBaeT
3HAYUTEIHHO BBIIIE, YTO MOXKET CYIIECTBEHHO CHU3UTH KOHIIEHTPAIIMIO TOUYECYHBIX
ne(eKkToB 1Mo CpaBHEHHUIO ¢ JeopMarell MPOKaTKoi ¢ HEOOIBIIUMH CTETICHIMH
oOxarusi Mexnay npoxonamu. CHIDKEHHE Tpeaesa NpONOPHUOHAIBHOCTH TIPH
temneparype omkura 10 800 K MoxeT ObITh CBA3aHO CO CTOKOM TOYEUHBIX Jie-
(EeKTOB K AMCIOKALMSAM, IPUBOISAIINM K YBEIIMYCHUIO PACCTOSIHUS MEXKIY TOUYKa-
MH 3aKPETICHUS TUCTOKAIHHA.
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[Tpu Temmneparypax otmxxkura HemHoro Bbiie 800 K, kak BUIHO U3 3aBUCHMOCTH
P300/P77 OT TEMIEPATYPbl OTHKUTA, HAYMHACTCS TPOLECC aHHUTHIISIUN JUCITIOKA-
W, TPUBOASIIMN K CHUKEHHUIO UX IIOTHOCTH, YTO COMPOBOKIAECTCS YMEHbIIIE-
HUEM MUKPOTBEPAOCTH, IPOYHOCTU M YBEIUYEHUEM ILUIACTUYHOCTH. JlanbHeliee
MOBBIIICHUE TEMIIEPATYPhl OTKUTa COMPOBOXKIACTCS 00pa3oBaHUEM OJIOKOB, CBO-
OOJHBIX OT JMCIOKAIUH, W MOCIENyIoIel pekpucTamu3anueid. B stom ciydae
MIPOYHOCTHBIE XapPaKTEPUCTUKH METAJIJIa ONPEICISIOTCA pa3MEepOM 3€pEH U CHH-
JKaroTcs 1o 3akony Xosuta—Ilerya.

Kak crmenyer u3 3ne€KTpOHHO-MHKPOCKONMYECKUX HCCIIECIOBAHUM, PEKPUCTAII-
JU3aIus B U3y4YeHHOM MaTepHale MpoTeKaeT HEPaBHOMEPHO MO 00beMy MeTaa,
YTO CBUAETEIBCTBYET O HEPABHOMEPHOM PACIpPEICICHUH OCTATOYHBIX HaIpPsIKe-
HUll 10 00BeMy oOpasiia. IT0, B CBOIO OuUepe/ib, MOXKHO OOBSICHUTH PAa3NUYHON
OpHUEHTAIMEH 3epeH B UCXOJHOM 3arOTOBKE MO OTHOIICHUIO K J1e(hOpMUPYIOIIUM
HANPSDKEHUSIM, 4TO 0COOEHHO CyIIeCTBEHHO sl MeTauioB ¢ [ TIY-pereTkoi.

BreiBOABI

1. Tloka3aHa BO3MOKHOCTh WU3TOTOBJICHHS MPYTKOB Ta(HUS THIAPOIKCTPY3UCH
pu KOMHATHOUM Temmeparype. [Ipu ucnelTaHusAX MakcUMaiabHas aedopMarus 3a-
roroBku nocruraia 40%.

2. OOGHapyKEHO, YTO MPOYHOCTh TaHHUS MPU UCTIHITAHUAX HA PacTsHKEHUE 00-
pas3loB, BBIPE3aHHBIX BIIOJIb HaIpaBieHUs 3KcTpy3uu, gocturaer 1000 MPa, a
OTHOCHUTEIILHOE YJIMHEHUE CHIDKaeTcs 10 6%.

3. YcTaHOBIEHO, YTO MPHU OTKUTE TUAPOIKCTPYIUPOBAHHOTO TaHUS ero pa-
3YIIPOYHEHHE W BO3BPAT MEXAHHUYECKUX CBOWCTB MPOUCXOMAT MIPH TEMIIEpaTypax
BeImre 873 K.

4. V3yueHa MUKPOCTPYKpPypa U CTPYKTypa TOBEPXHOCTH Pa3pPyIICHUS THUAPO-
AKCTPYAUPOBAHHOTO TaHUSI.
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I.M. Kosanenxo, M.Il. Cmaponam, A.O. Bacunvee, B.B. Makapenko, K.B. Kosmyn

BB TEPMOOBPOBKN HA BJTACTUBOCTI TA CTPYKTYPY
NMAPOEKCTPYOOBAHOIO MA®HIKO

[TokazaHo MOXJIMBICTH OTPUMAaHHS MPYTKIB TadHif0 MeTomoM Timpoekctpysii. [lpu me-
dopmarriii Ha 40% minHicTh TPy TKiB radHiro gocsrae 1000 MPa, a BigHOCHE OJOBKEHHS
3HIKYETbCs 10 6%. LLinpHicTh AMCIOKAIii B TakOMy MaTepialli ckiazae 710" em 2
JocnimKkeHo BIUTMB TEMIIEpaTypy BiANANy Ha CTPYKTypy Ta MEXaHiuHi BIACTHBOCTI
TiIPOEKCTPYJOBAaHOTO MeTaly. BHBUEHO XapakTep MOBEpXHi pyHHYBaHHs 3pa3KiB MicCis
BUIIPOOYBaHb HA PO3TATYBAaHHS, a TAKOXK 3MiHY BITHOCHOTO €JIEKTPOOIIOPY NMPH TEPMO0O-
poOmi. Bigmam rigpoekcTpymoBaHoro radHIf0 MPHU3BOAWTH A0 IOBEPHEHHS WHOTO Me-
XaHIYHUX BIIACTHBOCTEH, €JIEKTPOOIpY, 3MiHH XapakTepy NOBEpXHI pyHHYBaHHS IpH
MEXaHIYHMX BHIIPOOYBaHHAX. ICTOTHI 3MIiHM CHOCTEpIraloThbcs NPU TeMIepaTypax
Bimmany Bume 873 K. IlodarkoBa cramis peKkpHCTai3allii XapaKTepHU3YEThCS HEOI-
HOPIZHICTIO IO 00‘eMy 1e()OPMOBAHOTO METAIY.

KurouoBi cioBa: radHiii, TigpoeKcTpy3is, TepMOOOpOOKa, CTPYKTypa, MeXaHiuHi BIa-
CTHBOCTI, €JIEKTPOOIIip

.M. Kovalenko, M.P. Starolat, A.A. Vasil’ev, V.V. Makarenko, K.V. Kovtun

INFLUENCE OF HEAT TREATMENT ON PROPERTIES
AND STRUCTURE OF HYDROSTATICALLY EXTRUDED HAFNIUM

A possibility of making hafnium bars by means of hydrostatic extrusion has been demon-
strated. At a 40% deformation the strength characteristics of hafnium bars amounts to
1000 MPa, while the relative elongation decreases to 6%. Dislocation density in such a
material makes 7-10™ em™. Influence of the annealing temperature on structure and me-
chanical properties of hydroextruded metal has been studied. Surface of failure of the
strain-tested samples has been also investigated as well as changes in resistance ratio at
heat treatment. The annealing of hydroextruded hafnium results in the recovery of me-
chanical properties and electrical resistance, as well as in changes of the surface of failure
during mechanical tests. Significant variations are observed at annealing temperatures
exceeding 873 K. The initial stage of recrystallization is characterized by volume inho-
mogeneity of deformed metal.

Keywords: hafnium, hydroextrusion, annealing, structure, mechanical properties, electri-
cal resistance

Fig. 1. The scheme of hydroextrusion procedure: 1 — punch, 2 — container with oil, 3 —
billet, 4 — die

Fig. 2. Dependence of strength characteristics and relative elongation of extruded haf-
nium on the annealing temperature : -m— — 6, —0— — Gys, =¥— — &

Fig. 3. Dependence of microhardness of extruded hafnium on the annealing temperature:
1 - on the lateral surface, 2 — on the frontal surface of the bar

Fig. 4. Structure of the frontal (a) and lateral (6) surface of the hydroextruded hafnium bar
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Fig. 5. Dislocation structure of hydroextruded hafnium before heat treatment
Fig. 6. Dependence of the resistance ratio on the annealing temperature

Fig. 7. Structure of hydroextruded hafnium after annealing at a temperature of 973 K for
1h

Fig. 8. Surface of failure of hydroextruded hafnium after tensile deformation at room
temperature without annealing (a) and with annealing (K) for 1 h: 6 — 673, 6 — 973, 2 -
1073
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