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Ilpoananuzupoeanvl 3aKOHOMEPHOCMU YNPOYHEHUSI HAHOMAMEPUATIO8, NOJIYYeH-
HbIX UHMEHCUHOU niacmuyveckou depopmayueti (UIIN), u paccmompena cesazo
MedHcdy 36ooyuell 0ehpOPMAyUOHHOU CMPYKMYPbl U NAPAMEMPAMU YAPOUHEHUS.
Ocoboe numanue yoeieHo YCMAHOBIEHUIO 0OWUX 3AKOHOMEPHOCMell YNpOoyHe-
HUSL, NPUCYIYUX 8CEM MAMEPUALAM, HE3ABUCUMO OM UX KPUCMALLOZPAPUUECKO20
CMpOeHUs. U cXeMbl NOYYeHUs, d MAKHCe UCCIe008AHUI0 0COOEHHOCMel YNpoyHe-
HUSl, NPOSGIAIOUWUXC Y PA3HBIX KIACCO8 mamepuanos. Paccmompeno enusnue
memnepamypbl UCNbIMAHUAL HA NAPAMEmpPbl YAPOUHEHUs 0epOPMUPOBAHHBIX MA-
mepuanos.

BBenenne

B nuckyccusix o IMCIOKAlMOHHBIX MeXaHu3Max Ae(pOopMalMOHHOTO yIIpOYHe-
HUS 4acTO LUTHPYIOTCS CJIOBA OJIHOTO U3 OCHOBOIIOJIOKHUKOB (PU3UYECKON TEO-
pun npounoctu A.X. Korpenna. Paccyxknas o mepcnekTHBax ANCIOKAIIMOHHON
TEOPUH IJIACTHUECKOHN nedopmaryy, oH cka3an: «OxHa U3 MepBbIX 3agad, KOTo-
past MocTaBJIeHa Mepe]] CIeHUuaIMCTaMU B 00J1aCTH TEOPHH JUCIOKAIUM, 3TO 3a1a-
Yya YCTAHOBJICHUSI CBSA3M MEXIY JUCIOKALMOHHOW CTPYKTYpOH U YNPOYHEHUEM
Mmarepuala, 0OJHaKo, HeCMOTpPsI Ha TO, YTO 3Ta 3ajaya MOCTaBJIeHa MEepBOM, pellie-
Ha oHa OyJneT mocienHei». JlecTBUTEIhHO, MpodiieMa CTPYKTYPHON WHKEHEPUH
ne(OopMHUPOBAHHOTO MaTepHala sBJISETCS MHOromapaMmerpuyeckoi 3amaueil. Ha
JMICIIOKAIIMOHHYIO CTPYKTYPY MOKHO TIOBJIHSITH C TIOMOIIBIO BHEITHUX (PaKTOPOB,
U3MEHs B IIMPOKOM JHara3oHe TeMIepaTypy, CKOpPOCTh MM CTeneHb Aedopma-
. BakHBIM (hakTOpOM, BIHSIONIMM Ha CTPYKTYpoOoOpa3oBaHUE, SBISETCS CXe-
Ma 7e(OpMUPOBaHUS U TUN HANpPSHKEHHOTo cocTosiHUA. He MeHblee BiIMsHUE Ha
HBOJIIOLIMIO TUCIIOKALUN OKa3bIBAIOT BHYTPEHHUE (UM CTPYKTYpHbIE) pakTophl. B
YHUCTBIX MeTa/ulax (GopMHUpOBaHHE NEPOPMALMOHHON CYyOCTPYKTYphl 3aBUCHT OT
THIA KPUCTALIMYECKON pEIIeTKH, pa3Mepa 3epHa, KpucTamiorpaguaeckoi opu-
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EHTAllMU CTPYKTYPHBIX 3JIEMEHTOB. B JIerMpoBaHHBIX CIUIaBaxX K MEPEUYHCICHHBIM
CTPYKTYPHBIM (akTopam A00aBISIOTCS TUI B Mopdonorus (a3 u uX crmocoOHOCTh
K COBMECTHOU JeopMarium.

Tem He MeHee oOHapyXeHHOE€ MHOTrooOpa3ue CTPYKTYPHBIX COCTOSIHUM, MpH-
cymux nehOpMUPOBAHHBIM MaTe€pUaiaM, JIHIIb MOJYCPKUBACT OOIIHE 3aKOHBI
neOpMaMOHHOTO YIIPOYHEHUS, CBS3bIBAIOIIME MPOLIECCHl CTPYKTYpooOpa3oBa-
HUS C XapaKTepoM KpHUBOW HArpy:KeHWs Marepuana. Teiiop mokasal, 4To Je-
dbopMaIMOHHOE YIIPOYHEHHE MPOUCXOIUT OJIaromapsi U3MEHEHHUIO C aedopMaIin-
el IUIOTHOCTU AUCIOKaui. PaccmaTpuBast JUCIOKAUUKM KaK UCTOYHUKHU JAJIbHO-
NEHCTBYIOIMX TOJIEH, OH 3amucall ypaBHEHHUE, CBS3bIBAIOIIECE YMPOUYHEHHUE C
IJIOTHOCTBIO TUCITIOKAIIMMI, B BUJIE

6 =co+aGhp'"”, (1)
IJIe Go — BKJIAJl B YIPOYHCHHE CTPYKTYPHBIX 3JIEMEHTOB, (DOPMUPYIOIMIUX MPEIe
TEKy4ecTH; oL — KOdPPHUIMEHT, 3HaUeHHEe KOTOPOro (popMupyeT B3auMOJeiCTBHE
Mexay auciokamusmu; G — MoayJib caBura; b — Bektop broprepca; p — miot-
HOCTb JMCIIOKAIUH.

CBs13b MEXIy 3aKOHAMHU JIBIDKCHHS AUCIIOKAIMN U TMPUPOCTOM TIJIACTHUYECKOM
nedopMaiuu Belpaxkaercs ypaBHeHneM OpoBaHa

e=0.5bpL, 2)

rae L — niauHa cBOOOHOTO Mpodera JUCIOKaIUil.

Pacmmpenue s3xcrnepuMeHTanbHbIX BO3MOKHOCTEN BU3YAJIU3ALUNA JUCTOKALIUI
C MOMOUIBIO IEKTPOHHON MHUKPOCKOMHUH IO3BOJIUJIO YCTAHOBUTH BaKHBIE 3aKO-
HOMEPHOCTH JBOJTFOIMH JUCIOKAIIMOHHOW CTPYKTYPHI PH JehOpMaIiiu: 1Mo Mepe
yBEIMUYEHUS CTENEeHH AeQopMalii B KpUCTAJIe BOZHUKAET CTPYKTypa C XaoTH-
YECKH pacHpeleNIieHHBIMU IHUCIOKAlUSIMH, KOTOpas 3aTeM TepecTpanBacTCs B
c1abopa3OpPHEHTUPOBAHHYIO SYCHCTYIO U Jlajiee — B Pa30PHEHTUPOBAHHYIO SYCH-
CTYIO CTPYKTYpPy WJIM HaHO3epHA. Takue CTPYKTypHBIE MEPEXOJIbl MPOUCXOIIT B
y3KOM JuamnaszoHe JaedopManuii ¥ COMPOBOXKIAIOTCS M3MEHEHHEM MEXaHHM3MOB
YIPOYHEHUS JePOPMUPYEMOTO MaTepHaIa.

Hanuuue craguit Ha KpuBOil nedOPMAIMOHHOTO YMPOYHEHHS MHOTOKPATHO
MOATBEPKIATOCH HKCIIEPUMEHTAIIbHO, & COOTBETCTBHE MEPErMO0B HA KPUBBIX YTI-
POUYEHHUSI TPAHULIAM CTPYKTYPHBIX COCTOSHHM HEOJAHOKPATHO OTMEYAIOCh KaK Of-
HO W3 KIIOYCBBIX TOJIOKEHUH TEOpUU AcPOpPMAIIMOHHOTO yrnpouHeHus. Crauii-
HOCTh YIIPOUYHEHHMs B paBHOU Mepe mposisiercs kak y OLIK-meTannoB npu ana-
nu3e napabdonudeckoro ynpounenus [1], u tak u y I'lIK-metannoB npu uccneno-
BaHUU W3MEHEHHUS CKOpOCTU yrpouyHeHus [2]. OOiue 4epThl YIOMSHYTHIX MOA-
XO0JIOB TIPOAHAM3UPOBaHBl HaMu B padore [3]. HecMmoTps Ha paznmuuue B dop-
MaJbHOM omucaHuu 3akoHOB ynpouHeHus y OLIK- u I'lIK-meTannoB, oOmHOCTD
(GU3HYECKUX TPUHITUIIOB MMOCTPOCHUS ITUX TEOPUH MPUBOIUT K €AUHOMY (PU3H-
YECKOMY pe3yJbTaTy — UYyBCTBUTEIBHOCTH MapaMeTPOB Mojiese (mokasarens ne-
(GhOpMAaIIMOHHOTO YIPOYHEHUS JIJIsl TIEPBOTO CIIy4asi 1 KpUTUYECKOTO HAMPSKEHUS
Boiica — 11 BTOporo) k BeIMYUHE SHEPTUU AePEeKTa YIIaKOBKH.
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TemnepaTypHasi 1 CKOPOCTHAs YyBCTBUTEIbHOCTD /1e()OPMALIMOHHOTO
YIPOYHEHUs!

Temmnepatypa U CKOpPOCTh AehopMalii — MapaMeTpbl, KOTOPBIE MPOIIE BCEro
MEHATh B MOJEJBHBIX JKCIEPHMEHTaX WM TEXHOJIOTMYECKHX IpOLeccax, Ha-
NPaBJICHHBIX HAa ONTHUMM3ALHUIO Ae()OpMAIMOHHON CTPYKTYphl. Poib 3THX (akTo-
POB CJIOKHO IEPEOLECHUTD, TOCKOJIBKY TEPMOAKTHBALIMOHHBIE ITPOLIECCHI MTOJIOKE-
HBl B OCHOBY OOJIBIITMHCTBA MEXaHM3MOB IUIACTHUECKOW JeOpMaluU U 3aKOHOB
CTPYKTYpOOOpPa30BaHMs MaTEPUAIOB.

Yuer cTaguiHOCTU YIIPOYHEHHUs SIBIISCTCS BAKHEHUIIUM DJIEMEHTOM TEPMOAK-
TUBAaLlMOHHOI'O aHAJIN3a, IOCKOJIBKY TeMIIepaTypa MO-pa3HOMY BJIMSECT Ha 3aKOHBI
B3aMMOJEHCTBHSI MEXAY AUCIOKALMSIMM Ha pa3HbIX cTaauax. Cienyer UMeTh B
BUJY, YTO TEMIIEpaTypHasl 4yBCTBUTEIBHOCTD NapaMeTpoB ynpouHnenus ais I'TK-
u OLIK-MeTanmnoB pasznuyHa, U 3TH JIBa CiIydas Iesecoo0pa3HO paccMOTPETh OT-
JEJIBHO.

TemneparypHasi U CKOPOCTHasi 4yBCTBUTENBHOCTh KpuBOM ynpouneHus I'TIK-
METAJUIOB aHAJIM3UpOBaNack MHOTMMH aBTopamu. Haubonee moapoOHO 3TOT BO-
POC pacCMOTpeH B paboTe [2]. DKCIepUMEHTAIBHO YCTaHOBIICHO, YTO HaYalbHAS
craausi yrnpounenus ['TIK-meramioB (popMupoBaHue CTPYKTYpHI Jieca AUCIOKA-
LIUI WM TIOJIOCOBBIX CTPYKTYP) HE SIBISETCS TEPMOAKTUBUPOBAHHBIM IIPOLIECCOM.
[Tociie HOPpMUPOBKH Ha MOAYJb YIPYTOCTH CKOPOCTh YIIPOYHEHHS HE 3aBUCUT OT
TEMIIepaTyphl, €€ BeIMUMHA JUIsl BCeX MaTepuasioB orieHuBaercs kak G/200.

B TO ke BpeMs mapameTpbl yIPOYHEHHUs Ha CIEHYIOIIEH CTaJuH, COOTBETCT-
BYIOIIEH BO3HMKHOBEHHIO CII000pa30pUEHTUPOBAHHONW CTPYKTYpBI, 3aBUCST OT
TEMIIepaTypbl U CKOPOCTH e(opMalMy, TOCKOIbKY YIIPOYHEHUE HAa JAHHOM CcTa-
MU CONPOBOXKIAETCS AMHAMUYECKUM BO3BpAaTOM. JTO CIELYET, HallpUMEp, U3
aHaJIM3a TEMIIEPATYPHON M CKOPOCTHOM YyBCTBUTEIBHOCTH KPUBBIX YIPOYHECHHUS
Al, monydennsix 3exetdayspom c cotp. [4] (puc. 1,a).
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Puc. 1. Biusaue temreparypsl (a) U ckopoctu aedopmanuu (6) Ha mapaMeTphl YIpoU-
uHenust B Cu 99.95%, nedopmupoBanHnoii kpyuenuem: a — T, K: %k — 77, o — 293, x — 373,
Vo473;y=107%s 56-7,s t+-1Lx—10%%—10 % T=293 K
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[Tono6HbIe KpHBBIE YIPOUYHEHUs], oiy4yeHHbIe 17t pa3Hbix [ TIK-meransos, Obl-
a1 0000mensr Kokcom [2] B pamMkax TEOPUH CKOPOCTHOM UYBCTBUTEIBHOCTH JIe-
dopmarmonsoro ynpouneHus. CrenanHbie UM 0000IIEHHST pacCMaTPUBAIOTCS KaK
KJIACCUYECKHE TIPU OMMCAaHWU HadaldbHBIX craguid ynpouHeHus ['TIK-meranos.
TemmneparypHasi 3aBUCUMOCTh TTApaMETPOB YIIPOYHEHUS HA CTaIUU (POPMUPOBAHHS
HaHO3EpeH (JeTBepTas cTaausl) HanboJiee JAeTalbHO HCCIeoBaHa 3eXeT0ay3poM ¢
coTp. B paborax [4,5]. [TokazaHno, uro 3Ta cranus Ae(GopMaMOHHOTO YIPOYHEHUS
['TIK-meTamioB He sBISETCS YyBCTBHTEIBHOW K TeMIIEpaType U CKOpOCTH aedop-
MaIH. DKCIIEPUMEHTAIBHBIC 3aBUCHIMOCTH CKOPOCTH YIIPOYHEHHS 6 OT CIIBUTOBO-
ro HampsDKEHUS T U3 paboThl [4] mpeacTaBieHsl Ha puc. 1. OTMETHM, 4TO IS CITy-
Yasi CIBUTa MapaMeTp O XapakTepu3yeT CKOPOCTh MPHUPOCTA CABUTOBOTO HAIPsIKe-
HUS T C pOCTOM CIBHroBoM Aedopmaruu y: O = dt/dy. B cimy4yae oTHOOCHBIX cXeMm
HArpy»KCHUSI CKOPOCTh YIPOYHEHHS XapaKTepPU3yeT CKOPOCTh W3MEHEHHS HOp-
MaJIbHOTO HaNpshKeHHsI G ¢ poctoM Aedopmarun €: 0 = do/de. Tlockonabky Ha yeT-
BEPTOM CTaUM CKOPOCTh YIPOYHEHUS MMOCTOSHHA, MapaMeTp O A 3Toi craauu
4acTO HA3bIBAIOT KOA(PHUIIMEHTOM JIMHEHHOTO YIIPOUHEHUSI.

B OLK- u I'TTY-meTtannax mpoBeJeHUE TEPMOAKTHBALMOHHOIO aHalu3a yII-
POUYHEHUS OCIIOKHEHO TeM, YTO TEPMOAKTUBAIIMOHHAS IPUPO/Ia YIIPOUHEHHUS MIPO-
SIBJISIETCSL HE TOJIBKO Ha CTAIUAX Pa3BUTON Aedopmammu, HO U HAMHOTO PaHbIIIE,
KOrJa JAOCTUTaercs mpenen TekydecTd. IlockoiabKy (GopMupoBaHuE MOCIEIHErO
3aKaHYMBACTCA HA HAdaldbHOW CTaauu Iutactudeckoir nedopmaruu (mpu 0.2%
MJIACTUYHOCTH), a KpuBas AeGopMalMOHHOTO YIPOYHEHUS (HOPMHUPYETCS TpH
Oonpmux nedopManusax, BOSHUKAET OOMaHUYMBOE BIEUATICHHUE, YTO 3TH MPOIlEeC-
CBI JIETKO Pa3AeNuTh MO CTeNeHH aedopMaluu.

CoryiacHO PUHIUIY ATUTUBHOCTH [6] CONMPOTUBICHUE JABUKEHHUIO TUCIOKA-
WA CO CTOPOHBI ACPEKTHOW CTPYKTYpPhl B OOOOIIEHHOM BHJI€ MOXHO OIHCATh
TpeMsl ClIaraeMbIMU:

0, =20, +20,, + 203, 3)

rae XGj; — CyMMa BKJIQJIOB MUKPOMEXAaHHU3MOB YIPOUYHEHHUS, KOTOPbIE UMEIOT
TEPMOAKTHUBAILIMOHHYIO TIPUPOY; XGo; — CYMMApHOE YIIPYTroe MoJie JaIbHOIEHCT-
BYIOILIETO HAIPSKEHUS OT PA3INYHBIX NMPEMATCTBUM; XG3; — CYMMApHOE COIpO-
TUBJICHHE, OOYCIOBIEHHOE CTPYKTYPHBIMU IMapamMeTpaMu THUIA TPaHUI] 3€pEH,
cyOrpaHul, AUCTIEPCHBIX YACTHUIl U T.II., IPOXO0KIEHHUE KOTOPHIX HEBO3ZMOXKHO 0e3
KOHLIEHTPALMU HaIPSKEHUSL.

B nepBoe ciiaraemoe 2G1; B KaueCTBE OCHOBHOM COCTABJIAIOLIEH BXOIAUT Ha-
npsokeHue [laitepnca—Habappo — cONMpOTHBIICHHE IBWIKEHUIO TUCIOKAIUH CO
CTOPOHBI KPUCTAJUTMYECKON pemeTkd. VIMEHHO Halu4ue 3TOTO ClaraeMoro o0y-
cioiuBaeT A1t OLIK-MeTannoB pe3kyro TeMIIEpaTypHYIO 3aBUCUMOCTb Mpeaelia
TEeKyuecTH B obnactu HM3KHX Temmepatyp (mo 0.27,,). Hanpsokenue Teitnopa
BXOJIUT BO BTOPYIO IPYIIIY CJIAraeMbIX XG;, I[JI€ CONPOTUBICHUE JBUKEHUIO IHC-
JIOKAIIMY BBI3BAHO YNPYTUMH MOJSIMU. UyBCTBUTEIBHOCTD YIPYTUX MOJIEH K TEM-
nepaType OINPENENseTCsl TOJIbKO YYBCTBUTEIBHOCTBIO YIPYTUX XapPAKTEPUCTUK,
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/’ —% = W3MCHCHHE KOTOPBIX MO/ BIIUSHUEM

a8 s temnepatypsl B OLIK-Meraimiax MHOTro
o

= MEHbIIIE, YEM U3MEHEHHE Mpe/elia TeKy-

<4 V_“_’ ’ gectu. Cremyst 9TOW JIOTUKE, TeMIepa-

_....‘—¢ ———————— . ny D P

O , . ‘ ) . TypHas 3aBHCUMOCTb Ko3(duiueHToB

0.1 0.2 03 04 0.5 ynpo4yHeHHUs OJDKHA OBITH JTOCTATOYHO

11T, c1aboil U ompeneNsIThes, Kak U B CIydae

Puc. 2. Brusiaue Temmeparypst Ha coor- | LIK-MeTaiios, nubo0 TeMmeparypHOH

HOLIIEHUE IapaMeTpoB )Ie(l)OpMaL[I/IOHHO- 3aBUCUMOCTBIO YIIPYI'UX KOHCTAHT, JII/I6O

ro ynpounenus Ki/Gp,: © — mMonubmen IPOIECCAaMH  KOJJICKTUBHOI'O  B3aHUMO-
mapku MUBII (D = 100 um); @ — MUBII ~ I€HCTBUS MEXIY AUCIOKALUAMMU.

(D =40 pm); A—Mo +4.5% TiN; A —V; OIHAaKO HSKCIEPUMEHTHI TOBOPAT O

¢ —Fe+3.2%Si npyroM. MouceeB ¢ cotp. [1] mpu uc-

CIIEIOBaHUM TapaMeTPOB YIPOYHEHHS

MONIMO/IEHa W €ro CIUIAaBOB B IIUPOKOM HHTepBane Temmepatyp (ot —196 no

1000°C) moxkazai (puc. 2), 9TO BO BCEM 3TOM MHTEpBaJie OTHOILIEHUE KO3 UIIH-

€HTa ynpouHeHus K| K Ipeaeny TeKy4eCcTU G, ABISETCS MPAKTUUECKHU MOCTOSH-

HOM BEJIMYUHOM.

Mpsl paccuuTany mapaMeTpbl YIPOUHEHUS MOJIMO/EHA B IIMPOKOM HHTEpBae
TEMIEpaTyp U MepPecTpOru KpuBbie B KoopauHarax do/de—c (puc. 3,a). B coor-
BeTCcTBHM C Teopuen Teinopa (ypaBHenue (1)) mosydeHHbIE 3aBUCUMOCTH ObLTH
npeoOpa3oBaHbl MyTeM BBHIYMTAHUS 3HAYCHHS Ipeleiia TeKy4eCTH U3 BETHYHHBI
MIPWIOKEHHOTO HAMPSHKEHHUS 10 OCH aOCITUCC, a TaKKe JTBOWHOW HOPMHPOBKOM
OCH OpJIMHAT HA MPUBEJCHHbIE K KOMHATHON TeMIeparype 3HauUeHUs] MOIYJIs yIi-
pPYTOCTH U TIpesienia TeKy4decTH (puc. 3,0).

0.4
0.3+
o i
» 0.2+
ool i
0.1+
0 0 I I \
0 0 20 40 60
c -0, MPa
a 0

Puc. 3. Kpussle ynpoyneHuss MOIuOIeHa B KoopanHaTax 0—c (a) ¥ mocie HOPMHPOBKU
=(0/0)03y C (6):a—T, °C: % - 20, % — 100, A —220, 0 —330, 0 - 450, + - 610, 0 -
1000; 6 — T, °C: 1 -20,2-100, 3 —220,4—330,5-450,6—-610, 7— 1000
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JlaHHbIe, MpeCTaBIICHHBIC HA PHC. 3,0, MOKA3bIBAIOT, YTO MOCIE HOPMHUPOBKH
HaOJIF0/IaeTCsl XOPOIIIee COBIAJICHHE MAapaMETPOB YIPOUHEHHS BO BCEM HCCIIEIO-
BaHHOM JHMAaIa30He TEMIIEPaTyp HCTBITAaHUH. 3HAYCHHUS KOIPPHUIMECHTOB yIpod-
Henus (K, Ky, Ory) 1 gedopMupyromero HanpspkeHus (o U o) Ha KaKIou
CTaJINM YTIPOYHEHUS MpUBEACHBI B Ta0u. 1. Habmrogaemple OTKIIOHCHHS ATHX Ta-
paMeTpOB OT MOCTOSIHHON BEJIMYUHBI MOTYT CBHUICTEILCTBOBATH O POJIU KOJIICK-
TUBHBIX MTPOIECCOB B3aUMOJICHCTBUS MEKIY JUCIOKAIIUSIMH Ha Pa3HBIX CTAHSIX B
Pa3TUYHBIX TEMIIEPATYPHBIX HHTEPBAIaX.

Tabmauua 1
Bausinue TeMnepaTrypsl Ha HapaMeTpbl YIIPOUHEHUsI MOJIMO1eHa
T, °C G0.2, MPa KH KHI OJl, MPa o111, MPa OIV
20 40 92 23 17.5 25 80
100 22.5 63 7.1 18.5 44.5 110
220 18 40 6.8 19.5 44.5 102
330 14 46 7.4 20 43.5 115
450 12.3 41 8.8 18 35 113
610 8.5 123 16 16 29 141
1000 5 667 60 10 15.5 160

WuauBuayanbHble CBOMCTBA MUCIOKALMN MPOSIBISIFOTCS HA BCEX CTAaUSAX Je-
(GOpPMAIMOHHOTO YIPOYHEHHSI U YUUTHIBAIOTCS MMyTEM HOPMHPOBKH MapaMeTPOB
YOPOYHEHHUs Ha Mmpejen TekyudecTd. Pusnyeckas NpUYMHA PE3KOH TemrmepaTyp-
HOM 3aBUCUMOCTU KOA(D(PUIIMEHTOB yNpPOUHEHHUS CBsS3aHa C TEM, YTO B IMEPBOE
crnaraemoe ypasHeHus (3) kpome cuibl [laiiepica—Habappo BxoauT mapamerp Gy,
XapaKTEePU3YIOLIUNA COMPOTUBIIEHHUE CO CTOPOHBI AUCIIOKAILIMM Jieca MpU UX Mepe-
CEYCHUHU TOJBIKHBIMU JucioKanusMu. [loCKOIbKy TemrepaTypHas 4yBCTBH-
TETLHOCTh 3TOTO HANpPsDKCHHS Takas ke, kak HanpspkeHus [laitepmca—Habappo,
KOA(PGUIIUEHTH! YIIPOUHEHUS MPOSBISIIOT YyBCTBUTEIBHOCTh K TeMIIEpaType, Imo-
NOOHYI0 TOH, KOTOpasi HaOJIIoJaeTCs A Mpejiesa TeKyYeCTH.

OTMETHM, YTO W3JIOKCHHBIM BBINIE aHATN3 KPUBBIX YIPOUYHEHUS OBLI MPOBE-
JIEH TI0 pe3yibTaTaM UCHBITaHUS 00Pa3lOB Ha PACTSKEHHE MPHU PA3TUYHbBIX TEM-
neparypax ¢ (OTOMETpUpPOBaHHEM HX paboueil yacTH B Mpolecce AeGopMallii.
OTO TPYAOEMKHI SKCIEPUMEHT, TPEOYIOINI K TOMY K€ ydyeTa mepepacipeere-
HUS HaTPsOKEHUH B oOpasiie ¢ MOMeHTa IelikooOpa3oBanus. [loaTomy B pabdore
[7] nna aHanw3a KPUBBIX YNPOYHEHHS Ie()OPMUPOBAHHBIX MaTEPUAIOB HAMH
npeiokeH Oosee MPoCcToil METO| pacueTa mapaMeTpoB YIPOUHEHHSI C UCTIOIb30-
BaHUEM HUCTIBITAaHUS 00PA3IOB HA OJTHOOCHOE CXKATHE.

3aKOHOMEPHOCTH YIIPOYHEHUS NMpeIBAPUTEIBHO 1e(opMUPOBAHHBIX
MaTepUaJIoB

CpaBHUTENBHBIN aHATIM3 MEXAHMYECKOTO MOBECHHS MpeIBapUTENIBHO Mpoaedop-
MHPOBAHHBIX MaTEpHAIOB MPOBOAMTCS HA 0Opa3Iax MpaBUILHONW KyOU4eckoi (hopMbl
C pa3MepoM IpaHd 3 mm B TpeX B3aUMHO NEPIEHIUKYIIAPHBIX HarpasieHusix. Oopa-
00TKa NNEPBUYHBIX KPUBBIX J1€(POPMUPOBAHUS [TO3BOJIAET MOIYUNUTh HCTUHHBIE KPUBbIE
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ylnpoyHeHuss o—e. JlanbHeWmas Iepe-
CTPOMKa JTHX KpUBBIX B KOOpAMHATAX
do/de—c 103BONISET OMpPENENHUTH CKOPOCTh
YIIPOUHEHUs] MaTepuaia Ipu 3aJaHHOU
CTEIEHH Ipe/IBapUTEIBHOM Aeopmalyu, a
Ipy HAIMYMK 00pa3LoB, mnponedopmupo-
BaHHBIX 10 PAa3HBIX CTENEHEW, JOCTaTOUHO
TOYHO ONHCAaTh KPUBYIO YIPOYHEHHS B
IIUPOKOM JHarazoHe AepopMaIui.
Oy ‘ ‘\\\W (Bhat el Ha puc. 4 npuBenena nepecuntaHHas
0 068 Su072 076 080 B OITHX KOOpAMHATAX KpUBAas YIPOUHEHUS
o, GPa TUTAHA, NPEABAPUTENIBLHO MPOoAePOPMHU-
poBanHoro A0 aedopmamuu e = 1.25.
JlanHasi KpuBasi SIBIISIETCSI pE3yJIbTATOM
KOMIBIOTEpHOH 00pabOTKM HMCTUHHOMN
KPUBOM YIPOYHEHUS NPU CHKAaTHUH 00pa3-
17 3x3x3 mm Lla B HalpPaBJICHUU NPUIOKEHUS yCHIUA
v npu npokatke. Ha KpuBON BBIABIAIOTCSA
S e JIBa SPKO BBIPKEHHBIX yyacTka: 1) yda-
,’ A __ DD CTOK PE€3KOro 3aMeJUIEHUs] CKOPOCTH YII-
/’ / Y POYHEHUSI XapaKTEpU3yeT YCIOBHs pe-
,' HOBAlMM HUCTOYHHKOB Ppanka—Puna;
4 2) y4acTOK C IOCTOSHHBIM 3HAYEHUEM

Puc. 5. Cxema Boipeskn obpasia (3 x 3 x  40/dé XapakTepusyer CKOpOCTh yHpoy-
x 3 mm) U3 TpoKaTaHHoTo ywcta (DD —  HCHHS MaTepuaia [pH COOTBETCTBYHOLICH
HATIPABIICHHE BBITSKKN) cTeneHn mMOBTOpHON aedopmaruu. Ilo

AQHAJIOTMH C TEOpPHEH YNPOYHEHUs Hele-
(OpMHUPOBAHHBIX MAaTEPUAIIOB MPETaracTCcs XapaKTepHU30BaTh MPOIECC YIPOUYHE-
HUSI IPEIBAPUTENILHO 1e(OPMHUPOBAHHOTO MaTepuaa mapamerpamu Ky, opp 4 Oyy.

do/de, GPa

Puc. 4. KpuBas ynpounenns aedopmupo-
BaHHOTO TUTaHa (e = 1.25), mepecunran-
Hasl B koopauHarax do/de—o; tgo = Ky

[Tapamerp Ky ompezaenseTcsi Kak yrojl HakjioHa Ha KpuBod do/de—c Ha Ha-
YaJIbHOM y4YacTKe YIpo4HeHus. BennunHa Kyjp cBs3aHa cO CKOPOCThIO PEHOBALIUU
uctouHukoB Ppanka—Puna npu nepexone NUCIOKALMKA U3 HEIOJABUKHOIO CO-
CTOSIHUSI B IIOJBM)KHOE BIUIOTH 10 BO30OHOBJICHMS YCJIOBUH nedopMalnuu, KOTO-
pble peaar30BhIBAINCH B 00pa3iie 10 MOMEHTa pa3rpy3ku. [lapamerp oy onpene-
JSETCSl KaK TOUYKa IepeceueHus NpsAMON HadyaabHOW CTaJMU YIPOYHEHUS C OCBHIO
HanpspkeHud. @opMalibHO 3Ta TOYKAa COOTBETCTBYET HanpsbkeHuto Boiica [2] aist
negopmupoBanHoro marepuaia. Ilapamerp Oy — CKOpOCTh TMHEHHOTO YNIPOYHE-
HUS 1e(OPMHUPOBAHHOTO MaTepHaa.

OTa MeToAMKa MCIOb30BaHa ISl pacyera MmapaMeTpoB YNPOUYHEHHUs IpeJiBa-
pUTENBHHO 1e(OPMUPOBAHHOTO THUTAHA, MOTYYSHHOTO IO PAa3HBIM cXxeMaM Jedop-
MUpoBaHUA. B Tabi. 2 mpeacTaBiaeHbl pe3ybTaTbl SKCIEPUMEHTA, BBIITOJTHEHHOTO
Ha THTaHe, MPOJePOPMHPOBAHHOM MPOKATKOM /10 Pa3HBIX CTENEeHeH AeopManuu
ot 0.18 1o 1.6. Cxema BbIpe3KkH 00pa3LOB MMOKa3aHa Ha puc. 5.
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Tab6muma 2
Pe3yabTaThl pacueToB napaMeTpoB YNIPO4YHeHHUs 00pa310B TUTAHA,
aeopMHPOBAHHBIX NPOKATKOM

CreneHs npenBapuTenbHON [TapameTps! ynpouHeHHs: 00pa3LoB TUTAHA
I[e(l)OpMaL[I/II/I e G0.2, MPa | 10, MPa ‘ 91\/, MPa | KHI ‘GHI, MPa
Hanpasnenue ucnbitanuii — ocb X
0.18 418 575 827 60 537
0.36 565 750 867 13 776
0.5 570 690 430 72 642
0.7 640 745 595 35 720
1.0 615 745 274 79 721
1.25 607 635 354 169 707
1.6 705 705 0 195 752
Hamnpasnenue ucnsitanuii — ocs ¥
0.18 395 540 514 54 519
0.36 647 660 44 347 649
0.5 630 675 224 89 683
0.7 620 705 194 46 686
1.0 655 798 398 30 780
1.25 705 815 351 47 793
1.6 700 800 440 37 805
Hanpasnenue ucnsiTaHuii — ocb Z
0.18 470 605 722 11 603
0.36 595 735 428 9 790
0.5 610 810 428 16 805
0.7 573 677 427 66 836
1.0 730 970 208 &3 959
1.25 760 930 156 37 909
1.6 860 980 36 80 987

Ilpumeyanue. G — HanpsbkeHue Teuenus npu 10% nedopmanuu.

W3 mpescTaBIeHHbIX Pe3yJIbTaToOB CIIEAYeT, YTO NP CKaTUM 00pasloB B HAIPaB-
JeHusIX X ¥ Z CKOPOCTbh JIMHEHHOTO YIIPOYHEHHs Oy CHIDKAETCsI TI0 Mepe POCTa CTerie-
HU TpeIBapUTENbHON AedopMaliuy, JOCTUras MPAKTUIECKH HYJIEBBIX 3HAYECHUH MPH
e = 1.6. Ilpu cxaruu B HanpasieHUU Y mapaMmeTpbl YIIPOUHEHUsI CHayajla CHIKAIOTCsl
ot 800 mo 200 MPa, omgnako mpu nedopmanusix e > 0.8 HECKOJIBKO MOBBIIAIOTCS A0
350400 MPa. AHanoru4Hoe CHMXEHUE KOI(PPUIMEHTOB JHMHEWHOIO YIMPOYHEHUS
HaOJI0aI0Ch HAMH TP UCCIIEI0OBAaHUU MPOKAaTaHHBIX 00pasIioB xese3a [§].

Martepuaisl, npoaedopmupoBanHbie MeTogoM MITJ[, neMOHCTpUPYIOT TPHH-
HUIHAIBHO UHOE MEXaHHueckoe noseaeHue. Ha puc. 6 npuBeneHsl pe3ybTaThl
UCCJIEI0BAaHUM 00pa30B TUTAHA, UCTIBITAHHBIX HAa C)KATHE MOCJE paBHOKAaHAJIb-
Horo yrinoBoro npeccoBanus (PKVYII). OGpa3ubl OblTH BBIpE3aHbI B TPEX B3aUM-
HO NMEPNEHAUKYIAPHBIX HanmpaBiaeHUsAX X, ¥, Z, COOTBETCTBYIOLIUX MIOCKOCTIM
npssMoyronbHoro temiuieta PKYII-o6pa3ua (puc. 6, kpussie /, 2, 3). Kpome Toro,
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Puc. 6. Kpusrsie ynpounenns PKYII-tutana B HCTUHHBIX KOOpIWHATaX (@) U B KOOPIHU-
HaTax do/de—c (6), UCTIBITAHHOTO HA CXKATHE B Pa3HBIX IJIOCKOCTSX: / — B HAIPAaBIICHUU
X,2-27,3-7Y,4—noxn yriom 45° K TNIOCKOCTH OCHOBaHUs 00pasiia

ObUIM HCCIIEIOBaHbl O0paslibl, BbIpE3aHHbIE B IUIOCKOCTH, COOTBETCTBYIOIIEH
IUIOCKOCTH JIETKOTO C/ABHIa MPH MOCIEAHEM NPECCOBAHNUN (OHA PaCIOIOKEHA M0/
yraom 45° K TIOCKOCTH OCHOBaHUs o0Opasiia) (puc. 6, kpupas 4).

W3 pucyHka BUIHO, YTO KpUBbIE YIIPOUYHEHUS] 00pa3loB, BBIPE3aHHBIX B TpEX
B3aMMHO MEPHEHIUKYJISPHBIX HAIpPaBICHUSAX, NPAKTUYECKU COBIANAIOT, a abco-
JFOTHBIE 3HaUeHUS K03()(PUIIMEHTOB TMHEHHOTO YIPOYHEHHS OYE€Hb BBICOKH U CO-
IIOCTaBUMBI C BEJTMUMHON Mpesesia TEeKy4eCTH UCCIIEJ0BAHHOIO MaTepHara.

AHaJOrM4HbIE Pe3yJIbTaThl ObUIM MOJyYE€Hbl HAMU MPU HCHBITAHUSIX THUTAHO-
BBIX 00pa3uoB, noasepruyTbix WUIIJ mytem BUHTOBOI 3kcTpy3uu. bpycok Tura-
HoBoro crutaBa BT1-0 pazmepamu 30 x 50 x 90 mm ObuT IpOACPOPMUPOBAH Me-
TOJIOM BHHTOBOM 3KCTpy3uu no cxeme: 4 npoxona npu 400°C + 1 mpoxon npu
20°C. Tlocne 3kcTpy3un U3 AePOPMUPOBAHHOTO MaTepuaiia ObLIM M3TOTOBJICHBI
00pa3ibl Ha OTHOOCHOE PacTSXKEHUE U OJHOOCHOE CHKaTHe.

OOpa3upl Ha ckatue OBLIM MCHBITAHbl B TPEX B3aUMHO IEPHEHAUKYIISPHBIX
HanpasieHusx. [lnockoctu 06pa3iioB COBNAAAIM € MIOCKOCTAMU MPSIMOYTOIbHOM
3arOTOBKH, ITOJYYEHHOHN B pe3yJIbTaTe BUHTOBOM 3KCTpy3uu. Ha puc. 7 nmpeacras-
JIEHbI KPUBbIE YIPOUHEHHsI, TIOCTPOEHHBIE 10 Pe3ysIbTaTaM MCIBITAaHUS Ha CKaTue
pyu KOMHATHOH Temreparype (a) u npeoOpa3zoBaHHbIE B KoopanHaTax do/de—c
(6). AGcomroTHBIC 3HAYCHHMS TIpeJiea TEKy4IeCTH G BJIOJIb ocel X, Y, Z cocTaB-
Is10T cooTBeTcTBeHHO, MPa: 630, 520, 600. Yron HakaoHA Ha JTUHCHHOMW CTaguU
YIPOYHEHHUS OYCHb BBICOKWH, KOA(PQHUIMEHT JTMHEHHOTO YNPOYHEHHUS BO BCEX
ciayvasx usMmensercs B npeaenax 700-850 MPa.

[TosrydyeHHble pe3yabTaThl IOKA3bIBAIOT, YTO 00pa3libl TUTAHA, 1e(hOPMUPOBaH-
Hble Metopamu UITJ] (BuHTOBOM 3KcTpy3meit unu PKVII), neMoHCcTpHupyIOT BBICO-
KAH KOA(OUIMEHT JTUHEHHOTO YNPOYHEHHUS, KOTOPBIH 3HAYUTEIHHO BBIIIC, YEM
IpU TPaJULMOHHBIX MeTo/ax AedopmMaruu, HanpuMep npu npokarke. Kpome to-
ro, oOpaiaer Ha ce0sl BHUMAHHUE 3HAUUTEIbHO MEHbIIAs aHU30TPOIUS MEXaHUYe-
CKHX CBOWCTB 00pa31oB, noaseprayThix UITJI.
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Puc. 7. KpuBble ynpouHeHHus THTaHa, MpoaeOpMHUPOBAHHOTO BUHTOBOW 3KCTPY3UEH U
UCTIBITAHHOTO Ha caTue B IockocTsax X (kpusas [), Z (2), Y (3): a — nepBUYHbBIE KPH-
BEIE, 6 — IIEpECUNTAaHHbBIE B KoopauHaTax do/de—c

Pe3ynbraThl uccnenoBaHus MapaMeTpoOB YIPOUHEHHBIX 00pa3IoB TUTaHA, PO-
1e(OpPMHUPOBAHHBIX BUHTOBOW HKCTPY3UEH M MCHBITAHHBIX HA OJHOOCHOE pPacTsi-
JKEHHUe BJI0JIb ocH Y B uHTepBase temmeparyp 20-500°C, npexncraBnensl B Ta0. 3.

Taobmuma 3
Biausinue Temneparypbl HCNILITAHUHM HA IAapaMETPBI YIPOYHEHHUs THTAHA,
JnepopMUPOBAHHOT0 BUHTOBOIM IKCTPY3HUeil (MCIBITAHNE HA PACTSKEHHE)

Ne oGpasia T.°C [TapameTpsl ynnpouHeHuUst
002 6
1 20 660 640
2 100 630 769
3 200 540 618
4 300 482 417
5 400 350 310
6 500 192 164

N3 nanubIX Taba. 3 BUAHO, 9TO 3HAYCHUS Mpeesa TeKydecTd U Koddduimen-
TOB JIMHEHHOTO YIPOUYHEHHsI BO BCEM HCCIICOBAaHHOM MHTEpBaje TeMIIEparyp
MPAKTUYECKHU COBMAAAIOT, XOTS 00a mapaMeTpa MpOSBIAIOT TEHACHIIUIO K 3aMeT-
HOMY MAJCHUIO C POCTOM TemIeparypsl. I'paduku TemmneparypHOil 3aBUCUMOCTH
3TUX MAapaMeTPOB YIPOYHEHUS IPUBEACHBI Ha puC. 8.

[ToHnxeHue mpezaena TEKy4eCTH C MOBBIIICHUEM TEMIEPATyphl ONpPeaeIsaeTcs
TEPMOAKTUBAIMOHHON MPUPOJON NBHKEHUS Auciokauuid. [Tpakrtudeckoe coBmna-
JICHUE 3HaYCHUH Mpejeia TeKy4eCTd U Ko PHUIMEHTa JIMHEHHOTro ynpoyHeHus 0
P BCEX TeMIeparypax y Marepuania, noaseprayroro UIJI, ceunerenscTByeT 00
aTEepPMHUECKOM XapaKTepe KOJUIEKTUBHBIX MPOIIECCOB B3aUMOJCHCTBUS MEXKITY
TUCIIOKALMSIMHU, KOTOPbIE OTBEUAIOT 32 MPOLIECC CTPYKTYPOOOpa30OBaHus.
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Puc. 8. TemnepatypHbIe 3aBUCUMOCTH TIpeeiia TEKYUIECTH G o (KpuBble /) 1 K03 dUIIn-
€HTa JIMHEWHOTo ynpouHeHus O (kpuBble 2) THTaHA, 1e(OPMHUPOBAHHOTO BUHTOBOW 3KC-
Tpy3uel (OJHOOCHOE pacTskeHue) (a) u mpokatkoi (e = 1.6) (0)

O10T 3(pdeKT HE BOCTIPOU3BOIUTCSA HA MaTeprajiax, MOJIyYeHHBIX Jaedopmariu-
eit nmpokatko#i (puc. 8,6). Kak BuIHO U3 pucyHKa, B 00pa3iax, NOJyYeHHBIX MPO-
KaTKOM, K03(p(UIHEHT JUHEHHOr0 YINPOUYHEHUS B TEMIEpaTypHOM HHTEpBale
—200 + 300°C Hmxke mpenena TEKy4ecTd (MOTOMY UMEET MECTO ObICTpasi TOKaJIH-
3anmsi). TemmepaTypHas 3aBHCHUMOCTh KO3 (UIMEHTAa JUHEWHOTO YIPOUYHEHUS
npu temneparypax Boiie 300°C nepecekaeT TeMIepaTypHYIO 3aBUCUMOCTD IIpe-
nena tekyudecTd. Kak cienctBue, mpu 3THX TeMIlEpaTypax MOSBISETCs 3HA4YH-
TEJIbHAs paBHOMEpHas Aeopmanusi.

OtMetuM, uTO y 00pasnoB, nmoidydeHHbIXx MeTogaoM MIIJI, ycmoBue mokanm3za-
uu 1o Koncunepy do/de < ¢ He BBINONHAETCS B IIMPOKOM JMANa3oHe TeMIepa-
TYp UCIBITAHUN U IOITOMY Takue 00pa3Libl HE TOJKHBI (POPMHUPOBATH MIEHKY MPU
UCTIBITAHUSX HA OJHOOCHOE pacTshkeHHe. TeM He MeHee mpollecc meikooOpas3o-
BaHUs B ATHX 00pa3lax MpoOUCXOIUT JOCTATOYHO OBICTPO MPHU BCEX TeMIlepaTypax
ucnbITanuil. PaBHoMepHas nedopmarist 06pasiioB BO BCEX Cllyyasix HE MPEBbIIa-
eT 4%, a cymmaphas aedopmanus He 6oibiie 10%. 3To HECOOTBETCTBUE MOXKET
OBITH CBSI3aHO C TE€M, YTO NPHU PACTSDKEHHHM 00pa3loB B 00JACTHU TpaHMIl HaAHO3e-
pEeH MPOMCXOAST pacTpecKWBaHHWE W ToOcieaylolee mopoodpazoBanue. Bo3Huk-
HOBEHME HECIIJIOIIHOCTEN U POCT MOPUCTOCTHU, KaK U3BECTHO [9], MPUBOJAT K pe3-
KOMY CHIDKEHHIO paBHOMEpHOHM nedopmanuu Mmarepuana. KocBeHHbIM moaTBep-
XKJIEHUEeM 00pa3zoBaHMA MOP MPHU PacTHKEHUM oOpaslia MOciieé BUHTOBOM 3KCTpY-
3WHM CITy>KaT JlaHHbIe akTorpadudeckoro anamusa (puc. 9,0).

BriBoabI

1. Xapakrep KpUBBIX 1e(hOPMAIMOHHOTO YIPOYHEHHS OIpeaessieTcs] 0COOeH-
HOCTSIMH KPHUCTAIIIOTPAQHUECKOTO CTPOCHHS UCCIEIyeMOro MaTepuaia W 3aBH-
CHUT OT TEMIIEpaTypPHO-CKOPOCTHBIX YCIOBUN Je(OPMUPOBAHUS.
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Puc. 9. IloBepxHOCTh paspylieHus 1e(hOPMUPOBAHHOTO TUTAHA: d — MPOKATKa, O — BUH-
TOBasi SKCTPY3Hs

2. TemneparypHas 49yBCTBUTEIBHOCTh Kod(dduimentoB ynpouneHus B ['TIK-
Marepuanax ONnpeaessieTcsl 3aBUCUMOCTBIO OT TeMIlepaTypbl Moyist casura G. B
OLK- u I'TTY-maTepuanax OCHOBHOM BKJIaJ B TEMIEPATYPHYIO 3aBUCHMOCTh KO-
3¢ (HULIMEHTOB YIPOYHEHHUSI BHOCUT TEPMOAKTHUBHPOBAHHOE ABM)KCHUE IHMCIIOKA-
U, KOTOpPOE MOXKET OBbITh YUTEHO MpPH aHaIN3€ KPUBBIX e()OpPMAalMOHHOIO Y-
pOUYHEHUSI TyTeM HOPMHUPOBKHU TMapaMeTpa, XapaKTePU3YIOLIET0 CKOPOCTh (K0d(h-
(UIUEHT) TMHEHHOTO YIIPOUYHEeHH O HA BEJTMYHMHY TMpeesia TeKYyUeCTH.

3. Marepwuansl, nonyueHHbie MmerogoM UIIJ], reMOHCTpUPYIOT BBICOKHE KOA(h-
(ULMEeHTH TMHEHHOTO YIPOYHEHUS, COU3MEPUMBbIE C MPENEIOM TeKy4eCTU. DTUM
OHM MPUHIUIHUAIBHO OTIWYAIOTCA OT MATEpUaAIOB, MOJYYEHHBIX MO TPAAUIMOH-
HBIM cXxemam jaedopmManuu (TpoKaTka, BOJOUYEHUE U T.I1.).

4. Jlna marepuanos, nonydeHHbix merogoM MIIJI, cootnommenue 0 ~ G, BBIIONHS-
eTcs B LIMPOKOM MHTEPBAJIC TEMIIEPATYP UCIBITAHWM, YTO CBUIETEIBCTBYET O HECY-
IIECTBEHHOM BJIMSTHUM TEMIIEPATypbl HA KOJUIEKTUBHBIE JUCIOKAMOHHBIE MIPOLIECCHI,
MPOUCXOJISIIHE B MaTepualie nmpu GopMUPOBaHUH IePOPMAITMOHHON HAHOCTPYKTYPBI.

5. U3BecTHhle aHOManuM B MexaHudyeckoM noBeneHus HIIJ[-HanomarepuanoB
(cpaBHHUTENBHO OOJMBIIAs paBHOMEpHas nedopMallvs, MOBBIIICHHOE COMPOTHUBIIC-
HUE YCTAIOCTHOMY Pa3pyLICHHIO U CYLIECTBEHHOE YBEIUYCHUE HAMPSIKEHUS Tede-
HUS TIPU U3MEHEHUU MOJBI JeOpMaIIiu) SBISIFOTCS CIIEACTBUEM BBICOKOTO 3HAUe-
HUS KOG GUIIMEHTOB JTUHEWHOTO YIPOYHEHHS JAHHOTO KJIacca HAaHOMAaTEepHAaJIOB.
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FO.M. Iloopesos

MEXAHI3MU CTPYKTYPOYTBOPEHHA TA OCOBJINBOCTI
MEXAHIYHOI NOBEAIHKN HAHOMATEPIANIB JE®OPMALINMHOIO
MNOXOMKEHHA

[IpoananizoBaHO 3aKOHOMIPHOCTI 3MiLIHEHHSI HAHOMATEpialliB, OTPUMaHUX 1HTEHCUBHOIO
miactTaaHoI0 nedopmairiero (II1/1), 1 po3mIstHyTO 3B'SI30K MiX €BOJIIOIEIO AedOopMaIlifHO1
CTPYKTYpH 1 mapameTpamu 3MinHeHHs. Oco0nuBy yBary MpHIIiIEHO BCTaHOBJICHHIO 3a-
raJbHUX 3aKOHOMIpHOCTEH 3MIIIHEHHs, BIACTHBUX BCIM MaTepianaM, HE3aJIe)KHO Bif iX
KpuctanorpadiyHoi OyITOBH i CXeMHU OTPHMAaHHS, a TaKOX JOCHTIIKEHHIO 0COOIMBOCTEH
3MIITHEHHS, SKI BUSABIISIOTHCS Y PI3HUX KIIACIB MarepiaiiB. Po3rsiHyTO BIUIMB TeMIiepa-
TypH BUNIPOOYBaHHS Ha TIapaMeTpy 3MIlIHEHHS 1eOpPMOBaHUX MaTepiaiB.

Yu.N. Podrezov

MECHANISMS OF STRUCTURIZATION AND FEATURES
OF MECHANICAL BEHAVIOR OF NANOMATERIALS
OF DEFORMATION ORIGIN

Strength of nanomaterials obtained by severe plastic deformation (SPD) has been ana-
lyzed. Connection between deformation structure evolution and mechanical behavior of
this type of materials are discussed. A special attention is paid to establishment of general
laws of nanomaterials strengthening regardless of their crystallographic structure and de-
formation scheme. Influence of the testing temperature on parameters of the deformed
materials consolidation has been considered.

Fig. 1. Influence of temperature (a) and deformation rate (6) on ordering parameters in
99.95% Cu, deformed by twisting: a — 7, K: %k — 77, 0 — 293, x — 373,V —-473; y = 10_2
sy s v 1,x— 105 %105 T=293 K

Fig. 2. Influence of temperature on the ratio of deformation-hardening parameters K1/c¢ »:
o — molybdenum of the MUBII quality (D = 100 um); @ — MUBII (D = 40 um); A — Mo +
+4.5% TiN; A —V; ¢ —Fe +3.2% Si

Fig. 3. Molybdenum hardening curves in coordinates 6—c (a) and after normalization

K=(0/0)03) © (6):e-0:a—T, °C: %20, % — 100, A —220, 0 — 330, 0 - 450, + - 610,

¢—-1000; 6 -T, °C: 1 -20,2-100, 3 —-220,4 —330,5—-450,6—-610, 7— 1000
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Fig. 4. Curve for deformed titanium hardening (e = 1.25) recalculated in coordinates
do/de-c

Fig. 5. Scheme of 3 x 3 x 3 mm sample cutting from rolled sheet (DD — drawing direc-
tion)

Fig. 6. Curves for ECAP-titanium hardening, in real coordinates (a) and in coordinates
do/de—c (6), tested for compression in different planes: / — in direction X, 2 —Z, 3 - Y, 4 —
at an angle of 45° to the plane of sample base

Fig. 7. Hardening curves for titanium deformed by twist extrusion and tested for com-
pression in the planes: X (curve /), Z (2), Y (3): a — primary curves, 6 — recalculated in
coordinates do/de—c

Fig. 8. Temperature dependences of yield strength o, (curves /) and coefficient of lin-
ear hardening 0 (curves 2) for titanium deformed by twist extrusion (uniaxial tension) (a)
and rolling (e = 1.6) (0)

Fig. 9. Surface of deformed titanium failure: a — rolling, 6 — twist extrusion
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