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HccnenoBanue BJIAUSIHUS JETHPYIOIIHUX 3JICMCHTOB
Ha MPOYHOCTDb U TepMOCTOﬁKOCTb AJIOMHHHEBBIX CIIJIaBOB

AICKTPOTCXHHYECCKOI0 HA3HAYCHU A

B.A. Bepurapar™®, T.H. Ipo3aoBa*?®,

T.A. Opeaxuna?, B.IL. ’Kepeo?, O.B. ®enoposa®
“Cubupckutl ¢hedepanbHblil yHUSEpCUmem

Poccus, 660041, Kpacnosipck, Ceoboouwiii, 79
°000 «PYCAJI UTL]»

Poccus, 660111, Kpacnosipck, [loepanuunuxos, 37/1

B cmamuve nposeden cpasnumenvuvilli ananu3 nuaHus yupkonus, siceneza u P3IM na cmpyxmypy u
ceoticmea 0eghopMupoBaHHbIX NOLYPAOPUKAMOE U3 ATIOMUHUESHIX CHIAB08. YCMAHOBIEHO, 4MO
ons docmudiceHust ceoticme kamanku, 3a0anuvix 8 ASTM B941—-05, mpebyemcs Ha nopsi0ok meHbuie
yuprorus no cpagueruto ¢ P3M. [Iposedenvl gvlcokomemnepamyphvle ucnvimanus cniagos Al-Zr-Fe
u AI-P3M oOns noucka naubonee nepcneKmMuGHbIX JIe2Upyrowux 3J1eMeHmos Ol Npousso0cmea
MePMOCMOUKUX NPOBOOOVE.

Krnrouesvie cnosa: rkamamka, anromunuesvie cniasvi, mpebosanusi ASTM B941-05, yoenvnoe
neKmpuiecKoe ConpomusieHue, HaponpoUHoCms, MepmMoCcmolKue nposood.

BBenenne

ONeKTPOTEXHUYECKAas] HIPOMBIIIIEHHOCTh B COBPEMEHHBIX YCIOBHUSAX OPUEHTHUPOBAaHA HA HC-
M0JIb30BAHUE 3JIEKTPONPOBOAHBIX MaTEPHANIOB, KOTOPBIE COXPAHAIOT BHICOKYIO MPOYHOCTH IPHU
9KCITyaTal[MOHHBIX HarpeBax. J{ns pemeHus 3Toii 3axaun Hanboee NepceKTHBHBIM HalpaBJie-
HHUEM SBJIACTCA CO3AaHNEC HU3KOJICTUPOBAHHBIX aJJIOMUHUCBBLIX CIIJIAaBOB C JIO63BKOI>1 OUPKOHUA.
Br160p nupkoHHs 00yCIIOBJIEH €ro CIIOCOOHOCTHIO 3HAYMTEIBHO yBEINYNBATH TEMIEPATYPHBIH
HOPOT PEKPUCTAIIIU3AIMH, YTO U MO3BOJISIET IIPOBO/IaM padOoTaTh IIPH MOBBIMIEHHBIX TEMIIEpPaTY-
pax.

Jpyrum peuieHueM mpoOJaeMbl MOBBIIIEHHS KapOIMPOYHOCTH AJTIOMUHUEBBIX CIUIABOB CIIYIKUT
JETUPOBaHME UX peaKo3eMenbHbIMU MeTauiamu (P3M). PenkozemenbHble MeTasuibl, Takue kak Ce
u La, oTHOCATCS K TpyIine MajJopacTBOPUMbBIX DJIEMEHTOB, KOTOPbIE 00pa3yIoT C aJIlOMUHUEM IIPO-
MEXYTOUYHBIE (a3bl, OOBIYHO KPHUCTAIIN3YIOIINECS B COCTABE IBTEKTHK. DTH (a3bl, KaK MPaBHJIO,
TYTOIINIABKHEC, a OBTCKTUYCCKHUE TEMIIEPATYPhI OJM3KH K TEMIICPATYPEC IJIABJICHUA aJJIOMUHUA, YTO
TIOJIOKUTENIBHO BIHMSET Ha MOKA3aTeIH KapOIPOUYHOCTH.

Lenbio naHHOIT pabOTHI CTAJIO UCCIIEIOBAHUE BIUSHUS LIUPKOHNUS, ene3a 1 P3M Ha cTpykTypy

M CBOMCTBA aJIOMHUHHEBOM KaTaHKH QJICKTPOTECXHUYCCKOI'O HA3HAYCHMU .

MeTtoauka IKCIIEPpUMEHTA

OO0bexToM uccienoBaHus Oblia karanka u3 cmaBoB Al—(0,20-0,36) %Zr—(0,20-0,28) %Fe u
Al-0,5-3,5 %P3M. Karanky nuamerpoMm 9 MM u3 crutaBoB Al-Zr—Fe usroraBinBany Ha JINTEIHO-
npokataom arperate (JITTA) ¢ mocienyromieii copToBoii npokatkoi. Katauky u3 criasos Al-P3M,

rae P3M — Ce+La, nmonydanu mo TEXHOJIOTMH COBMELICHHOI'O JUTbS U IPOKATKHU-NPECCOBAHUS
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(CJIUIIII). Hupxonuit u P3M BBOAMIN B aTIOMUHUHN JJIsI TIOBBIIICHUS TEPMOCTONKOCTH, a JKEJIe30 —
JUTSL yBEJIMYECHUS TIPOYHOCTHBIX CBOWCTB JIe()OPMUPOBAHHBIX MOy (hadpukaToB. B KoHEYHOM nTOTE
(bU3MKO-MEXaHMUECKUE CBOWCTBA KATAHKH JIOJKHBI YAOBJIETBOPATH TpeOoBaHusM cTtannapra ASTM
B941-05.

VYnenpHOe snexTpuueckoe compotuBieHre (YIC) KaTaHKU HU3MEPSUIM C MOMOIIBI0 OMMETpa
«BUTOK» B coorBerctBuu ¢ 'OCT 7229-76. UcneiTanue Ha pacTsKEHHE KaTaHKU U IPOBOJIOKU
IPOBOAMIIM HA YHUBepcaibHO# MamnHe Walter+Bai AG LFM 400 kN.

HccnenoBanne MUKpPOCTPYKTYPHI CIUIABOB OCYILIECTBISIIM Ha Mukpockome CarlZeiss Axio
Observer Alm. 3epeHHYI0 CTPYKTYpy 00pa3IioB H3ydasH MMOCIE aHOIHOTO OKCHAMPOBAHUSA. AHOI-
HYI0 IJIEHKY Ha 00pa3max Hoxydasy ¢ IOMOIIBI0 aBTOMATHYECKOH ITOJINPOBAIBHO-TPaBHIIBHON ycTa-
HoBku ATM Kristall 620.

HccnenoBanue CTPYKTYPBI M CBOICTB KATAHKH CILIABOB
cuctembl Al-Zr-Fe n Al-P3M

Ha nepBom artane paboThl ObLI MPOBENEH aHATN3 3aBUCUMOCTHU YJEIIBHOTO 3JIEKTPUUYECKOr0 CO-
MIPOTUBJICHNUS OT KOHIIEHTPAUK IIUPKOHUS, kenie3a 1 P3M B aJlfoMHHUEBBIX CIJIaBaX. YCTaHOBJICHO,
YTO C MOBBIIICHUEM KOHIEHT ALK HUPKOHUS U P3M ynenbpHoe a51eKTpudecKoe CONpOTHUBRIECHUE pac-
TeT 1 HaOIrogaeTcs MpsMOJIMHEHHas 3aBUCUMOCTS (puc. la, 6). YOC xatanku u3 cruiaBo Al—(0,20—
0,36) % Zr—(0,20-0,28) % Fe ne coorBeTcTByeT TpeboBanusiMm ASTM B941-05 u umeeT 3HaYCHUS
0,03147-0,03428 Om-MMm?/M. (Tabun. 1). BpeMeHHOE CONPOTHBIICHHE PA3PhIBY JaHHBIX CIIJIABOB HAXO-
nutcs B mpenenax 126-144 MlIla (puc. 2a). YBenuueHue kKoHueHTpamnuu sxenesa ¢ 0,20 go 0,28 %
IIPH OJMHAKOBOM COZICP>KaHMH LIUPKOHUS IMPUBOIUT K HE3HAUYNTEIILHOMY MOBBIIICHUIO YPOBHS YOC
U POCTY BPEMEHHOT'O CONPOTUBICHHS pa3pbiBy (puc. 2a). IloBrinieHre KOHIEHTPAIIUU UPKOHUS B
nutepsaine 0,20—0,36 % obecnieunBaeT NOBBILIEHUE Ipeaena TpoyHOCTH Ha 12 %. OTHOCHTENnbHOE
yAIMHEHUe cooTBEeTCTBYET 7-12 % (puc. 3a).

Amnann3 MexaHW4YeCKHX cBOHCTB cmraBoB Al—(0,5-3,5) % P3M moka3zain, 94To I KaTaHKHU UC-
CJIeZlyeMbIX COCTaBOB IIPOYHOCTHBIE CBOMCTBA HaXoAsATCs B npeaenax 119-162 MIla (puc. 26), ot1-
HocuTenbHOe yanuHeHue — 20-27 % (puc. 36). IloBeimenue kounentpanun P3M B uccnenyemom
JMamna3oHe JaeT MPUPOCT MPOYHOCTHBIX XapakTepucTUkK Ha 30 %, MponopIHOHATBEHO MOBBIIIEHUIO

npeacia NpoYHOCTH B CILJIaBaX CHUIKAKOTCA IMJIACTUYCCKUC XAPAKTECPUCTUKU (Ta6.]'[. 3) YILGJ'IBHOG

Tabnuna 1. CeolicTBa KaTaHKU U3 CIJIaBOB cucTeMbl Al-Zr—Fe

Zr, macc ., % Fe, macc., % o, MIla 3, % P20, OM'MM?/M
0,20 0,20 126 10 0,03147
0,20 0,28 144 12 0,03180
0,27 0,28 143 7 0,03296
0,29 0,20 140 8 0,03327
0,33 0,20 141 9 0,03349
0,36 0,20 140 9 0,03428

TpedoBanusa ASTM B941-05 120 8 0,0285
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9JIEKTPUYECKOE CONMPOTHBICHHE KaTaHKH u3 ciuaBoB Al—(0,5-3,5) %P3M cocrasaser 0,02614-

0,02902 Om - MM*/M, uTo cooTBeTCTBYeT TpeboBanusM ASTM B941-05, 3a uckio4ueHueM CriaBa
Al-3,5 %P3M.
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Puc. 3. 3aBHCHMOCTH OTHOCHUTEJIBHOIO YUIMHEHHUS! OT KOHIIEHTPALUH JICTUPYIOLIUX DJIEMCHTOB CIUIABOB:
a— Al-Zr-Fe; 6 — A1-P3M
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MukpocTpyKTypa 00pa3ioB KaTaHKH B IIOIIEPEYHOM CEUYCHHH COCTOUT U3 3€PEH NIEPECHIIIIEHHOTO
LIUPKOHHEM (.—TBEPJIOT'0 PACTBOpPA HAa OCHOBE AJFOMHUHUS U MEIKUX KEeJIe30COIePKANINX YACTUIT U3~
OBITOYHBIX (Da3, PACIIOIOKEHHBIX [10 TPAHULIAM JICHAPUTHBIX sIYEeK U OPUEHTHUPOBAHHBIX B HAIIpaBJie-
HUU TIPOKATKH; YacTh BKIIOYEHUH 00pa3yeT CTpOYeHHOCTH (pHC. 44, g). [loBbIIIEHIEe KOHIIEHTPALTUT
LIUPKOHMUS B CIIJIaBaX MPUBOAUT K YMEHBIIIEHHIO pa3Mepa 3epHa (pHc. 42), HOBBIIIEHNE KOHIIEHTPAIlUU
JkKelle3a — K yBEIMICHUI0 00BEeMHOH T0NH jKkeJe3oconepkamux ¢as (puc. 46).

MUuKpOCTpyKTypa HCCIeqyeMbIX IpyTKoB, usrotoBieHHbx CJIUIIII, mpencraBieHa 3epHaMH
0-TBEPJIOT0a U MaKpPOHEOIHOPOIHOCTEIO B BHJIE CTPOUYEYHOTO PACIIOIOKEHHS IBTEKTHUECKMX KOJIO-
Huit (oAl Me), UMEIOITUX IaCTUHYATOE CTpOeHHE (pHC. 5). YBeIHUYCHHE KOHIICHTPAIIUH JISTHPYIO-
IIMX 3JIEMEHTOB YCUJIMBAET HEOAHOPOJHOCTh B CTPYKTYpPE IMPYTKOB M IMPUBOAUT K POCTY 00bEMHOI
JIOJTTY SBTEKTHKHU. 3HAYUTENBHOE JIETHPOBAHME CILIABOB, 10 3,5 % P3M, npuBonut k rpy06oii cTpoded-
HOW CTPYKTYpe IO BCeMy 00BbeMy MpyTKa (puc. 52).

Hoctrmxenne TpeboBannit ASTM B941-05 no yneiapHOMY 3J€KTPHYECKOMY COINPOTHUBIICHHUIO B
KaTaHKEe M3 MaJIOJIETHPOBAHHBIX IUPKOHUEM AJIIOMUHHUEBBIX CIUIABOB BO3MOXKHO ITOCIIE BO3ACHCTBHS
TEepMUYECKOi 00paboTKH. VI3BeCTHO MOJI0KUTENBHOE BIUsHUE HA IOHUIKEHUE YICIBHOI0 AJIEKTpHYe-
CKOT'O COIPOTHBIICHHSI T€TEPOT€HU3UPYIOLIET0 OTXHUra Al-Zr criyiaBoB, OCHOBHBIM ITPOIIECCOM KOTO-
pOro SIBISETCS CHIDKEHHE KOHLIEHTPAIUH JIETHPYIOUINX 3JE€MEHTOB B TBEPJOM PACTBOPE 3a CUET €ro
pacmnana ¢ BEIICICHUEM JUCIIEPCHBIX YaCTHUI] MeTacTaOmIbHOH (ha3sl Al,Zr [1-4].

OnuHapHBIA OTHKHT IO UCCIIEAYEMbIM pexxumam B paborax [1, 3, 4] He obecrieunst HEOOXOAUMBIi
yposeHb YOC. Bblno nokasaHo, 4To ais cHukeHHs YOC KaTaHKU IPH OJHOCTYIEHYAaTOM OTXKHIE
HE00XOIMMO HCIIOJIb30BATh JINTEIbHBIC BRICPKKH. B paHee nmpoBeneHHbIX padoTax [1, 3] mis mo-

BBIIICHU S TPOU3BOAUTCIBHOCTH ITpoOLecca TCpMH‘IeCKOfI 06pa6OTKI/I u 0oiee CyHICCTBCHHOI'O CHUKC-

Puc. 4. MukpocTpyKkTypa KaTaHku criaBoB: a, 6 — Al-0,27 %Zr-0,20 %Fe; B — Al-0,27 %Zr-0,28 %Fe,
r—Al-0,33 %Zr-0,20 %Fe; a, B — B cBeTsI0M MmoJie, x500; 6, T — B MOJISIpU30BaHHOM cBeTe, X50
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Puc. 5. MukpocTpykTypa npytkos, noaydeHusix CJIMIIIL, u3 cnnaBo Al-P3M, x500: a — Al-0,5 % P3M,;
6—Al-1,0 % P3M; B — Al-2,5 % P3M; r — Al-3,5 % P3M

Tabnuna 2. PexxuMbI OTXKUTra ¥ CBOMCTBA KaTaHKH ciuiaBa Al—-0,27Zr—0,28Fe

OTxuUr PexxuMm oTxkura P20, OM'MM?/M o,, MIla 3, %
OnuHApHBIN 350°C, 48 u 0,03024 135 19
CryneH4aTbrit 350 °C, 48 4 + BTOpast CTyICHb 0,02803 134 23
OnuHApHBIN 400°C, 124 0,02959 127 23
CryneHvaTsiid 400 °C, 12 4 + BTOpas CTyNeHb 0,02790 127 25
TpeooBanus ASTM B941-05 0,0285 120 8

Hus YOC KaTaHKU U3 MaJIOJerMPOBAaHHBIX CIUIABOB CHCTeMbI Al-Zr peKOMEHI0BAHO HUCIOIb30BATh
CTYNEHYaThII OTXKUT.

ITocne mpoBeaeHHs CTYNEHYATOrO IE€TEPOreHU3UpYoMmero oTkura YOC KaTaHKH CIIJIaBOB
Al-Zr-Fe coctasnser 0,02790-0,02803 Om - Mm?/M, ipognocTs — 127-134 MIla, mractuaHOCTh 23-
25 %. V3MepeHHbIe 3HAUCHUSI BPEMEHHOTO COIPOTUBIIEHUS Pa3phIBY U yIEIBHOI'O IEKTPUIECKOTO
COINPOTHUBIICHNS KAaTaHKH, OTOXOKEHHOH IO peXXUMaM ABYXCTYNEHUYATOTO OT)KHTa, yIOBIETBOPSIOT
TpedoBaHusIM MexayHapoaHoro ctannapra ASTM B 941-05 (ra6u. 2). [Tocne npoBeaeHus cTyneH4a-
TOT'0 OTKUTA CIUIABBI C HUPKOHHUEM 110 Y OC M IPOYHOCTH COMOCTaBUMBI cO craBoM Al-2,5 %P3M.

HccnenoBanue TepmoctoiikocTu cniaaBoB Al-Zr-Fe u Al-P3M

I[JISI OonpeacjIeHus TepMOCTOﬁKOCTH KaTaHKH IIPOBOAUIH BBICOKOTEMIIEPATYPHBIC UCIIBITAHUSA

Ha pacTspkeHme. McmpliTaHWe Ha pacTshbKeHHe mpu moBbImieHHON Temmepatype (150 °C) cmimaBoB
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Tabnuua 3. CoiicTBa KaTaHKH U3 cruiaBoB cucteMbl Al-P3M npu KOMHATHOW M MOBBILICHHON TeMIIEpaTypax
UCIIBITaHUS

HcnbiTanust NpH ty, Ucneiranus npu t = 150 °C
Cnnas
G,, Mlla 5, % Y3C, OmMm?/M c,, MIla K,, %*
Al-0,5 %P3M 119 27 0,02614 119 100
Al-1,0 %P3M 129 24 0,02643 118 92
Al-2,5 %P3M 147 22 0,02807 119 81
Al-3,5 %P3M 172 20 0,02902 139 81

*K,» % — 0CTaTOUHbIH KOI(DPUUNCHT HAIPSKSHUS TIPU HarpeBe.

Tab6nuua 4. CBoiicTBa KaATaHKU NPH KOMHATHOM U MOBBIIICHHON TEMIIEpaTypax UCIIbITAHMUS

c [ocne oxura (MCOBITAHUS TIPH t,,,) Ucnwitanus npu t = 230 °C
IJ1aB

G,, MIla 5, % Y3C, OmMm?/M G,, MIla K,, %*
Al-0,27 %Zr-0,28 %Fe 136 26 0,0284 124 91

K, % — octarounslii k03QGHUIHEHT HAIPSKEHHS IIPU HarpeBe.

Al—-(0,5-3,5) % P3M noxkasaio, 4To CHHXKEHHE IIpeesia IPOYHOCTH KaTaHKH IPOUCXOANT He OoJiee
yem Ha 20 % OT NepBOHAYAIBHO U3MEPEHHBIX 3HaYeHUH (Ta0ia. 3), a IpU HCIBITAHUN KaTaHKHU U3
crutaBa Al-0,27 %Zr-0,28 % Fe npu temneparype 230 °C nmpenes mpo4HOCTH CHU3UIICS BCEro Ha
10 % (tad. 4).

BuiBoabl

CpaBHHTENBHBIHN aHAJIN3 1e()OPMHUPOBAHHBIX MTOTY(HAOPHKATOB AIEKTPOTEXHUYECKOTO Ha3HaYe-
HUS TIO3BOJIMJT YCTAHOBUTH, 4TO BBeAeHue 0,5-2,5%-Hb1X moporocroamux P3M B anromuHuil He3HA-
YUTENbHO yBennuuBaeT YIOC, 3HaUEHUsT KOTOPOro COOTBETCTBYIOT TpeboBanusiM ASTM B941-05.
JlerupoBanue aqrOMUHHUEBBIX CIUIABOB HMUpPKOoHHEM B koiudecTBe 0,20—0,36 % Zr, 4To HA MOPSIOK
Huxe, yueM P3M, 3HaunTensHO noBeimaet YOC, KOTOpoe CYIECTBEHHO IIPEBHIIAET TpedyeMble 3Ha-
YeHHs CTaHJapTa. [ CHU)KEHUs yACTBHOI0 JIEKTPHIECKOTO COMPOTUBIICHHS KaTaHKH, JISTHPOBAH-
HOHW 1MpKoHHeM, 10 TpeboBanuit ASTM B941-05 HeoOXoxaMMO MPOBOAUTH IeTEPOreHU3UPYIOMIUI
OTKHT.

[oBrimienue konueHTpauuu P3M B antomunuu ¢ 0,5 10 3,5 % yBenuuuBaeT 3HaYEHUsI BpEMEH-
HOTO conpoTtuBieHus pa3psiBy Ha 30 %. B ciinaBax Al-Zr-Fe nosbienue konuentpanuu Zr ¢ 0,20 1o
0,36 % mpUBOAUT K POCTY MpeAena NPOYHOCTU KaTaHKH Ha 12 %. ITpu 3ToM OTHOCUTENBHOE yAJINHE-
HUe KaTaHKH, JerupoBanHoi P3M, B 2 pasa BeIle.

BricokoTemmneparypHble HCIIBITAaHUS TOKa3aiy, uTo cmiaB Al-0,27 %Zr—0,28 %Fe coxpanser
Ha 90 % npenen npounoctu npu Temmepatype 230 °C, a crinassl, JerupoBanHbsie P3M B konnuecTBe
1,0-3,5 %, coxpaHsar0T npoyHOocTHEIE cBoWcTBa Ha 80-90 % Tonpko mpu Temnepatype 150 °C. Crne-
JIOBaTEeIBHO, JIETHPOBAHNE AJTIOMUHHUS IUPKOHUEM Ha MOPSAI0K MEHBIIeH KOHIeHTparueil, yuem P3M,

obecrieunBaeT Oojee BBICOKYIO KapOHpOYHOCTD CIIJIaBaAM.
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AHanu3 BIUSHUS JICTUPYIOHIUX 3JIEMCHTOB Ha CBOMCTBA KaTaHKH U3 QJICKTPOTEXHUYECCKHUX AJIIO-
MHWHUECBBIX CIIJIABOB ITOKa3aJl, YTO HI/IpKOHI/Iﬁ SIBIIsICTCS HanboJee NEPCHCKTUBHBIM JICTUPY IOIIHUM 3JIC-

MCHTOM IJIs1 ITPOU3BOACTBA TCpMOCTOﬁKHX IIpOBOJOB.

Cnucok 1uTepaTypsl

[1] Bepurapar B.A., Apo3nosa T.H., Openkuna T.A., CunensauxoB C.b., Tpudonenkos JLII.,
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