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PACS: 81.40.vw

H.B. HoBukos, J1.K. lLWBeaos, KO.H. Kpusowes

AMNAPATYPA ANA NCCNEOOBAHNA CTPYKTYPHbBIX U ®A30BbIX
MPEBPALLEHMN B MATEPUATAX B YCNOBUAX BbICOKNX
OABNEHNW, TEMMEPATYP U COBUMOBbLIX AE®OPMALIN

WHcTuTyT cBepxTBepabix MaTtepuanos HAH YkpauHbl
yn. ABTosaBopfckas, 2, r. Kues, 04074, YkpanHa

Ilpusedeno xpamxoe onucanue paspadomaHHo20 cOBU208020 ANNAPAMA BbICOKO20 0A6-
nenus ¢ armasnoimu Haxosanvuimu (SDAC) u asmomamuueckoco penmeeHo8cKo2o Ou-
@paxmomempa 05t UCCACO0BAHUS GIIUSHUSL BbICOKO20 OAGLEHUL U COBUL0BLIX Oedopma-
yul Ha cmpykmypuvle u @azosvie npegpaujenus 8 mamepuanax. SDAC nosgonsem cos-
oagams 6 obpazye dasnenue 00 100 GPa u cosueogvle depopmayuu; UsMepamy GeNUUUHY
HA2PYIICEHUsL, COBU2A U MOTUUHY 00pa3ya,; KOHMPOIUPOEAMb CE0I0 I0CIMUPOBKY 60 6peMs
Hazpyscenust. Pazpabomana Ho8as c8emMoCunbHas cxema npoeoeHUs peHmaeHOCmpyK-
mypHo2o ananuza mamepuanog noo oasnenuem 8 SDAC in situ Ha 6aze penmeeH08CK020
ougppaxmomempa muna JPOH. Hcnonvzosana obviunas ocmpoghoKycHAs penmeeHos8-
ckast mpyoxa mowpocmoio ve 6onee 2.5 kW. SDAC u ougpaxmomemp pabomarom ouc-
MAHYUOHHO 8 ABMOMAMUYECKOM pedcuMe no KOMaHOam ¢ komnviomepa. Ilpusedenvi He-
CKOJIbKO NPUMEPOS UCNONb308AHUL 2020 000pYO008AHUS NPU UCCAEO08AHUU (Pa308bIx
npespawenuti 6 KCIl, apmro-oicenesze u rBN.

1. BBenenune

BOABIIMHCTBO COBPEMEHHBIX TEXHOJIOTHYECKHUX MPOLIECCOB U3TOTOBJIECHUS Ma-
TEPUAJIOB MM U3MEHEHUS UX CBOWMCTB CBS3aHBI C BO3JCHCTBHEM BBICOKHMX JIaBJIc-
HUM, TeMIeparyp ¥ CIABUTOBBIX Aeopmanuii. Hanmpumep, cuHTe3 martepuanos
OPOMCXOIUT 3a cueT (a3oBbIX npeobpaszoBanuil (PII) B ucxogHoMm marepuaie
IIPU €r0 IUIACTUYECKOM J1€(POPMHUPOBAHUM B YCIOBUSAX BBICOKMX JABICHUM U TEM-
nepatyp. Pa3nuunblie pakTopsl, Takue Kak TeMIepaTypa, BBICOKOE JaBJIE€HHUE, CKO-
pocTh nedopMHUpOBaHUS, HATTMUUE MIPUMEcei, OOibIINe IIacTuIeckue nedopma-
IIUM, OKa3bIBAIOT CYIIECTBEHHOE BiIMsAHUE Ha mpotekanue PII u GpopmupoBanue
TpeOyeMoil MUKPOCTPYKTYPBl MaTepHalia C 3aJlaHHBIMU (DU3NKO-MEXaHUIECKUMHU
CBOMCTBaMH. bOJIBIIIOE KOJIMYECTBO 3KCIEPUMEHTAIBHBIX JAaHHBIX YKa3bIBAE€T HA
CHIJIbHOE BIHSIHUE CABHTOBBIX Aedopmanuii Ha OII [1-6]. OHM MOTYT IPUBOIUTE:
K yMeHblIeHHIo JaBieHust OII; popmMupoBaHUIO HOBBIX (Pa3, KOTOpbIE HE MOTYT
ObITh TOSTyueHbl Oe3 caBura; 3ameHe ooparumoro @Il Ha HeoOpaTUMBIN; yBeEIH-
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YyeHHuto 00beMa HOBOHM (pa3bl IPU POCTE BEIMYHHBI CABUTOBON Aedopmarun; 3¢-
bexTy «caMOMyJIbTUILTUKALMU JaBIIEHUS», KOTJa JaBlieHHe B 00JacTH NpeBpa-
IIEHUS] pacTeT HECMOTps Ha yMeHbleHue obobema uz-3a DII; popmupoBanuio
aMOp(HBIX UM HAHOCTPYKTYPHBIX MaTepHalIOB, HAIIPUMED, IIyTEM KPyUEHUs 0]
JTaBJICHUEM WJIM NIepEMaJIbIBAHUEM B ILIAPOBBIX MENbHUIAX [7,8].

[TosTomy wuccnenoBanue 3akoHoMepHocTed @DII, 0cOOEHHO TpHU HATHYUU
CIBUIOBBIX Aedopmariuii, OTKpPbIBA€T BO3MOXKHOCTH JJsl pa3pabOTKH METOJIOB
KOHTPOJISL M YIPABIIEHUS MPOILIECCOM IMOIyUEHUs HOBBIX HEoOpaTUMbIX (a3 maTe-
pHAJIOB C YHHUKAQJIbHBIMM CBOMCTBaMM, ONTUMHU3ALUNU U YMEHBLIEHUS CTOMMOCTH
UMEIOUINXCS TEXHOJIOTHI CHHTE3a MaTEepUasoB.

Haubonee ynoOHO mNpPOBOAWTH TaKWE HCCIEAOBAHHUS C HCIOJIb30BAaHUEM
SDAC. Beicokasi TBepJIOCTh ajiMa3za ¥ €ro Mpo3pavyHOCTh JJISI IIMPOKOIO Jvamna-
30Ha JIEKTPOMATHUTHBIX BOJIH MO3BOJISIIOT OTHOCUTENBHO JIETKO JOCTUraTh HEO00-
XOJUMBIX JaBJICHUH, TEMIIEPATyp U CABUTOBBIX JedopMaIiii C BO3SMOXKHOCTBIO UX
KOJIMYECTBEHHOTO MU3MEPEHMsSI U MPOBEJIEHUS ONTHYECKHUX, CIEKTPOCKOIMNYECKUX
U PEHTTE€HOCTPYKTYPHBIX uccienoBanuii [9—11]. IIpu a3Tom ocHOBHBIME TpeOoOBa-
HUSIMH K 000pY/IOBaHUIO SBIISIOTCS: CO3/IaHUE BBICOKHMX JaBJICHUH, TeMIepaTyp U
CABHUTOBBIX Aedopmaliuii B 00paslie; u3MepeHne TeMIlepaTypbl U pacipeaeeHus
JABJICHUS 1O €ro IJIOLIAAN; BU3YyalbHbI KOHTPOJIb U BO3MOYKHOCTh U3MEPEHUS
obbema monyueHHo# ¢asbl; uccneaopanue cTpykrypsl @I B SDAC in situ.

Kpowme ykazanHoro anmnapaTta HEOOXOIUMO UMETh 000PYZOBaHUE JJIs HAarpeBa
oOpa3iia, U3MEPEHusl €ro TeMIepaTyphl, 1aBIECHUS U UCCIEI0BaHUS CTPYKTYPHI B
SDAC in situ. Me1 pa3paboTtanu 000py10oBaHUE, KOTOPOE B OCHOBHOM COOTBETCT-
BYET 3TUM TPeOOBaHUSAM M MO3BOJSET MPOBOAUTH HEOOXOAUMBIE MCCIIETOBAHMS.
Omno cocrout u3 SDAC, ycTaHOBKM N3MEpPEHUS JaBJICHUS M HarpeBa U aBTOMaTH-
YECKOTI'0 PEHTIeHOBCKOTO nudpakromerpa [12,13].

2. O0opynoBaHue 1Jis1 MPOBeIeHUs UCCJIeI0BAHUI

SDAC cocTOUT M3 y3JIa BBICOKOTO JABJEHUS W HArpy>kKarollero yCTpOMCTBa
(puc. 1).

Uccnenyemblit 0Opazell ycTaHaBIMBAECTCA MEXIY alIMa3HBIMH HAKOBaJIbHIMHU
(AH) 15 u cxumaercst ¢ ycunuem 1o | t, 9To TO3BOJISIET cO3/laBaTh B 0Opasiie
nasnenue no 100 GPa. ChaBuroBsie negopManuu CO3MAOTCS IyTEM BpPAIICHHS
OJTHOW MOJBMXHOM AH BOKpYT 0ocH pUiIoKeHUs: Harpy3ku Ha yroi 360° u 6osnee.
Vnpasnenne SDAC npoBoAMTCS TUCTAHIMOHHO MO KOMAaHAE C KOMIIbIOTEpA C
MIOMOUIBIO JBYX IIAroBbIX JABurarenei. IlepBslil u3 HUX / NpenHa3HAueH Uil CO3-
JaHUs YCUJIMSI Harpy»eHusl B oOpasle C MOMOIIbI0 peAyKTopa 4 U TUIPOYCHIIHU-
TeNst 5, a BTOPO# 2 — AJisl CO3AaHUS CIBUTOBBIX JeopMaIiuii.

B o0pasie MoxeT ObITh CO34aHO KaK T'MIPOCTaTUYECKOE JABJIEHUE C HUCIOJIb-
30BaHUEM TacKETKHU U Mepefaroueil JaBleHUue KUIKOCTH, TaK U HE THAPOCTATH-
YECKOe C TpaueHTOM JaBiieHus. [mactuapl u3 GoabrupoBaHHOTO TeKcToauTa 20
SIBJITFOTCS JATYMKAMH yCTPOMCTBA M3MEPEHHSI TOJIIMHBI 00pasiia B mporiecce Je-
dopmannu ero B AH. HikHsis TuTacTHHA TaKOTO JaTYUKA SIBJISCTCS 3-CEKIIMOHHOM.
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Puc. 1. Cxema SDAC (a, 6) u
BHEIIHHUIA BUJI €TO Y3JIa BEICOKOTO
NaBlieHUus1 (6) W HArpy>KaroIIero
yCTpoiicTBa (2)

bnaronapst 3ToMy MOKHO H3MEpSTh yroil Mexxay padourmu nosepxHoctsimu AH ¢
TOYHOCTBIO OKOJIO 1’ mpu mpoBeaeHHH ucciaeaoBaHuii. OOBIYHO 3TOT YroJl KOH-
TPOJIUPYETCsl IO UHTEP(HEPEHLIMOHHBIM T10JIOCAM C TOYHOCTBIO OKOJIO 3’ TOJIBKO
IIPYM HA4YaJbHOM FOCTUPOBKE ammapara. Y CTPOHWCTBO MO3BOJISAET KOHTPOJIMPOBATH
foctpoBky SDAC npu HarpyxeHuu, n3dexats paspyieHuss AH u 3HauuTenbHO
CHU3UThH 3aTpaThl HAa IPOBEJCHHE HUCCIECJOBaHUU. DTO OCOOEHHO BAaXKHO MpPU
OONBIIMX HAarpy’KEHUsIX U MajbIX TOJIMHAX oOpasua, koraga AH MoryT KocHyTh-
csl ApYT ApyTra NoJl Harpy3Koil U pa3pyLIUThCS.



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

X-ray Mo tube

focal spot

| a 7]

Puc. 2. Buemnnii Bua (@) u cxema (6) aBTOMaTHYECKOTO PEHTTEHOBCKOTO JU(PPAKTOMET-
pa ¢ SDAC npu mpoX0xkKIEHUN PEHTTEHOBCKOTO N3IYUYECHHUS

Ycemanoexa usmepenus 0asnenus u Hazpeéa NMO3BOJSIET ONPEACTATh AaBICHHUE
o pyOMHOBOM MIKase MO IJIOMAAN HUCCIeIyeMoro obpasiia B pydYHOM WIH aBTO-
MaTUYECKOM PEKHUME C IIaroM cKaHupoBaHus 5—10 pm W mpoBOIUTH HarpeB 00-
pasua no temnepatyp oxoiio 2500 K B SDAC in situ.

Aemomamuueckuti penmeenosckull ougppakmomemp (puc. 2,a) pa3padoTraH Ha
6a3ze oOwbruHOTO mudpakromerpa tuna JIPOH u mpemnasHadeH nisi W3ydeHUs
CTPYKTYpPHBIX IIpeoOpa3oBaHuil B HccieryeMoM obpasie noa nasienuem B SDAC
in situ B aBTOMaTU4EeCKOM pexume. biaromapsi mpuMEHEHUIO HOBOW CBETOCHIIb-
HOU cxembl [12] BIiepBbIe yaaIoCh MOMYYUTh TU(paKTOrpaMMBbl OT MaJIBIX 00pa3-
oB auametrpoM 100-500 um B SDAC in situ ¢ UCNIOJIb30BAaHUEM PEHTTEHOBCKOU
TpyOku Mmanoi (2.5 kW) MOIIHOCTH 32 IOCTaTOYHO KOPOTKOE BpeMsi U3MEPECHHUSI.
Jlns yMeHbLIeHHs] TOTJIONIEHHUsI PeHTreHoBckoro uanydenus AH ucnombiyercs
ocTpodoKycHasi MOTMOIEHOBAsI peHTIeHOBCKas TpyOka Tuna bCB-27-Mo.

Cxema audpakToMeTpa Ipu MPOXOKICHUN PEHTTEHOBCKOTO M3IYUYEHHUS Yepes3
uccienayembiii oopazer; B SDAC in situ mokazana Ha puc. 2,6. OCHOBHOE OTJIMYHE
9TON CXEMBI OT UCIIOJIb3YEeMON B CTAaHAAPTHBIX JU(PpaKkTOMeTpax (HOKyCUpyIomen
cxembl bperra—bpeHTaHO COCTOMT B TOM, UTO OHA HE SIBIsIeTCS (POKyCUpPYIOLIEH.
Ha menp merekTopa magaeT pacXOMSIIMICS MydOoK Au(pardpoBaHHBIX JIydei.
VYron ux pacxoauMocTu B (poKanbHOH MIockocTu 3 paBeH npubnusutensHo 0.4°
U OTpEJeNsaeTcss pacCTOsHUEM OT o0Opasiia 10 (OKYCHOTO MATHA PEHTTEHOBCKOM
TpyOku (~ 190 mm), pazmepom ee okycHoro nsTHa (~ 12 mm) U yrioM mpoek-
UM ATOTO MsATHA o (6°). bpia pa3paboTaHa aHaJOTHYHAs CXeMa JJIsl OTPasKeHUs
PEHTTEHOBCKOTO M3Iy4YeHHUs OT ucciemayemoro obpasua B SDAC in situ nns uc-
CJIeIOBaHMs BBICOKOTEKCTYPUPOBAHHBIX 00PA3IIOB.

Ipeumywecmea pazpabomantnozo 060py008anusL.

1. O6opyaoBaHue OTIMYAETCS MPOCTOTON, OE30MacCHOCTBIO U YI00CTBOM B
JKcIUTyatanuu. VcenenoBanus npoBOASTCS AMCTAHIIMOHHO MO KOMAaHJaM C KOM-
IbIOTEpa B aBTOMATUUYECKOM PEXUME.

10
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2. VI3MeHeHune AaBlIeHUs WU CABUTOBOM jJedopMaliiu B UCCIIeTyeMOM 00pasiie
MOJKET OCYIIECTBIATHCS C OUYEHb MaJIbIM [IaroM JUCTAaHIIMOHHO 0€3 MpephIBaHUS
paboThl AudpakTOMETpa WK NEPEKPHITUS PEHTTEHOBCKOTO M3nydeHus. OObIUHO,
4TOOBI YBEIMUUTH JaBieHue B oOpasue B DAC in sifu Tipu BBIIOTHEHUH JKCIIE-
PUMEHTOB Ha PEHTTEHOBCKOM TU(PPAKTOMETPE WM CHHXPOTPOHHOM HCTOYHHKE
U3JTy4YeHUs, HEOOXOUMO MpEepBaTh SKCIEPUMEHT, OJIOKMPOBATH PEHTTEHOBCKOE
U3JTy4YCHUE M YBEIIMYUTH JaBJICHHE B OOpaslie BPYUHYIO CHJIOBOH raiikou. Ilpm
ATOM MOJKET NPOou30iiTH HapyleHue nonoxeHuss DAC OTHOCUTENbHO U3TyUYEHUS.

Hcnonp3oBarne pazpadoranaoro Hamu SDAC MO3BOJISICT YBEITMUNBATH JTaBJICHHC
U CIIBUTOBBIE Jiepopmariii B 00pasiie ¢ 0YeHb MAJIEHBKUM IIIaroM JWCTaHIIMOHHO IO
KOMaHJIe ¢ KOMITbIoTepa 0e3 MpepbIBaHUs AKCIIEPUMEHTA U HAPYLICHUs TOJIOKEHUS
SDAC 0oTHOCHUTENBHO PEHTI€HOBCKOIO M3JTy4YeHUs. BennunHa mara CKkaHUpOBAaHUS B
OCHOBHOM 3aBUCHT OT YyBCTBUTEJILHOCTY CHUCTEMbI PETUCTPALIMN IABICHUSL.

3. Manoe (ot 5 min u Oosiee) Bpems moydeHus: TudpaKkTorpaMM B 3aBHCHUMO-
CTU OT MaTepHalia, lara CKaHMpOBAHUsS, BPEMEHH KCIO3ULIMU U JHANa30Ha pe-
TUCTPAIUU YTJIOB AU(PPAKIIHH.

4. Nonruit cpok cimyx0e1 AH. [Ipu uccrnenoBanuu n3MepsieTcss BeIUYMHA Ha-
IpY’KEHUs], CIBUTA W TOJIIMHA oOpasua ¢ KoHTpojeM roctupoBku SDAC B mpo-
[[ECCe ero Harpy>XeHus. JTO MO3BOJISIET B OOJBIIMHCTBE CIIy4aeB M30exaTh IO-
nomku goporux AH.

5. ludpakromerp moxeT pabortath coBMecTHO ¢ SDAC m 6e3 Hero B Mpoxo-
JSIIEM U OTPAaKEHHOM PEHTI€HOBCKOM H3ITyUEHUHU.

6. SDAC u nudpakroMeTp 3alUIICHBI TATCHTAMH Y KPauHBI.

3. Pe3yabTaThl IKCIIEPHMEHTOB

C ucnonp30BaHUEM Pa3pabOTaHHOTO 00OPYO0BAHUS HAMH TIPOBEJCHO OOJIBIITOE
KOJIMYECTBO IKCIICPHUMEHTOB, PE3yJIbTaThl HEKOTOPBIX U3 HUX MBI KPATKO PACCMOTPHM.

3.1. Ananu3s eo30eiicmeus coeuzoeoit oegpopmayuu na @II ¢ oopazye

B xagectBe oOpasna ucnonszoBaiu nopomok KCl, koTopslii uMeeT OTHOCH-
TeNbHO HeOObIIYIO (0KoJ0 2 GPa) Benmuuuny nasienust OI1 B1 — B2, nerko Ha-
6mogaemMoro Bu3yanbHo B nmpoxoasuieM cgete. Ilopomok KCl cxxumanu 1o nas-
nenust okoiso 1.85 GPa B SDAC in situ v mpoBOJWIM CABUI OJHOW M3 HaKOBAJIEH
Ha (PUKCHPOBAaHHBIN YoM MPU MOCTOSHHOM OCEBOM YCHJIMH C IIEJIBIO TTOTyYIEHUS
@II. B xoae skcnepuMeHTa U3MEPSIIN paclpeiesICHUE JABJICHUS 110 MOBEPXHOCTH
o0pa3ia, yroy moBOpoTa HAKOBAJILHH, TONIIMHY oOpasia J0 U TOCie IMOBOPOTa
HaKOBaJIbHH, TuaMeTp ¢a3bl BHICOKOTO AaBieHus (puc. 3, 4).

W3 puc. 3 BUIHO, YTO MpU CXKATUM UMEETCS HEKOTOpask HECUMMETPUYHOCTh pac-
npenesieHns] JaBieHus] 1Mo JuaMerpy oOpasia. OHa BO3HMKAaeT M3-3a yIla MEXKIY
TUIOCKOCTSIMU paboumnx noBepxHocTedt AH. Ipu npunoxenun capura pacnpeneneHue
JTABJICHUSI CTAHOBUTCS O0Jiee OJHOPOIHBIM U CUMMETPUYHBIM OTHOCHUTEIBHO LIEHTpa
o6Opasia. Kpome Toro, B HeM B 30He DIT HabmromaeTcs HEKOTOPBII POCT aBieHus (He-
CMOTpsl Ha yMEHbIIIEHHEe 00beMa (pa3bl BBICOKOTO JIaBJIE€HMs), KOTOPBI BO3HHMKAET
BCJIEZICTBHE TaK HA3bIBAEMOTO (P PEKTa «CaMOMYJIbTUILIMKALIUN TaBJaeHMsD [ 14].

11
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Ha ocHOBaHMM BBITIOJTHEHHBIX YKCIIEPUMEHTOB U aHAJIM3a IaHHBIX, IPEICTABIICH-
HBIX Ha pHC. 3, 4 MOXKHO CJIeNaTh 3aKJIIOUEHHE, YTO CIBUTOBAs JieopMariysi IpUBO-
IUT K cTuMysmupoBanuio mporecca DII u CHUKEHHIO €ro NaBJICHUS; YBEIHMUEHHUIO
pa3mepa (asbl BEICOKOTO JAaBJICHHUSI C POCTOM BEJTMUYUHBI C/IBUTA; YMEHBIIICHHUIO TOJ-
IIMHBI 00pa3iia U HEOJHOPOAHOCTH PACIIPEICIICHUS TABICHHUS TI0 €T0 TUIOIIATH.

3.2. Bauanue cosuzoeoii oepopmayuu na oaenenue @II ¢ apmko-sicenese

XKeneso sBnsieTcs OAHUM U3 CAMbBIX PACIPOCTPAHEHHBIX MaTepUANIOB Ha Hallei
TUTAHETe W M3J[aBHA IMTUPOKO MCIOJIb3YETCs YEJIOBEKOM ISl pa3indHbIX mesnei. [1o-
3TOMY €T'0 UCCIICIOBAHUIO TIOCBSAIICHO OOJIBIIOE KOJIMIECTBO PabOT, OJHAKO U3yda-
JIOCH B OCHOBHOM BIJIMSIHUE BBICOKOTO JABIICHHSI U TEMIIEPATyphl, a BO3AECHCTBHIO
CABUTOBOM JehopManivy yaemsuioch HeTOCTaTOYHO BHUMaHus [15,16].

12
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Mp1 nposenu uccnenosanue B SDAC in situ mapreHcutHoro @I oo — € ot
[IEHTPUPOBAHHONW KYOMYECKON KPHUCTALIUYCCKON K TeKCaroHaJbHOM CTPYKType
npu yrie Judpakiuuu A1 MOIHOAeHOBOro n3nyyeHus okoio 21.5°. Ilpu komHart-
HOU TeMIlepaType U YCIOBHUSIX THApOCTaTHYECKOTo cxxatus 3ToT PII Habmonaer-
csl IpH faBieHuu okoso 15 GPa u sinsiercst oopatumsiM [17-20].

B kauectBe 0Opasiia HCIOJIB30BAM IUIACTUHBI apMKO-XKelle3a TUaMEeTPOM
ok0J10 3 mm u ToimuHOoM 200 um kaxknas. [Ipu ucnbITaHUKM OHOM MJIACTUHBI U
CO3/IaHUU CABUTOBOM JedopMaliuyl IMMyTEM IMOBOPOTa OAHON HAKOBAJIbHU OTHOCH-
TETBHO IPYTrOW MPHU BHICOKOM JABJICHHH BO3MOXKHO YaCTUYHOE paspylieHue 00-
KoBbIX rpaHeit AH. HakoBanbHU CHIIBHO BHEIPSIOTCS B oOpasell Ha TIyOWHY
100-150 pm u 00pa3yroT HAILIBIBEI 32 CYET YACTHYHOTO BBIJABIMBAHHS 00pasia
M3 30HBI CXKATHS. DTO MPENATCTBYET moBopoTy AH, m Bo3pacTaer BO3MOKHOCTD
uX paspyuienus. B oOpasie, cocTaBlIeHHOM M3 IBYX IUIACTHH, pa3pylieHne O0Ko-
BbIX TpaHeil AH He npoucxoaurt.

CocraBHoii o6pazer ycranaBnuBainu B SDAC mexnay AH u cxxumanu 1o nas-
nenus ~ 10 GPa. I1pu stom @I He mpoucxoaw (puc. 5). Judpakuronnas JIUHHS
(101) &-ha3wl BBICOKOTO AaBIICHUS MOSIBISLIACH TOCJIE CO3JaHUS CIBUTOBOU Je-
dbopmaru myteM moBopoTa noaBmwkHONH AH Ha yros okono 76°. be3 ciBurosoi
nedopmaruu ananoruunoe mo crenenu OII (mudpakiumonnas munaus (101) Takoit
’K€ MHTEHCHUBHOCTH ) OBLJIO MOJTYUYEHO TOJBKO MpH JaBieHuH okojio 19 GPa.

Ananu3 nudpakrorpaMm Ha pHC. 5 MOKA3BIBAET, YTO CABUTOBas aedopmarius
OPUBOIUT K yMeHblleHuto nasieHust OII, a Takke K yIIMPEHUIO U aCHMMETPUH
mudpakmonnoit muauK (110) ucxomuoit a-haswel jxene3a u ee CIBUTY B CTOPOHY
OOoJBIIUX YTI0B AUpaKkIuK. ITO SBISETCS MPU3HAKOM O0Opa3oBaHMs B oOpaslie
(B pe3ynpTaTe ero ImiacTu4eckoi aedopmaliin) o0acTei ¢ CynecTBeHHO reTepo-
TEHHOM JMCIIOKAIIMOHHON CTpyKTypo# [21,22]. be3 cnBurosoit nedopmaruu au-
¢pakumonnas nuHuA (110) mcxomnHoil o-(daspl kelme3a UMEET CYIIECTBEHHO
MEHBIIINE YIIUPEHUE U CABUT.

OtmeTnM, 4TO Kaxkaas w3 IudpakTorpaMM Ha pUC. 5 TMOJIy4eHa 3a BpeMs 8
min Mpyu MOIIHOCTH PEHTTEHOBCKOM TpyOku okosio 1 kW, 4ro cocraBisieT MEHb-
111€ [T0JIOBUHBI €€ JOIIyCTUMOI MOILTHOCTH.

L (110) "\ a-phase

Puc. 5. PenrreHoBckue audpakTorpaMMbl
obpasma apMKo-Xkeye3a MPH BBEICOKOM JaB-
neaun B SDAC in situ: 1 — P =10 GPa; 2 —
P =19 GPa; 3 — P =10 GPa + caBurosas
nedopmanmst (yroa 76°)

Intensity, arb.units

13



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

3.3. Heoopamumuwtit @I rBN — c¢cBN npu komnammnoi memnepamype

OpuuM U3 HanbosIee BaXKHBIX HALIMX PE3YJIbTATOB SBJSETCS MOTyYeHUEe HEoO-
patumoro mapteHcutHoro @I ¥BN — ¢BN npu nasnenun 5.6 GPa B SDAC in
Situ B yCIIOBUSX CIBHUTOBOHM nedopmainuu u KOMHATHOW Temmnepatypsl [23]. Hc-
NOJIH30BAJIUCh TOHKHE IUIACTHHKH TMHPOJIUTHYECKOTO MaTepuana IUIOTHOCTHIO
2.26 g/cm3, coaepxarntue 10 95% rBN. Marepuan xapakTepu3oBaJics BBICOKOM
CTEMEHBIO TEKCTYPUPOBAHHOCTU C pazopueHTanuein oced C KpUCTALIUTOB +3°
oTHOocUTeNbHO ocH TekcTypbl [0001] »BN. Ctenenb TpeXMEpPHOIO yNOPSI0UEHUS
cTpykTyphl gocturana 0.85. Ochk TEKCTypbl MaTepuania o0pas3lioB B BUJE JUCKOB
auaMerpoM 3 mm U TtonumHoM okono 0.4 mm mpu ycraHoBke B SDAC Obuia
OpUEHTHPOBaHA MapayieIbHO OCH HarpyKEHHUS.

B xoze sxcnepuMeHTa NpoBOMIIOCHh BU3yallbHOE HAOJII0IeHUE 32 U3MEHEHHEM
koa(dduimenTa mpomyckaHusi ooOpasia B mporecce ero aedopmupoBanus. [lpu
manoM (~ 1 GPa) maBnenum oOpasen CTAHOBUTCS MPAKTHUECKU MPO3padHbIM. Jlo
nasienust 3.5 GPa marepuan nedopmupyercs ynpyro, ¥ MpH pasrpy3ke Ha €ro mo-
BEPXHOCTHU IPaKTUUeCKH oTcyTcTBYeT oTneyatok AH. Ilpu naBnenuu ~ 4.2 GPa no
BceMy 00beMy 00pasiia MOSIBISIOTCS XaOTHYECKH OPUEHTHPOBAaHHBIE 00pa3oBa-
HUSI, XOPOILIO BUIAMMBIE B IPOXOJSIIEM CBETE€ U HAIIOMHUHAIOIINE OT/AEIbHbIE Tpe-
uHKY. [lo Mepe moBBIICHUS TaBICHUS
KOJIMYECTBO 3TUX 00pa3oBaHUU OBICTPO
yBEJIMUMBAETCS, U TIpH naBieHun 5.6 GPa
B IIeHTpe oOpa3lia MPOUCXOAWT MIHO-
BCHHBIH HEOOPATHUMBIM MapTCHCUTHBIN
®II. OH conpoBOXIAETCA OTYETIUBOU
AKyCTUYECKOW SMHCCHUEH W PE3KUM H3-
MEHEHUEM TOJIIIUHBI 00pa3la B 30HE
nepexoaa co 120 go 30 um.

ITpu pasrpyske SDAC ko3¢ dunment
nporyckanusi oOpasia B MPOXOIALIEM
CBETE€ pPE3KO YMEHBIIAETCs, U IBET 00-
pasua craHoBUTCcs yepHbIM. [lomyuennas

Puc. 6. MapreHcuTHBIA (ha30BEI Tepe- N
xo1 rBN —> ¢BN mpu P = 5.6 GPa u ¢daza mpencraBiaseT coOON TIACTHHKY

YEpHOTro 1BeTa quameTpoM okoiio 300 um
n tonmuHou 30 um ¢ 3epKaNbHO IiIana-
KUMH TIOCKOTIapaJlIeIbHBIMU MTOBEpXHOCTAMU (pHc. 6). TBepa0CTh NOTYYEHHOTO
MaTepHala, YCTaHOBJICHHAs METO/I0M MHKpOMHIAeHTHpoBaHUs no Kuymy, cocra-
Buiia okojio 50 GPa. [ludpakrorpamMmsl mokasaiu OOJbIIOE KOJIUYECTBO B 00pas-
e ¢cBN. B ycnoBusix rugpocrarudeckoro cxarus 3ToT ®II Obl1 mosydeH mnpu
nasneHun okosio 55 GPa ¢ pasmepom ¢assr He 6omee 30 nm [24].

koMHaTHO# Temnepatype B SDAC in situ

3.4. Hccneoosanue coemecmnozo 61UAHUA COBU2080U Oedhopmayuu U 8blCOKUX
memnepamyp Ha CMPYKMypHble UIMEHEHUA 6 00pa3ye npu 0Ce60M HaAZPYyIHceHUU

C ToukHn 3pCHHA MCXAaHUKH OTHU BOSHCﬁCTBHH OYCHB ITIOXO0XKHU.
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Harpes o6pas3iia npu nocTossHHON 0CeBOW Harpy3ke MPUBOJHUT K YMEHBUICHUIO
MOJyJIsl TEKYUYECTH U J1aBJIeHUS] OOKOBOM MOIJIEPKKU, paJuaIbHOMYy TEUEHUIO Ma-
Tepuajia ¥ YMEHBIIICHUIO TONIIUHBI 00pa3lia MPaKTHUYEeCKH JTUHEHHO OT yBeInue-
HUSI TEMIIEpaTyphl Harpesa [25].

CnsuroBas fedopMarusi MPUBOAUT K TAKUM K€ SBJICHHSIM 32 CUET IJIacThye-
ckoro aedopmupoBanus Marepuana. OgHako 3TOT mporecc 6omnee dhdexTruBeH,
4YeM IMpHU HarpeBe, 3a cueT OoJyiee CHIBLHOTO MEepeMelIMBaHus MaTepuaia, Oomee
MHTEHCUBHOI'O 3apoJibllie00pa3oBaHusl M HapyLIEHUS KOTEPEHTHOCTH Ha MeEX-
¢da3HbIx rpanunax. [losToMy cumrTaercs, 4YTO CIABUT OKa3bIBaeT Ooliee CHIHHOE
BiusiHue Ha ®II, uem Harpes [26].

Kpome Toro, npu HarpeBe TpaTUTCS OOJBILE SHEPIHU, YeM MPHU AHAIIOTHYHOM TI0
BiMsiHUIO caBure. OH MOXET OBbITh CO3/JaH 3a CUET KOHCTPYKTUBHBIX OCOOEHHOCTEH
ammapara BbeICOKOro maBieHus (ABJ]) mpaktuuecku 0e3 3arpaT JOMOTHUTENHLHON
sHepruu. COBMECTHOE HCIIONIB30BAHUE ATHX JABYX IPOLIECCOB MOYKET 3HAUYUTEIIBHO
YMEHBIIUTh TEMIIEPATypy U AaBieHue OII, 4To CHU3UT 3aTpaThl HA €T0 MPOU3BOJICTBO.

K coxanennto, HarpeB A0 BBICOKMX TEMIIEPATyp ¢ OJHOBPEMEHHBIM CO3JaHU-
€M CIIBUTOBOM nedopmanuu B oOpasue Henb3st BeINoAHUTE B SDAC in situ. Bo-
NepBbIX, B €ro cocrtaBe ectb AH, Mexay KOTOpBHIMU yCTaHaBIIMBaeTCs oOpasell.
IIpu ero Harpese no temneparyp cBeimie 700 K Bo3HUKaeT omacHOCTh paspylie-
Hus AH 3a cuet ux rpaduruzanuu [27]. Bo-BTOpbIX, aiMa3 UMeeT O4Y€Hb BBHICO-
KyI0 TeronpoBoaHocTh — 10 2000 W/m-K. Ilpu narpese oOpa3siia, cxxkatoro 0e3
TEIUION30JISIIUHU, Mek1y AH BO3HUKAET CUIIbHBIN OTBOJI TEIIA U €r0 PaCCEMBAHUE
no koHcTpykuuu SDAC. Do mpensaTcTByeT HarpeBy o0Opaslia 0 BBHICOKUX TEM-
nepaTyp IpH JOIyCTUMOM MOIIHOCTH MCTOYHMKa Harpesa. Hampumep, Ham yna-
JOCh HarpeTh o0pasell TOIbKO 10 TemrepaTyp okoio 550 K npu ucnonbzoBanun
JIBYX TBEPAOTEJbHBIX Ja3€pOB C MJIMHOW BOJHBI M3iaydeHus: 1.06 um v MOIIHO-
cThI0 0K0JI0 30 W KaxKIbIil.

[TosTroMy mpu BbIcOKOTEMIEpaTypHbIX HccieaoBanusx B SDAC in situ wuc-
MOJIE3YETCSl METOIMKA Teruton3oisiiuu obpasua ot AH. O6pasen ycraHaBIMBaeT-
Cs B OTBEPCTHE FACKETKU U TEIUIOU30JUPYETCS CO BCEX CTOPOH MOPOIIKOM OKHUCH
MarHusi Wiu NoBapeHHoM coiau. OHU XOpOILO MPOITYCKAIOT Ja3epHOE U3TyUEHUE U
UMEIOT HU3KYIO TEeIIONPOBOIHOCTD, YTO MMO3BOJISIET HArPETh 00pa3ell ¢ MOMOIIBIO
Ja3epa 10 OYEHb BBICOKMX Temrieparyp, BmioTh 10 4000 K [28]. Oanako npu
3TOM 0Opa3el] HaXOJUTCS B YCIOBHSIX KBa3UTHAPOCTATUYECKOTO CXKATHsI, U B HEM
HEJB3s CO37aTh CIABUTOBBIC e(hOpMaIliy, KOT/Ia OH 3allUIIeH CO BCEX CTOPOH Te-
IJIOU30JIALIMOHHBIM MaTEPUAIIOM.

[ToaToMy MBI OBLITH BBIHYKJCHBI TPOBOJIUTH H3yUYEHUE COBMECTHOTO BIIUSHUS
CABHUTOBBIX AeQopMalliii 1 HarpeBa ¢ UCIOJIb30BAHUEM JPYroro o00pya0BaHus, B
yactHOocTH ABJ Tna «ropoun» [29].

Hcnonw3oBanu onucanHbie Boie *BN-00pa3iel Tommunaon 0.6 mm, auamer-
pom oT 8 10 4 mm. VX ycTaHaBIMBalu MEXIy TBEPIAOCIUIABHBIMU TUIACTUHAMH
auaMerpoMm 15 mm u cxumanu g0 aasieHuidl 8 GPa. Ilpumensu kak miockue
IJIACTUHBI, TaK U IUIACTHHBI B BUJIE HAKOBAJIEH CO CKOCOM OKOJIO 12° M mimockum

15
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OCHOBaHueM okoJyio 4 mm. Jlyig npenort-
BpallleH!sl pa3pyleHus oopasla B HEKO-
TOPBIX CIIy4asX UCIIOJIb30BAH OOKOBYIO
nojaepxky u3 nopouika NaCl. Cnsuro-
Bas Jedopmanus BO3HUKala NpH Iula-
CTHYECKOM DPaTUabHOM TEUCHHH MaTe-
puana obpasla Mpu CXKaTHU 3a CUET €ro
JMaMeTpa, MEHbBILIEro, 4YeM JHuaMeTp
TBEPJIOCIIIABHBIX TUTACTHH U SYCHKH.

[lepBBIe 3KCTIEPUMEHTHI NIPU KOMHAT-
HOH TemrepaTrype MoKa3alu Hajludue o0-
patumoro PII, KOTOpBI OCTaBUI CBOU
OTIIEYaTOK Ha TBEPAOCIUIABHON IJIaCTHHE
(puc. 7). HWcnonb3oBanu oO0pasiel aua-
MeTpoM 4, 6 u 8 mm. [loBbiieHHE TEM-
nepatypsl 10 500°C He mpuBeno K HE0O-
patumoctu 3toro ®II. Onnako nudpak-
TOTpaMMBI ITOKa3al pa3nuaHbiid xapakrep @I B 3Tux 0oOpasmax B 3aBUCUMOCTH OT
UX JUAMETpa, T.€. pa3jinuus B BEMUUHE CABUIOBON Nedopmannu. Haubonee cuib-
HBIC MPEBpaIleHNs] MPOU30LUTH B 00pasue & 4 mm, MeHblme — B obpasie & 6
mm, a B o0pasie & 8 mm OHU OKa3aarch HE3HAUYNTEILHBIMU (pHC. 8).

B nanbHeleM Mbl IPOBEIH MCCIEIOBAHUE BIUSHUS OTACIBHO TEMIIEPATYPHI
U BEJIMYMHBI CIIBUTOBOM Je(opMaliui Ha CTPYKTypHbIE U3MEHEHHUs B 0Opasle U3
rBN. B nepBom ciyuae (puc. 9) s G0KOBO# HOJIEPKKH HCIIOIB30BAIN COJIb.
Haubosnee cymiecTBeHHbIE CTPYKTYPHBIE HM3MEHEHHs MPOU3OILIN MPAKTUUYECKU
TOJIbKO IIpu Temneparype okoisio 1400°C u naBnennn 8 GPa.

Puc. 7. TBepaocmiaBHas miacTuHa ¢ OT-
Me4yaTkoM o0paTuMoi a3kl BBICOKOTO
nasnenus odpasna *BN & 4 mm mocne
ucreITanuii B ABJl tuma «ropoumy mpu
P =8 GPa u xomHaTHOI TeMmeparype

2578 BN 3.5 /BN WBN wBN wBN
WBN (110) (103) (112
£20 a2 GID 2 3.0 a1
= g£25
LS £20
= 2
7 1.0 > BN BN/ k2 -
w w /BN
§ (101) (110) 3 \(113) § 1.0
S0.5 =
ﬂ\f 0.5 A
0.0 : e s 0.0 Nt ' . A
15 20 25 30 35 40 15 20 25 30 35 40
20, deg 20, deg

Puc. 8. Bimsane nmamerpa oOpasma #BN (BemWduHBI CIBUTOBOM AehopManui) Ha €ro
CTpYKTypHBIE U3MeHeHMs nocne cxaTtud B ABJl Tuna «ropoun» npu temneparype 500°C
u nasnenun 8 GPa: I — @ 4 mm, 2 — 6.4, 3 — 8.4; 4 — ucxoaHbIil 0Opaser

Puc. 9. Bnustare TemnepaTypsl Ha CTPYKTypHBIE H3MeHeHHs o0pasma #BN mocie cxaTust

B AB/] tima «topoun» nipu P = 8 GPa: I/ — ucxonnstit oopazen, P =0, 2 — T'= Troom, 3 —
T=1500°C, 4-900, 5 — 1200, 6 — 1400°C
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BN (101

2 3.0 rwBN- (WBI)\I WBN WEN WBN WEN Pe3ynbrarbl OKCIEPUMEHTOB 110

S 5 5GP [\ WD 132 @Dy @50 (110) BIIMSIHUIO TOJBKO COBMIOBOM JIe(op-

° Maiuu npezacrasieHsl Ha puc. 10. Ee

<2.0

7 BEJIMYMHA M3MEHSIACh 3a CUeT U3Me-

- v (V3

'z 1.5 HEHUS YCJIOBUI OOKOBOMN MOIICPIKKH.

Q

£10 JudpakrorpaMmsl, MpeICTABICHHbIE
05 Ha puc. 10, mosydeHsl Mocjae HUCIHbI-

) TaHui o0pasnoB: 2, 3 — B ABJ] Tuna
0.0 . «TOPOHJ» COOTBETCTBEHHO C MCIOJIb-
15 20 25 30 35 40 P

30BaHMEM COJM JJIsi OOKOBOHM TOJ-
JIepKku u 6e3 conu; 4, 5 — coKuMae-
MBbIX Ha mpecce ¢ ycunueM 10 t mex-
Ny TUIACTMHAMH B BHUJIC HAKOBAJCH C
paboueii miomankod & 4 mm coot-
BETCTBEHHO U3 TBEPIOCILJIABHOTO Ma-
tepuasia BK-15 u w3 monukpucrai-
mnaeckoro ¢BN. IIpu sTom GOKOBBIE
CKOCBHI TUIACTHH BBITIOJHEHBI TaKHM
o0pa3omM, 4ToObI N30€XKaTh YMEHbIIIE-

20, deg

Puc. 10. Biusaaue BenuyuHbBl OOKOBOH
MO/JICPKKHA U BEJIMYMHBI CIABUTOBOMU JIe-
dbopMaluu Ha CTPYKTypHBbIC W3MEHCHHUS
obpasna ¥BN & 4 mm npu KOMHATHOMR
TEMIeEpaType M pa3iNyHbIX THIAX Ha-
rpyxenust: [ —P=0;2,3-P=8 GPasB
ABJI Thna «Topou» COOTBETCTBEHHO C
ucnons3oBaneM NaCl gaa OoxoBoH
nomnepxku u 6e3 NaCl; 4, 5 — mocrne

CKaTHs B TIpecce MPHU HArpyXEeHUH CO-
oTBeTCTBEHHO F' =4.5t (P = 3.5 GPa) n
F=T7t(P=5.5GPa)

HUS CABUTOBOM aedopmarii B 00-
pasiax 3a c4eT OOKOBOTO CMBIKAHUS
IUTACTHH TP MX YIPYroM AehOopMU-

poBaHMM BO BpeMsl HarpykeHus. B
cllydae, MpeJICTaBICHHOM Au(pakTorpaMmMoil 4, pazpylieHue MIaCTUH MPOU30II-
70 TIpu HarpykeHuu 4.5 t U cpenHeM naBieHuu B oOpasie okoio 3.5 GPa. Ha pa-
Ooueil mionaaKe MIacTUH MOSBUICSA OTIEYaTOK HEKOTOPOM 00JIacTH HENpaBUiIb-
HOU (hOpMBI TMaMETPOM, HECKOJIBKO MEHBIIMM 3 mm, MPEANOIOKUTEFHO OT 00-
paTumoii (a3bl BHICOKOTO JaBJICHHS, [0 BUAY MOXOKUN Ha OTIEYATOK, [MOKa3aH-
HBII Ha puc. 7. B ciydae minactun u3 ¢BN (audpakxrorpamma 5) ux paspylieHue
MIPOM3OIILIO MPY HATPYKEHUU 7 t ¥ cpeTHEM AaBieHUH B oOpasie okoio 5.5 GPa.

W3 paccmotpenus audpakrorpamMm Ha puc. 9 u 10 BUIHO HEKOTOpOE pasiu-
yue CTPYKTYPHBIX U3MEHEHHI B 00pasIie Mmoj 1eHCTBHEM KOMIUIEKCHOTO BO3/ICH-
crBust nasnenus 8§ GPa u remnepatypsl 1o 1400°C u ToabKo cABUroBO# nedop-
MalUy IpU KOMHATHOHM Temmepatype. JudpakrorpaMMbl OJHO3HAUYHO MOKa3bl-
BAIOT, YTO CJBUTOBBIC JAe(OpMalui MPUBOIAT K O0JIee CyIECTBEHHBIM CTPYKTYp-
HBIM M3MEHEHMSIM, YeM Temmeparypa. Hampumep, mpu caBure 3HaAUUTEIHHO
YMEHBUIMIIOCH KOJIMUYECTBO UCX0AHOH (hazbl ¥BN (nmudpakunonnas nmunus (101)),
MOSIBIJIOCH 0OJIbIlIee KOJUYECTBO IAU(PPAKIHMOHHBIX JUHHUM, COOTBETCTBYIOLIUX
BropiuTHOU (haze wBN (Hanpumep, nudpakimonnsie qunuu (212), (242), (102),
(441)), mo cpaBHEeHHIO ¢ AM(PAKTOTpaMMaMH OOpa3IOB MPH KOMIUIEKCHOM BO3-
JeicTBUU TeMmepaTypbl U aaBieHus. ClieayeT 3aMeTHTb, YTO CIIBUTOBBIE Aedop-
Mauu B oOpa3lax co3/aBajd MpU KOMHAaTHOW TeMIlepaType M MEHbILEM CTaTH-
YECKOM JIaBJIEHUH, YEM IIPU TEMIIEPATYPHBIX BO3AECHCTBHUSAX.
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4. BuIBObI

1. Pa3zpaboTano opuruHaibHOE 00OPYAOBAHUE JIJIsl TPOBEACHHUS MCCIICIOBAHUNA
pa3IMYHBIX MATEPUAJIOB B YCIIOBUSX BBICOKUX JABJICHUH, TEMIEPATYp U CABUIO-
BbIX Jedopmaruii. ETo OCHOBHBIMU MPEUMYIIECTBAMHU SIBJISIOTCS BO3MOXKHOCTD
W3MEHEHUs JaBJICHUS U CIBUTOBOU AedopMaliiu B 00pasiie ¢ OYeHb MaJbIM IIa-
oM, JAMCTAHLIMOHHO, B aBTOMaTHYECKOM peXHMe 0e3 MpepbiBaHHs pabOThl Tu-
(dpakromeTpa, KOTOPBIH MO3BOJSIET MONYy4YaTh IU(PPAKTOTPaMMbI OT MaJlbIX 00-
pasnoB guamerpoMm 100-500 pm ¢ WCHOJBb30BaHUEM PEHTTEHOBCKOW TPYOKH
MOIITHOCTBI0, He npeBblimatomeit 2.5 kW, 3a kopotkoe Bpemst usmepenus B SDAC
in situ.

2. CasuroBas nedopmanus crumynupyet npomecce PII, cHuxkaer ero masie-
HUE, U3MEHsIET oOpaTuMbIe (Da3bl HA HEOOPATUMBIC U YBEJIMUUBACT 00HEM HOBOM
¢a3sl.

3. Camxenue napieHusi OII cymecTBEHHO 3aBUCUT OT BEJIMYHMHBI CABUTOBOM
negopManny U UCXOIHOM CTPYKTYpPHI 00pasia.

4. CoBMECTHOE BJIMSTHUE CIBUTOBOM JehopMaIlii U HarpeBa Mmo3BOJIUT 3HAYH-
TEJIbHO CHU3WUTH TemmepaTypy W naBieHue DIl m ymMeHbIIUTH 3aTparhl Ha €ro
MIPOU3BOJICTBO.

5. Co3nanue caBUroBOi nedopMainuu 0ojiee SKOHOMHYHO, M OHA OKa3bIBAcT
0oJiee cUIbHOE BIUSHUE HA CTPYKTYPHbIE U3MEHEHHS B 00pas3iie, YeM Harpes.
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N.V. Novikov, L.K. Shvedov, Yu.N. Krivosheya

THE APPARATUS FOR STUDY OF STRUCTURAL AND PHASE
TRANSFORMATIONS OF MATERIALS AT HIGH PRESSURES,
TEMPERATURES AND SHEAR DEFORMATIONS

A brief description of the developed shear diamond anvil cell (SDAC) and the automatic
X-ray diffractometer for study of the influence of high pressures and shear deformations
on structural and phase transformations of materials is given. The SDAC allows to gener-
ate pressure up to 100 GPa and shear deformations in a sample; to measure loading, shear
and thickness of the same and to control the adjustment at loading. A novel high-aperture
pattern for X-ray diffraction analysis of materials under pressure in the SDAC in sifu on
the basis of DRON-type X-ray diffractometer is developed. A conventional fine-focus X-
ray tube of capacity under 2.5 kW is used. The SDAC and the diffractometer work under
remote control in an automatic mode by instructions from a computer. Some examples of
apparatus use at research of phase transformations in KCl, armco-iron and BN are given.

Fig. 1. Scheme of SDAC (a, 6) and view of its high-pressure unit (¢) and loading one (2)

Fig. 2. View (@) and scheme (6) of automatic X-ray diffractometer with SDAC under
penetration of X-ray radiation

Fig. 3. Pressure distribution over diameter of KCl sample upon compression to 1.4 (-o0-)
and 1.8 (—e—) GPa and after shear by an angle of 5° (-V-)

Fig. 4. Dependences of PT onset pressure (a), dimension of high-pressure phase (6) and
sample thickness (8) on value of shear angle
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Fig. 5. X-ray diffraction patterns of armco-iron sample for high pressure in SDAC in situ:
1—P=10GPa; 2 - P=19 GPa; 3 — P=10 GPa + shear deformation (an angle of 76°)

Fig. 6. Martensitic phase transition "BN — ¢BN for P = 5.6 GPa and at room temperature
in SDAC in situ

Fig. 7. Hard-alloy plate with imprint of high-pressure reversible phase of sample BN,
& 4 mm, after tests in high-pressure chamber (HPC) of «toroid» type for P = 8 GPa and
at room temperature

Fig. 8. Effect of BN sample diameter (value of shear strain) on changes in structure after
compression in HPC of «toroid» type at a temperature of 500°C and a pressure of 8 GPa:
1 - 4mm,2-64,3—8.4; 4— original sample

Fig. 9. Temperature effect on changes in structure of BN sample after compression in
HPC of «toroid» type for P = 8 GPa: I — original sample, P =0; 2 — T = Tyoom, 3 — T =
=500°C, 4 -900, 5 — 1200, 6 — 1400°C

Fig. 10. Effect of lateral support value and shear strain value on structure changes in yBN
sample, & 4mm, at room temperature and different loading types: / — P=0; 2, 3— P=8 GPa
in HPC of «toroid» type with the NaCl lateral support and in the absence of NaCl, re-
spectively; 4, 5 — after compression in a press of force F=4.5t(P=3.5GPa)and F=71
(P = 5.5 GPa), respectively
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PACS: 81.20.Ev

H.IM. Ee>|<eHap1, AA. LUyJ'Ib)KeHKO1, C.A. 50)KK01, I.C. OJ'|e17|H|/||<2

CNEKAHME NONUKPUCTANNMNHYECKNX MATEPUAITIOB HA OCHOBE
KYBUYECKOIO HUTPNOA BOPA N3 CYBMUKPOHHbIX NMOPOLUKOB,
COOEPXALWNX ®PAKLIMN HAHOONATASOHA

1V|HCTVITyT cBepxTBepablx Mmatepuanos HAH YkpauHbl
yn. ABTosaBopfckas, 2, r. Kues, 04074, YkpanHa

2I/IHCTMTyT npobnem matepuanosegeHns HAH YkpauHbl
yn. KpxwxkaHosckoro, 3, r. Kues, 03680, YkpanHa

H3yyeno opmuposanue cmpykmypsl U C80UCME NOIUKPUCTANIULECKUX MAMEPUANIO8
npu CNeKaHuu NnopowKos Kybuuveckoeo wumpuda dopa (cBN), codepocawux ppaxyuu
HAHOOUANA30HA, 8 MOM YUCTIe NPU PeaKYUOHHOM ChneKkanuu ¢ anomunuem. Ilpoyecc ocy-
wecmesiu 8 annapame olcoko2o oasrenua npu p = 7.7 GPa, T = 2100 K. Hccnedosanu
HJIOMHOCMb, MEEPOOCMb, MPEWUHOCIMOUKOCMb U CIMPYKmypy obpasyos. Mamepuan, no-
Jyuaemulil peakyuoHuvim cnexanuem ¢ Al nopowkos cBN, codepoicawux 15% ppaxyuii
HaHOOUANA30Ha, NPUHYUNUATIBLHO OMAUYAEMCs CIMPYKMYPOL Om NOOOOHBIX MAMEPUdLos
u3 Mukponopouikos (kubopuma-1 u kubopuma-2). 3epua cBN nacredyrom paszmepol 3e-
PEH UCXOOHO20 NOPOUIKA, HO He 00pa3yiom Henpepulenyio (haszy, a HaxX00AMcs 8 OKpYyice-
nuu kepamuxu AIN-AIB;. Pazmep 3epen AIN 6auzox k nanoouanazony. Taxas cmpykmy-
pa onpeoenuna noGblUeHHYI0 MpeuwuHoCMoOUKOCMb Mamepuaid.

[omukpucrananueckue MaTepraibl HA OCHOBE KyOM4eckoro HuTpuaa oopa, B
3apyOe)HBIX MHPOPMAITMOHHBIX W3IaHusX uMeHyeMble PCBN, cocrapistor mu-
POKHI KJacc KOMIO3ULMOHHBIX MaTe€pHajoB, IO OCHOBHOMY (PYHKLHMOHAIbHOMY
HA3HAUYCHHUIO OTHOCSIIMXCA K MHCTPYMEHTAIBHBIM Ui JIE3BUWHOW 0OpabOTKH.
Cpenu Apyrux HMIMPOKO M3BECTHBIX MHCTPYMEHTAJIBHBIX MaTEpUaoB (Ha OCHOBE
anMasa, TBEp/bIX CIUIABOB, OKCUIHOM 1 HUTpUAHOHM kepamuk) PCBN umeroT cBou
001acTH NPUMEHEHHUs, T/l OHM HE3aMEHMMbI WJIM HUMEIOT CYIIECTBEHHbIE Ipe-
UMYIIECTBA, YTO OTPAKEHO B MEXIyHApOJHOM CTaHAApPTE crenuduKanuy u uc-
II0JIb30BaHUs TBEPIBIX HHCTPYMEHTANBHBIX MaTepuanos [SO513:2001 [1].

[IpakTuuecku Bce B MUpE MPOMBIIIJIEHHBIE TEXHOJOTUHU npousBoacTBa PCBN
B KQ4E€CTBE MCXOAHOIO ChIPbsI UCIOJB3YIOT MUKPONOPOIIKH ¢BN, HEKOTOPBIX Ty-
rOIUIABKUX COCIMHEHUM U METaJUIOB. {715 CrIeKaHus IPUMEHSETCS TEXHUKA BBICO-
KUX JIaBJICHUH—BBICOKUX TemmepaTyp. OcoOble TpeOOBaHUS K MHCTPYMEHTY W3
PCBN nst pUHHIIHBIX OTNIEepanyii 3aKIIF0YalOTCs B HEOOXOIUMOCTH 00€CIICUCHISI
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BBICOKOW TOYHOCTH pa3MepHON 00pabOTKH, MUHUMAJIbHOM IIEPOXOBATOCTH 00pa-
0OTaHHOW TTOBEPXHOCTH, OOJBIIOrO MEepruoaa CTOMKOCTH pesna. s ux peanusa-
UM HEOOXOJUMO COYeTaHHE TOMOT€HHOW CTPYKTYpPhl M ONTUMAIIBHBIX (DU3MKO-
MEXaHUYECKUX CBOICTB, B NEPBYIO O4Yepelb TBEPAOCTH U TPEIIMHOCTOMKOCTH,
onpenensomux u3Hococtokoctb PCBN. B mpocnekrax 3apyOexHBIX (GHUpM,
npousBoasaux PCBN, yka3an muHuManbHbli pazmep 3epeH ¢cBN — 0.5 um [2] u
< 1 pum [3], HO KOHKPETHO 00 MCTMOJB30BAaHUU HAaHOpPa3MEpHOro mopoika cBN
IUTA 3THX LIeJIEH HE cOOOIIaeTcs.

[Tonyuyenne MOHO(A3HBIX MOJMKPUCTAJUIOB HA OCHOBE HAHOPA3MEPHBIX IIO-
pouikoB ¢BN cBsizaHO ¢ TpyAHOCTHIO (OPMUPOBAHUS MPHU CHEKAHUU TAKUX IIO-
POILIKOB MPOYHBIX TPAHMII 3€PEH C COXPAHEHHEM MX pa3MepoB, OJM3KUX K pa3zMme-
paM 4acTHIl UCXOTHOTO mopoika. M3secTtHo [4], 9To 5Ta mpobieMa uMeet oOIuit
XapakTep I8 KEepaMHUUECKUX MaTEpHalIOB, IMOJYyYaeMbIX CIIEKAaHUEM HaHOIUC-
MEPCHBIX MOPOIIKOB TyTOIUIABKUX COEIMHEHUN MPU BHICOKOM JIaBIICHUU.

Bropas npobnema kacaetrcst koHKpeTHO ¢BN U omnpenensercss HHTeHCH(pHKa-
Mel pa3BHUTHS TpPHU ClIeKaHWUW (Ha30BOro mepexoaa B rpaduronomodHyro dasy,
YTO BBI3BAHO 3HAYMTEIBHOM MPOTSHKEHHOCTHIO TPAHUI] B CUCTEME HAHOAMCIIEpC-
HBIX 3epeH. TpeThs mpobiema COrjlacHO HAIlMM HCCIIEIOBAaHUSIM IOJIMKPUCTA-
andeckoro ¢cBN [5] cBsizaHa ¢ HETUIMYHBIM U3MEHEHUEM TBEPIOCTH MaTepuala B
3aBHCHUMOCTH OT pa3Mepa 3epHa. BblIo ycTaHOBIIEHO, YTO COOTHOIIEHHE XOJ-
na—Ilerya, cBs3bIBaroIIee TBEPJOCTh MaTepHaja C pa3MEepoOM €ro 3epeH, coOIIo-
Janock 1iid nonukpuctaiioB ¢cBN ¢ pasmepamu 3epeH > 5—7 um. [Ipu ymensbIe-
HHUH pa3Mepa 3epeH 10 3 pm 1 MeHee (BILIOTH 10 0.6 um) Takast 3aBUCUMOCTb Obl-
7a oOpaTHOW. DTO O0YCIOBIECHO M3MEHEHHUEM CTPYKTYPHO-(a30BOTO COCTOSHHS
MoHo(ha3Horo cBN ¢ yMeHbIIIEeHHEM pa3Mepa 3epeH.

B HUncturyTte cBepxtBepabix marepuanoB HAHY na ocHoBe ¢cBN pa3pabora-
HBl MaTepHalibl, BBITyCKaeMbIE MOJI TOPrOBOM MapKoil «kuboput» [6]. Marepua-
761 GOPMUPYIOTCS TPU BBICOKUX JABICHUSIX M TEMIEpAaTypax B pe3yJibTaTe peax-
LIUOHHOI'O CIIEKaHUsl MHUKponopowkos ¢cBN u amomunus. MaTpudHOi cOCTaB-
nsrome  Marepuana  sBiasiercs  ¢BN, a  cBsmsyromas ¢asza  cocraBa
AIN—-AIB,(AlB};) pacnpeneneHa NMpeuMyIIECTBEHHO B CThIKax W IO TPaHHUIIAM
3epeH ¢cBN. HccrnenoBaHusiMM yCTaHOBIIEHO, YTO CTOIOpAaMHU TPEIIMH B TaKOM
CTPYKTYpE SBJSIFOTCS TJaBHBIM 00pa3om MmexdaszHeie rpanuniel [7]. Ucxons us
3TOTO TMPEACTABIACTCS, YTO MPOYHOCTh MOAOOHBIX MAaTEpPHANOB, MOJYYEHHBIX C
UCIOJIb30BaHUEM HaHOpa3MepHoro nopoika cBN, MoxkeT ObITh 3HAYUTENIBHO T0-
BBIIIICHA B PE3YyJIbTATE YBEIHMUCHUS POTHKCHHOCTH MEK(a3HBIX TPAHUIL.

B nanHoi#t paboTe M3IIOKEHBI PE3yJIbTAThl MCCIICIOBAHUN, HANIPABICHHBIX HA
NOJy4YeHHE KOMIIO3HTA, MOJ00HOTr0 KHOOPUTY, HO C UCIIOJNIb30BAaHUEM B KauecTBe
UCXOAHOT0 CyOMUKpPOHHOTO mopoiika ¢cBN cTatuyeckoro cuHTe3a ¢ cofepixaHu-
eM (¢pakiuii HaHoauamna3zona ~ 15% mo obwemy. B xome uccnenoBaHuii ObuTH
M3Y4YEeHBI: a) CTPYKTYpHBIE OCOOCHHOCTH HcxoaHoro mopomka c¢BN; 0) p, T-
YCIJIOBUS CIIEKAHMS KOMIIO3MIIMM TaKOro IMOPOIIKA C aJIOMHUHHMEM; B) CTPYKTYpbI
TpeX TPy MOJYyYEHHBIX MOJUKPUCTAIINYECKUX 00paslloB, OJHA U3 KOTOPBIX —
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3T0 00pa3ibl MOHO(]A3HOTO MaTepuaa, noixy4yeHusie npu p = 7.7 GPau T'= 1750,
2100, 2300 K, nBe npyrue — 3T0 00pa3isl MaTepraja peakIMOHHOTO CIICKaHUS C
no0aBKaMH B MIUXTY MO Macce cooTBeTcTBeHHO 2 U 10% Al; T) TBepaocTh U BSI3-
KOCTb pa3pylieHusi 00pa3iioB HanboJiee BHICOKOH TUIOTHOCTH.

ATTecTalmio UCXOIHOTO MOPOIIKAa MPOBOJIMINA COYETAaHHEM METO/I0B: PEHTTe-
HoaudpakmonHoro anammsa (XRD); mudpakmuu smekrponos (ED); mpocBeun-
Barolei 3nekTpoHHoi mMukpockonuu (TEM); nazepnoii rpanynomerpun (Laser
Size Test — LST); usmepenus yaenpHor noBepxHoctu (BET). OcHoBHBIE Xapak-
TEPUCTHUKH MOPOIIKA IPUBEACHHI B Ta0. 1.

Taonuma 1
XapakTepUCTHKHU MCXO0HOT0 nopowmka cBN, coagepkaimero ppakuun
HaHoAHAaNAa30HA ~ 15%, U MeTOAbI UX ONpe/ieJIeHUus

XapaKTepucTuKa Meron Bennuuna
Copepxanue cBN, % XRD 100
Y nenpHasi MOBEPXHOCTH, m’/cm’ BET 30
CpenHuii pa3Mep yacTHIl, hm LST; BET 600
Junana3oH pa3MepoB 4acTHIL, Nm TEM 100-1000

ONEKTPOHHO-MUKPOCKOIIMYECKUMH HCCIIEN0BAHUSIMU YCTAaHOBJIEHO, 4TO HC-
XOJIHBIN TIOPOIIIOK COAEPKUT YACTHIIBI TpeX pazHoBuaHOCTeH. [lepBas, Hanbonee
KpYyNHas COCTaBJIAIOIIAs NpeacTaBieHa yactuuamu pasmepamu 1-0.7 pm. Onu
OOBIYHO SIBJISIOTCS IUIACTUHKAMHM M MMEIOT B IJIOCKOCTH M300pa)KeHHsI XOPOLIO
BBIPXCHHYIO TOJMAPUUYECKYIO0 OTpaHKy. Penako B HHUX HAOMIOAAOTCS €IUHWY-
HbIE JUCIOKAUU U Je(deKThl yrnakoBKH. [IpUmoBepXHOCTHBIE 30HBI YACTHUIL Je-
dexTHbIe U conepxkaT Menkue (MmeHee 30—50 nm) pa3opUeHTUPOBAHHBIC O0IACTH.
Bropas cocraBnstomas — gactuiel pazmepamu 0.1-0.3 um. Onu ¢pparmenTupo-
BaHHBIC, UMEIOT OKPYTJIOCTh B OTpaHKe H penbedHbie moBepxHoctu. Camas Men-
Kasi COCTaBJIsItoIIasi — 3TO yactuibl pazMepamu < 100 nm. OHU pacnogoKeHbl
OOBIYHO (KaK HAJIMIIIIKME) Ha Pa3BUTHIX MOBEPXHOCTIX 0ojee KpPYMHBIX YacTHUI]
WIH ke 10 OOKOBBIM MOBEPXHOCTSIM UX orpaHku. CopepxaHue 4acTHIl pa3Mepa-
MU < 100 nm B nopoiuke He npessimaet ~ 15%.

Crniekanue 00pa3loB OCYIIECTBISUIM B ammapare BBICOKOTO JaBJICHUS THIMA
«HaKOBAJIbHSA C yTiayOsieHHeM» (Topou) ¢ TpaguTOBBIM HarpeBareieMm. B pabo-
yeM 00beMe AuaMeTpoM § mm, BBICOTOM 5 mm KO3()PHUIIMEHT W30CTaTUYHOCTH,
onpeesieMblil Kak OTHOIIEHHE paAralibHON ycaJaku K oceBoi [8], cocTaBmsin 0.2
Ha ctaauu XoJogHoro npeccoBanusd v 0.8—0.9 — Ha cTaguu BBICOKOTEMIIEpATYP-
HOro criekanus. McxoaHoe nmpu KOMHaTHOM TEMIEPAType aBIEHUE CIIEKAHUS CO-
crasisuio 7.7 GPa, remneparypa 7= 1750, 2100 u 2300 K.

MeTo i peakllMOHHOTO CTIEeKaHHUsS MOPOIIKOBBIX Kommo3uimii (cBN + Al) [7]
BKJIIOYAET J[Ba dTana — MpPeBapUTEIbHYIO MPOIMUTKY MO/ JaBIECHUEM B yCIOBUIX
OTCYTCTBHSI CMAUMBAaHHs ATIOMHUHHEM HHUTpUAA OOpa M 3aBeplIaolee CIieKaHHue
npu Oosiee BBICOKUX JAaBJICHUAX U TeMIlepaTypax, 00ecleuynBaloluX CMauliBaHNue
U XUMUYECKOE B3auMo/ieicTBUE B cucTeMe cBN—AL.
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OcobeHHOCTh MPONHUTKH NpeccoBku mopomika ¢cBN ¢ 15% HaHOpazMepHbIX
YacTHIl COCTOsUIa B ONPENENICHHON MociieoBaTeabHoCTH nporeccoB. [locne xo-
JIOZJHOTO MIPECCOBAHUS TAaKOro moporika npu 2.5 GPa mopucTocTb KOMIAKTOB CO-
ctaBisiia 44% mnpu nuanazoHe pasmepoB nop B Hux 50-100 nm. IIponuTka mnox
nasienueM npu 1200 K mo3Bossiia JOCTHYR TOMOTEHHOTO pachpeznencHus Al B
takux mopax. [locmenyromee 3aBepmaromiee cnekanue npu 7.7 GPa u Temmnepa-
typax 1750-2300 K ocymiecTBasiioch B yCJIOBUAX CMAaUMBaHUS aTIOMUHHUEM, IO-
3TOMY B JIOKQJIbHBIX 00beMax Mo rpanuiam 3epeH cBN npoucxonuino pacrekaHue
QIIOMUHUS U 3aBEpPILIAIOCh peaKUMOHHOE B3aumoseiictsue. [Ipu aTom obecneun-
BAJIOCh YYACTHUE B peakIUsAX HaHOpa3MepHbIX yactuil cBN.

CTpyKTypHBIE UCCIIEIOBaHUS KOMIAKTHBIX 00pa3I0B OCYIIECTBISUIA METOJIOM
TEM ToHKHX (OJIBT U 3JEKTPOHHOU MUKPOQpaKTOTpaduu ¢ TOMOIIBIO YTOJbHBIX
PEIUTUK OT €CTECTBEHHBIX U3JIOMOB. DBOJIIOLUIO MUKPOCTPYKTYPBI B 00pa3iax mo
Mepe MOBBIIIEHUS TeMmepaTypbl cnekanud B uHrepBaie 1750-2100 K wummroct-
pupytot puc. 1-4.

Jlanee Ha OCHOBE [AHHBIX 3JEKTPOHHO-MUKPOCKOIMYECKUX HCCIEeI0BaHUI
OTUIIEM, KaK MPOXOJUT PAa3BUTHE MUKPOCTPYKTYPHl MOHO(A3HBIX MOJUKPUCTAII-
JIOB U KOMIIO3UTOB C POCTOM TEMIIEPATYPHI CIIEKAHUSI.

Monogasuvie obpaszyst Ha ochose cBN. B oOpa3iax, monydeHHbIX npu 1 =
= 1750 K, (puc. 1) cogepxarcs 3epHa IByX auamna3zoHoB pazMmepoB: 0.5-0.8 u

a 9]

Puc. 1. DneKTpoHHO-MHUKpPOCKOIHNYECKOE
n300paXeHNEe TUIMYHOIO Y4acTKa 3€peH-
HOU CTPYKTYyphl MOHO(]A3HOTO MaTepuaia,
nomyuenHoro mpu 1750 K: a — cBetno-
HOJIbHOE, 6 — TEMHOIIOJIBHOE; 8 — MHUKPO-
3JIEKTPOHOTpaMMa
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Puc. 2. DieKTpOHHO-MHUKPOCKOITUYECKOE M300paKCHUE THUIMYHBIX YYacTKOB 3€PCHHOM
CTPYKTYpBI MOHO(a3HOTO MaTepuana, moiaydennoro npu 2100 (a) u 2300 K (6)

0.1-0.2 pm. Pacnpenenenue KpynHbIX U MEJIKUX 3€pEH OJHOPOIHO MO 00beMy 00-
pas3loB, B IPUIOBEPXHOCTHBIX 30HaX KPYMHBIX 3€pEH BBISABIAIOTCS TPYIIbI JUCIO-
KallUd ¥ MHOKECTBEHHBIC IIapaJuleibHbIe NBOMHUKU. B MpOCIOMKax MEIKHUX 3e-
PEH, a TaKkkKe B MOBEPXHOCTAX MX COMPSHKEHUS ¢ KPYNHBIMU 3€pHAMH UMEIOTCS T10-
pbl. I'paHUIIBI CONPSHKEHUS] MKy 3€pHAMH SIBIISIOTCS NMPAKTUYECKU HAIlEIo MeXa-
HUYECKUMHU, T.€. 00pazyIonMMUCs B pe3yibTare GOpMUPOBaHUS KOHTAKTa 32 CUET
COMMKEHUST HE3aBUCHMBIX MCXOIHBIX YacTHUI] MMOJ JACHCTBHEM BHEIIHEH HarpysKH.
O06pa3ipl MoHOGDA3HBI, TPAPUTONIOTO0HBIN HUTPU OOpa B HUX HE OOHAPYKEH.

B ob6pasnax, nonyuennsix npu 2100 K, (puc. 2,a) comepxkarcs 3epHa pas-
Mepamu 0.3—0.7 um u 50—70 nm, GpakTHUYECKH UMEET MECTO TUCIIEPTUPOBAHUE
3epeH pazmepamu < 0.3 pm. Kak Obuto OTMEUYEHO, TaKWe 3€pHa CHIBHO ¢par-
MEHTHPOBAHHBIE YK€ B MUCXOJAHOM COCTOSIHUHU, M B MPOLECCE CIEKaHUs B HUX
OPOXOIUT TMEpBUYHAS peKpucTamu3auus. PopMupoBaHWE HAHOAMCIEPCHBIX
3epeH YKa3blBaeT Ha TO, YTO LEHTPAMH PEKPUCTAJUIU3AIMNH SBISIIOTCS pPa3opu-
EHTUPOBaHHBIC ()parMeHTHl. PacrpesneneHne 3epeH pa3IMYHBIX MacmTaboB B
oOpa3nax ogHOPOAHO. B KpymHBIX 3€pHAX BBIABISIOTCS IJIOTHBIE CTyIIEHUS
nucnokanuii. st o6pa3oB xapakTepHbl MEX3€pEHHBIC IPAHUIIBI TPEX BUIOB:
MEXJy MEJIKUMHU 3€pHaMH, MEXKIY MEJIKUMH W KPYHHBIMH, a TaKkKe MEXIy
KPYIHBIMU 3epHaMU. TOJIBKO TPaHUIIBI TIEPBOTO BUJA SBISIOTCS TOHKUMU, XO-
pouio copMUPOBAHHBIMY, IPAHULIBI ABYX MOCJIEIHUX BUJIOB CHIHHO Ae(eKT-
Hble. Hann4une TOHKUX TpaHUIl COMPSIKEHUS MEXKIYy MEIKUMH 3€pHAMU yKa3bl-
BAET Ha pa3BUTHE COOMPATENILHON PEeKPUCTAIIU3ALUN B CUCTEME TaKUX 3€pEH.
MukpoauppakIIMOHHBIMU HCCIIEJOBAaHUSIMU YCTAHOBJIEHO, YTO B oOpasmax
TOJILKO B OTJEJbHBIX H30JUPOBAHHBIX MUKPOOOBEMax BbISABISETCS Tpaduto-
no00HBIN HUTpHUIA Oopa.

Jlst o6pasmoB, nmomyueHHbsix npu 2300 K, (puc. 2,0) XxapakTepHa cuibHas He-
OJTHOPOJHOCTh 3€PEHHOI CTPYKTYpHI MO 00beMy. B HHX JIOKaJbHO comepikaTcs
obyacTv, TUIMYHBIC 711 00pa3ioB, nmoidydeHHbIX Tpu 2100 K, a Taxxe kpymHo-
3epHHCTBIe 00nacTu. Pa3mepsl 3epeH B 00JacTAX MOCIEAHErO THMA JOCTHUTAIOT
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1.2-2.0 pm u Gosble, MpU 3TOM TaKUE KPYMHbIE 3€pHA HAXOMAATCS B OTOPOUKE
menkux (0.3—0.5 um), ¥ MEeXIy HUMH UMEIOTCS TOHKHE TPaHHUIBI. 3epHAa 000MX
MacIITa0OB B TaKUX OOJACTSIX SIBJISIOTCS COBEPIICHHBIMH, JIMIIL B HEKOTOPHIX
3epHaxX HaAOJIONAIOTCS TPYMIMbl AUCIOKAaMi. Mexay 3TUMU 00JacTIMH MHUKPO-
CTPYKTYPBbI, OTIMYAIONIUMUCS pa3MepaMu B CYOCTPYKTYpPOU 3€peH, BBISIBIISIOTCS
HECIUIOIIHOCTH, B KOTOPBIX COAEPKUTCS TpaduTonoao0HbIi HUTpua 6opa. Briss-
JICHHbIE OCOOEHHOCTH 3€PEHHOM CTPYKTYpBl 00pa3LoB U CTPYKTYPHOTO COCTOS-
HUS TPAHUI] MEXIYy HUMHU YKa3bIBalOT, 4To npu cnekanuu npu 2300 K pazsurtue
coOMpaTeNnbHON PEKPUCTAIUIN3AIMK MTPOXOAUT BO BCEM 00bEeMe, a HEe TOJIBKO B
CUCTEME HAHOIMCIIEPCHBIX 3€pEeH, KaK 3TO XapaKTEepHO sl oOpas3IoB, MOTy4YeH-
HeIX ipu 7= 2100 K.

Obpasyvl Ha ocHose ucxoonoco cocmasa (cBN + Al). B mukpocTpykType
obpasmos, nonyueHHslx npu 7 = 1750 K, (puc. 3) mmerorcs 3epHa ¢cBN aByx
nuarma3zoHoB pazMepoB (0.3—0.8 u 0.1-0.2 um), a Takke 3epHa HUTPHUIA ATIOMH-
Hus pazmepamu 15-30 nm. O Hanuyuu 6opuaa alfOMUHUSA B 00paslax cliearh
3aKJII0YEHHUE HEeJb3sl, MOCKOJIbKY Ha MHKPO3JEKTpOHOrpaMMax Hauboliee CHIIb-
HbIC OTpaXeHHUs OOpHIa aTIOMHUHHS BEeCbMa ONM3KH K CHUJIIBHBIM OTPAXKCHUSIM
Hutpuga amomuHus 1 cBN. Pacnipenenenue HuTpuaa alrOMUHUS CPEAU 3€pPEH
SBJISIETCS OAHOPOIHBIM: Ha TEMHOMOJBHBIX M300paxeHusx B pediekce 10041n
BUJTHO, YTO HaHOJUCTIEpCHBIC 3epHa AIN pacrpeneneHbl B IPOCIOMKAX MEIKUX
3epeH ¢cBN, Haxomsmmxcst Mex Iy 0oJiee KpynHbIMU (puc. 3). DTo 00yClI0BIMBa-
eT TOT (aKT, 4YTO B 0Opasie (HaKTHUECKU UMEIOTCS TOJBKO MEX(a3HbIe TPAHULIBI
cBN—-AIN u rpanunel Mexay HaHozepHamu AIN, KOHTaKThI MEXIy 3epHaAMU
¢BN mpakTudecku MOJHOCTBIO OTCYTCTBYIOT. B 3epHax HuTpuaa Oopa Haliro-
JAIOTCS JIMIIH PEKUE TPYNIbl quciokanuii. ['padurononoO6HbIii HUTpHUA 60pa B
oOpasmax He 0OHapyKeH.

O6pa3iel, momydeHHsie pu 7' = 2100 K, (puc. 4) ©IMEIOT TUIT MUKPOCTPYKTY-
PBI, XapaKTepHbIH U1t 00pa31oB, noiaydeHHslx npu 7 = 1750 K: 3epna nutpuaa
O0opa HaxoAATCsl B 000JI0UKe OoJsiee AUCTIEPCHBIX 3€PEH CBSI3KH HA OCHOBE HUTPH-
na amoMuHuA. J[Mama3oH pa3MepoB 3epeH HUTpHUAa Oopa MPaKTUYECKH HE H3Me-
HseTcs. B Hanbosiee KpymHBIX 3€pHaX BBISBIAIOTCS CKOTUICHHS quciokaruid. O0-
pasisl OecriopucThie. B HUX copepikaTcsl CIUIONIHBIE XOPOIIO C(OPMHUPOBAHHBIE
rpanuIpl: Kak Mexdasasie cBN-AIN, tak u Mex3epennsie AIN—AIN. Pazmepst
3epeH HuTpuaa amroMuHus (100—-150 nm) yBenudeHbI IO CPaBHEHUIO C UX pa3Me-
pamu B oOpasnax, nmomydeHHbsIX ipu 7' = 1750 K. HekoTopoe ykpynHeHHe 3epeH
00yCIIOBICHO Pa3BUTHUEM HAYaIbHOW CTAINH COOMPATETHHON PEKPHUCTATLIM3AINH
B CHUCTEME 3€peH HHUTPHAA ATIOMUHUS, YTO MOJATBEP)KIACTCS HAIUYHEM MEXKITY
3epHaMM XOpOILIO CPOPMHUPOBAHHBIX TOHKMUX Tpanul (puc. 4,0). Ilpu anamuze
MHUKPO3JIEKTPOHOTPAaMM OT Y4YacTKOB OOpa3lloB, COAEpXKAIlUX 3€pHa HUTPUAOB
0opa u aTIOMUHWSI, XOPOIIO BBISBISIFOTCS pe(IIeKChI, COMYTCTBYIONIUE €ANHUIHBIM
pednexcam 111 Hutpuna 6opa. PacueT moka3bsIBaeT, 4TO OHM COOTBETCTBYIOT MEXK-
TIOCKOCTHOMY pacctosiHuio 0.204 nm, 94To GJIM3KO COOTBETCTBYIOIIEMY PacCTOSI-
HUIO0 HanboJee CUIbHOTO oTpakeHus audopuna amomuaus 101 (d = 0.2037 nm).
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(4

Puc. 3. DneKkTpoHHO-MUKPOCKOIIMYECKOE HM300pakeHHE THUIMYHOTO y4yacTKa 3epeHHON
CTPYKTYpPbI KOMITIO3HTA, TIOJY4YEHHOTO peakuuoHHbIM criekanueMm (cBN + 10% Al) npu
T=1750 K (I) u T = 2100 K (II): a — cBeTJIONMOJIbHOE, 6 — TEMHOTIOJIBHOE, 8 — MUKPO-
anektpoHorpamma B pedaekcax: I — 1004 (1) u 111N (2); 1 - 1004

st 06pasios, nonyueHHsix npu 7 = 2300 K, xapakTepHO 3HAUUTEIBHOE YK-
pynaenue (1o 0.3—1 pum) 3epeH HUTpHUAA ATIOMUHHUA. MeEXIy TaKUMH 3epHAMHU
UMEIOTCS TOHKHE I'PAaHHULbI, a B 3€pHaX — IPYIIbl AUcIoKanuil. Pazmeps! 3epeH
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HUTpHIa 60pa HE U3MEHSIOTCS, B HUX UMEIOTCS CKOIUIEHUS IUCIIOKAIUM, KOTOpbIE
noo0HbI HabMoaeMbIM B 00Opasuax, noixydeHusix npu 7' = 2100 K. B npurno-
BEPXHOCTHBIX 30HaX 3epeH ¢BN npoxonut cunpHas ¢pparmenrtanus. OOpasibl SB-
JSIFOTCS TIOPUCTBIMU, TIPUYEM MOPBI COIEPIKATCS B CTHIKAX 3€PEH, 0 MeX(pa3HbIM
(cBN—AIN) u mex3eperabiM (AIN—-AIN) rpanunam. O6pazoBanue mop B o0pas-
[[ax C POCTOM TEMIIEPAaTyphbl UX CHEKAaHHsI MOXXET ObITh OOBSCHEHO pPa3BUTHUEM
IIPOLIECCOB TOJI3YyYECTH MpH crieKaHuu. lloaTBepKaeHNEM SBISAIOTCS TaKHE OCO-
OCHHOCTH 3€pPEHHOW MHUKPOCTPYKTYPHI 00pa3loB, KaK HAJUYWE TOHKHX MEX3e-
peHsbIX (AIN—AIN) rpaHuIl ¢ TIOSBICHUEM OCTPOYTOJIBHBIX TOP B CTHIKaX 3€peH
u (opmupoBanue HecromHOocTed B MexdasHbX (AIN-cBN) rpanumax. Ilpu
9TOM B IIPUIIOBEPXHOCTHBIX 30HaX 3epeH cBN, kak ObUIO y’ke OTMEUEHO, MPOXO-
IuT cuiabHas nedopmarus u gparmentanus. [logoOHBIE CTPYKTypHBIE MpEeBpa-
IIEHUS] OOBIYHO UMEIOT MECTO IPH Ae(POopMalK B yCIOBUSX MOI3YUECTH.

Pe3ynbTaThl CTPYKTYPHBIX MCCIIEJOBAHUI MO3BOJISIIOT 3aKIIOYUTh, YTO MeEXa-
HU3MBbI CTPYKTYPHBIX MPEBPALICHUN NPU CIIEKaHUU MOHO(}A3HOro c(harepuTHOTO
HUTpUJa 60opa ¥ KoMno3uta (HUTpu O6opa + CBsA3Ka HA OCHOBE HUTpHJA aJIo-
MUHUS) CyIIECTBEHHO pa3jinuHbl. B mepBoM marepuasne HadalbHasl CTaaus MpHU
T = 1750 K npoxoJuT B yCIOBHUSX ITOJIABICHUS TOATOMHBIX AU} (Py3nOHHBIX Tpo-
IIECCOB B HUTpHUAE 00pa U MOITOMY KOHTPOJIHUPYETCS TOIBKO CTPYKTYPHBIMH TIpe-
BpAIllEHUSIMU B CHCTEME YacCTHI] Pa3JIMYHBIX Pa3MEPOB U PA3IUYHOIO CTPYKTYp-
Horo coctosinus. [lockonbky yactuibl Menkoit (< 0.5 pm) cocraBisioueil yxe B
HCXOJTHOM COCTOSIHUH SIBIISIIOTCSI CHJIBHO (DparMEHTHPOBAHHBIMH, Ha WX OCHOBE
MIPOXOJNUT PEKpUCTAIUTM3aNUS (IEPBUYHAS U MOCIEAYIONIasi coOupaTesbHas) Ipu
temriepatype cnekanus 2100 K. 9To cnocoOCTByeT TOMyY, 9TO B CHCTEME METKUX
3epeH (OPMUPYIOTCS CIUIOIIHBIE TPAHUIBI MEX3EPEHHOro Tumna. B Mectax KoH-
TaKTa MEJIKMX U KPYMHBIX 3€pEH JIOKAIbHO BO3HUKAIOT TOJBKO TAKHE TPAHMULIBL.
ITpu cnexanuu Boime 2100 K pa3Butue CTpyKTYpHBIX MpPEBpallleHUH KOHTpPOJIU-
pyeTcst HOaTOMHBIMU JU(PPY3MOHHBIMH IPOLIECCAaMH — UMEET MECTO coOUpaTeb-
Hasl peKpHCTALTU3AIMs HUTpHIA OOpa, 4TO CIIOCOOCTBYET YKPYIHEHHIO 3€pPEH.
[Tpuuem 3TOT mpouecc MPOXOJUT CHIIBHO HEOJHOPOIAHO 10 00beMy 00pasIioB.

B npucyTcTBuM antoMuHMs HadaiabHas ctaaus cnekanus mnpu 1750 K onpene-
JISIETCSL €r0 XUMHUYECKUM B3aumojeiictBueM ¢ cBN u oOpa3zoBanunem CBs3yromIiei
¢a3pl, B KOTOPOH HAJIKHO HIECHTHU(PULUPYETCSI METOJIOM 3JIEKTPOHHOM MUKPOIU-
¢dpakym TOIRKO HHUTpUA amroMuHus. Cssyromas ¢asza oOpazyercss B HaHOIHMC-
IIEPCHOM COCTOSTHUM M PaBHOMEPHO paclpeesieTcsl 10 IpaHuLaM 3epeH HUTpHUa
60opa. IT0 crIOCOOCTBYET TOMY, UTO JajbHENINEE CIIEKaHHe MaTepHrasa POXOAUT B
OTCYTCTBHE KOHTAKTOB MEXJIY 3€pHaMM HUTpHJA Oopa (MMEIOTCSI KOHTAKThl MEX-
dasupie cBN-AIN u wmexsepennbie AIN—AIN) u ompenensercss mpuCyTCTBUEM
cBszku. [Ipum 2100 K matepman craHOBUTCS OECIOPUCTBIM, B HEM MPOUCXOIUT
(dopmupoBaHue MeX(}a3HbIX U MEX3EPEHHBIX IPAHULL, IPH 3TOM UMEET MECTO CO-
OuparenbHas PEKPUCTAIUIM3ALUS HUTpHUIA amtoMuHUA. [Ipu Oosee BHICOKHX TeM-
nepaTypax B KOMIIO3MTE OCYIIECTBISETCA IUIacTHUecKass nedopmanus IyTeM
NOJI3Y4ECTH, YTO CIIOCOOCTBYET pa3yIuIOTHEHHIO MaTepraia. HecrutomHoctu o0pa-
3YIOTCS KaK B CBsI3YIOMIeH (pase (B CThIKax 3e€peH), TaK M B MEX(a3HBIX TPaHHUIIAX.
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Tab6muma 2

Xapakrepuctuku PCBN B 3aBHCHMOCTH OT COCTABA IIMXTHI
U JUCIIEPCHOCTH NOpPoKoB cBN

XapakTepucTUKU B manHoOi#1 pabote Kubo- | Kubo-
P p 8 P put-1 | pur-2

Cpennuii pasmep dacturl cBN B mnx- 06 06 06 5 30
Te, Um
Conepmjmne HaHodpakuu cBN B 15 - 15 - 15 0 0
muxre, %
Conepxxanue Al B muxre, % 0 2 10 2 10
IToTHOCTE crieueHHBIX 00pa3ioB p/py | 0.95 0.96 0.96 0.99 0.99
Teepnocts (HKN10), GPa 28+1 - 312 34 29
Tsepnocts (HVS), GPa - 262 |28+1.5 — -
TpemmuHOCTOMKOCTD, MPam' — 10.5£0.6|7.5+0.5| 8.4 10.5
HasnaueHnue MaTepuana 1y onepanuu 3 R Honyq)nﬂmmjon
METaJII000pabOTKH Y YepHOBOM

B Tabn. 2 nmpuBeneHsl JaHHBIE O MUKPOMEXAHHYECKHMX CBOMCTBAaX BBICOKO-
IUIOTHBIX 00pa3uoB (nmonmyueHHbIx mpu 7' = 2100 K) Ha ocHOBe moporikoB cBN
(comepxkamux ~ 15% ¢pakunii HaHOAMANa30Ha) MOHO(DA3HBIX U MPH COJICPKAHIH
B ucxoaHou muxrte 2 u 10% amtomunus. J{ns cpaBHEHUs NPUBEICHBI TAK)KE CBOM-
CTBa aHAJIOTUYHBIX MATEPHAIIOB, ITOyYAEMBIX M3 MHUKPOIIOPOIIKOB, — KHOOpHUTa-1
u kubopurta-2. Bunno, yto MoHo(da3Hble momukpuctauibl ¢cBN umeror OGonee
HU3KHE 3HAUEHUS! TBEPJOCTU U IUIOTHOCTH IO CPABHEHUIO C MOJUKPUCTAIUIAMU
KOMIO3UIIMOHHOTO cocTaBa. [lommkpucramnsl u3 nopomka ¢BN, comepxariero
15% wnanodpakmwmii, ¢ qobaBkamu 2 wiu 10% Al uMeroT 3HaYEHUS TBEPIOCTH H

8

Pressure, GPa
N
1

0 /;:;:i-:-:;:-f _
1300 1750 2100 2300
Temperature, K

Puc. 4. p, T-o6nacti 3aKIIOYUTETHFHON CTa-
Iiu peakiuorHoro crekanus ¢cBN ¢ Al Ha
¢dazoBoii guarpamme HuTpuga Oopa: [ —
kuboput-1, 2 — kuboput-2, 3 — HOBBIH Ma-
Tepuall ¢ UCIMOJb30BaHUEM mnopoiika cBN,
coJieprKaliero ppakiuy HaHOAUATIa30Ha

TPEIUIMHOCTOMKOCTH, OJHM3KHEe K 3Ha-
YEHUSIM ITHX XapaKTEPUCTHK IS IO-
JUKPUCTAJUIOB U3 MHUKPOIIOPOIIKOB.
Tot ¢axT, yTo B MaTepHuaie Ha OCHOBE
¢BN, conepxamero 15% nHaHodpak-
11, HE YJaJIOCh JOCTUYb MOBBIILICHUS
MEXaHUYECKUX  XapaKTEepPUCTUK 32
CYET YBEJIWYEHUS] MPOTIKEHHOCTU
MexX(pa3HbIX TPaHUI[ B €ro MHUKpPO-
CTPYKTYpEe, MOXET OBbITh OOBSCHEH
0oJee HM3KOHM TUIOTHOCTHIO MaTepHa-
Ja, a TaKkKe, CKOpee BCEro, HEOJHO-
POJTHOCTBIO MUKPOCTPYKTYPBI IO 00B-
eMy wuccieayembix o0pasioB. Ilo-
clelHee OMpeeNsIeTcs HaluYhueM Ha-
HOJMCIEPCHON COCTAaBIAIOIIEH B HC-
XOJTHOM MOPOIIKE, YTO 00YyCIIOBIHBA-
€T HAJIMYKME HAHOJUCIEPCHON MOpHUC-
TOCTH B HUCXOJHOW TPECCOBKE H BHI-
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3BaHHOE JTUM HETOMOTCHHOE paclpeielieHue amioMuHuS. B To ke Bpems mo-
CKOJIbKY TaKOW MaTepuall B OTJIWYHE OT Kubopurta-1 m kmboputa-2 mMeer cyo-
MUKPOKPHUCTATUIMYECKYIO 36PEHHYIO CTPYKTYPY, OH MOXET OBITh MEePCTIEKTUBHBIM
JU1s1 GUHUITHBIX OTIEPAIMA METAIITI000PabOTKH.

[To pe3ynbraTaM H3y4eHUS] MHUKPOCTPYKTYpPHI U CBOWMCTB MOJYYEHHBIX U HC-
CJIeIOBaHHBIX B MaHHOW pabore PCBN MOXXHO NMpemioxKuTh onTUMaNIbHBIE p, 1-
00J1acTH MapaMeTpoB UX crieKaHus (puc. 4).

BriBOaBI

1. KoMmmekcHOe U3ydeHue MPOLECCOB CIEKAHUS IIPU BBICOKUX JABJICHUAX U
temneparypax PCBN c pazmepamu vactun < 1 um, cogepxatiero ~ 15% Hanod-
paKImii, ucciaeioBaHue CTPYKTYpOOOpa30BaHUsA, a TAK)KE OLIEHKAa HEKOTOPBIX Me-
XaHUYECKUX CBOWCTB MOHO(A3HBIX MOJUKpUCTAIIIOB ¢BN M KOMITO3UTOB, TOJTY-
YEHHBIX PEAKLMOHHBIM CIIEKaHUEM C AIIOMHUHHEM, ITO3BOJIUJIO YCTAHOBUTH OITH-
MaJbHYI0 00J7acTh p, T-mapaMeTpoB criekaHus U mony4uuTh HOBbI PCBN, xapak-
TEPUBYIOMIMKCS CyOMUKPOHHON 3epEeHHON CTPYKTYpOH M TOMOT€HHBIM pacmpese-
neHueM (a30oBbIX COCTABIAIONINX. MeXaHNUeCKHe CBOMCTBAa KOMIIO3UTA OJIM3KU K
TaKOBBIM JIJIsl U3BECTHBIX MaTepuaioB Kuboput-1 u xkuboput-2. OH MOXKeT OBITh
PEKOMEH/IOBaH ISl WM3TOTOBJIEHHUS WHCTPYMEHTA, MpeJHa3HAYeHHOTo s (u-
HUILIHBIX OTepalfii MEeTauI000paboTKH.

2. OcoOGEHHOCTBIO CTPYKTYPhl MOHO(DA3HBIX MOJHUKPUCTALIOB ¢BN, mory4en-
HBIX U3 MOPOIIKOB ¢ 15% HaHO(ppaKUMi, IBISIOTCS HEIOCTaTOYHO MPOYHBIE Ipa-
Huibl c BN—cBN. IIpu peakiinOHHOM CIIEKaHWM 3TUX MOPOIIKOB C MPEIBAPUTENb-
HOM IPONUTKOMN alOMMHUEM BMECTO HENPEPBIBHOIO Kapkaca cBN, nmomxydaemoro
IpU CIIEKAaHUH MUKPOIOPOIIKOB, 00pa3yeTcs BBICOKOJUCIEPCHAs CTPYKTypa da-
361 ¢cBN B 06omnouke cBssyromieir kepamuku AIN, mpudeM 3epeHHast CTPyKTypa
AIN Onu3ka k HaHOAMama3zoHy. Pemakcarus TpemmH Ha MEX(a3HBIX TpaHUIAX
c¢BN—-AIN obecrnieunBaeT TpeIMHOCTORKOCTh MaTepHara.

PaboTa BbIMONIHEHA NPH YaCTUYHOM (PMHAHCHPOBAHUH MO KOMIUIEKCHOW TpO-
rpamme (QyHmameHtanbHbIX uccaegoBaHuii HAH VYkpawmnsr wHa 2006 TOA
«HanocTpyKkTypHi cucTeMH, HaHOMAaTepiajal, HAHOTEXHOJOT1(» COIJIAaCHO pacro-
psoxenuto [Ipesuanyma HAH Yxkpaunst ot 03.05.06 Ne 253, mpoekT 118/06-H.
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N.P. Bezhenar, A.A. Shulzhenko, S.A. Bozhko, G.S. Oleynik

SINTERING OF POLYCRYSTALLINE MATERIALS ON THE BASIS
OF CUBIC BORON NITRIDE FROM THE SUBMICRONIC POWDERS
CONTAINING FRACTIONS OF NANOMETER PARTICLE SIZE

The formation of structure and properties of polycrystal at sintering powders of the cubic
boron nitride ¢cBN containing fractions of nanometer particle size, including the reaction
sintering with aluminium has been studied. The experiment was carried out in a high
pressure apparatus at p = 7.7 GPa, T = 2100 K. The density, hardness, crack-growth re-
sistance and structure of the obtained samples were researched. The material obtained by
the reaction sintering with Al of powders ¢cBN, containing 15% of fractions of nanometer
particle size, essentially differs in structure from similar materials from micropowders
(kiborite-1 and kiborite-2). The AIN grain size is close to nanometer range. Such structure
has determined increased crack-growth resistance of the material.

Fig. 1. Electron-microscope image of grain structure typical section for monophase material
obtained at 1750 K: a — light-field, 6 — dark-field; ¢ — microelectron diffraction pattern

Fig. 2. Electron-microscope image of grain structure typical sections for monophase ma-
terial obtained at 2100 (a) and 2300 K (6)

Fig. 3. Electron-microscope image of grain structure typical section for composite ob-
tained by reaction sintering (¢cBN + 10% Al), 7= 1750 K (I) and 7 = 2100 K (II): a —
light-field, 6 — dark-field, ¢ — microelectron diffraction pattern in reflexes: I — 1005n (/)
u 111N (2); 11— 100a1N

Fig. 4. p, T-areas of a closing stage of reaction sintering cBN with Al on the phase dia-
gram of boron nitride: / — kiborite-1, 2 — kiborite-2, 3 — a new material with use of cBN
powder containing nanopowder fractions
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PACS: 78.70.Dm, 78.70.En, 79.60.—i, 82.80.Ej, 8§2.80.Pv

A.l. Bykov, I.I. Timofeeva, A.V. Kovalev, L.P. Isayeva, A.V. Ragulya,
Ya.V. Zaulychny, O.Yu. Khyzhun

X-RAY EMISSION AND PHOTOELECTRON SPECTROSCOPY
STUDIES OF INTERACTION OF NANOCRYSTALLINE TiN AND TiB,
AFTER HIGH-PRESSURE SINTERING

Institute for Problems of Materials Science, National Academy of Sciences of Ukraine
3 Krzhyzhanivsky str., UA-03142 Kyiv, Ukraine

A few samples of nanocrystalline TiN-TiB, ceramics were synthesized by high-pressure
(3.0 GPa) and high-temperature (t = 1300-1500 °C) sintering a mixture of TiN and TiB,
nanopowders (80 wt.% TiN and 20 wt.% TiB;) and the microhardness of the samples was
determined. Peculiarities of the chemical bonding of the TiN-TiB, ceramics possessing
the highest microhardness among the samples under consideration, mainly 29.65 + 0.90
GPa, were studied in the present work using the X-ray emission and photoelectron spec-
troscopy methods. The X-ray emission spectra reflecting the energy distribution of the
valence electronic states of the constituents (the N Ko (N 2p-like states), B Ka (B 2p-like
states), Ti Lo (valence Ti s,d-like states) and Ti Kfs (Ti 4p-like states) bands) were meas-
ured for the mentioned ceramics and for the initial mixture of TiN and TiB, nanopowders.
For the above substances the X-ray photoelectron core-level binding energies were
evaluated as well. It has been established that, when synthesizing the nanocrystalline
TiN-TiB; ceramics from the initial mixture of TiN and TiB; nanopowders, the half-widths
of the X-ray emission Ti La and Ti Kfs bands decrease by (0.5-0.6) £0.2 eV.

1. Introduction

Transition metal (TM) borides and nitrides of group IVB of the Periodic Table
possess a unique combination of properties such as high melting point, hardness,
low electrical resistivity, high thermal conductivity, and chemical stability [1-4].
Therefore, the above compounds are of great interest both in science and in tech-
nology. The chemical bonding in TM borides and nitrides of group IVB of the Pe-
riodic Table is a superposition of the covalent, metallic and ionic components
[2,3]. As a result, the interpretation of the electronic structure of the compounds is
rather difficult [3,4].

Many of physical and chemical properties of the compounds can be predicted
and understood by considering their electronic structure. Due to the results of
band-structure calculations of TiN [3,5-12] and TiB; [13—17] and of experimental
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studies (using either X-ray emission, absorption or photoelectron spectroscopy
methods) of these compounds [2,12,18-20], the occupied part of the valence band
of titanium nitride and titanium diboride is determined mainly by the energy dis-
tribution of the Ti 3d-, Ti 4p- and N(B) 2p-like states. Additionally, for the above
compounds, charge transfer in the direction from titanium atoms to nitrogen (bo-
ron) atoms and a strong Ti 3d—N(B) 2p-hybridization are characteristic. The main
difference in the chemical bonding of the compounds is the existence of direct B—
B bonds in titanium diboride, while direct N-N bonds are absent in titanium
mononitride [1-4].

The purpose of this work is to investigate the character of chemical bonding in
a material obtained due to interaction of titanium mononitride with titanium di-
boride at high pressure—high temperature conditions. It is well known that TiN
crystallizes in a cubic structure of NaCl-type with lattice parameter a = 0.4244 nm,
however TiB, in a hexagonal structure of AlB,-type with lattice parameters a =
=0.3028 nm and ¢ = 0.3228 nm [4,21]. For investigation of peculiarities of the
chemical bonding of a material obtained as a result of high pressure—high tem-
perature treatments of a mixture of TiN and TiB, nanopowders, we have em-
ployed the X-ray emission spectroscopy and X-ray photoelectron spectroscopy
(XPS) methods.

2. Experimental

A mixture of ultra-fine plasmochemical powders (synthesized and certificated

by «Plasma & Ceramic Technologies» Ltd, Latvia) was chosen in the ratio 80
wt.% TiN and 20 wt.% TiB, as a precursor for obtaining a series of nanocrystal-
line TiN-TiB, ceramics. The powder sizes were found to be in the range 20 to 40
nm [22]. The synthesis of the ceramics was carried out in two stages. On the first
stage, the mentioned mixture of ultra-fine TiN and TiB, powders was undergone
to high pressure (about 4 GPa, without
heating) for granulating. On the second
stage, the pressure was decreased to 3 GPa
wu P and the granulated mixture of TiN and TiB,
JL_H.,. J " U was heated to 1300-1500°C for 1-5 min

in order to obtain TiN-TiB, ceramics.
Sintering conditions for obtaining 14

Mb ] samples of TiN-TiB, ceramics are sum-
. : marized in Table 1. As one can see from

20 40 60 80 100  data listed in Table 1, the microhardness

260, deg of the TiN-TiB, ceramics obtained due

Fig. 1. Data of X-ray diffraction analysis 1O the above-mentioned high pressure-
of the pristine mixture of ultra-fine TiN  high temperature treatments is within
and TiB, powders (/) and of the TK-4 17.48-29.65 GPa. It is well known that

ceramics obtained due to sintering the pow-  the hardness of solids is determined by
ders at 3.0 GPa and 1500°C for 3 min (2) peculiarities their chemical bonding.

Intensity, arb. units
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Therefore, for our experimental study of chemical interaction of atoms in the
TiN-TiB; ceramics, we have chosen the one possessing the highest microhardness
among those obtained in the present high pressure—high temperature sintering,
mainly the TK-4 ceramics (see Table 1). Due to the X-ray diffraction analysis car-
ried out with a DRON-3 diffractometer using Cu Ka radiation (Fig. 1), the TK-4
ceramics consists of two phases, mainly titanium mononitride, TiN, with a lattice con-
stant a = 0.4245 nm and titanium diboride, TiB,, with lattice constants ¢ = 0.3025 nm
and ¢ = 0.3230 nm. The above unit-cell parameters of the TK-4 ceramics differ
slightly from those of the initial powder mixture: TiN (¢ = 0.4242 nm) and TiB,
(a = 0.3029 nm and ¢ = 0.3236 nm). Microscopy studies of the TK-4 ceramics
have revealed that its grain sizes are within 90 to 120 nm [23].

Table 1
Sintering conditions and microhardness of nanocrystalline ceramics obtained due to
high pressure—high temperature treatments of the ultra-fine TiN-TiB, powders

Specimen Sintering conditions : — Microhardness, GPa
pressure, GPa | temperature, °C | duration, min
TK-1 3 1300 1 23.47+£1.00
TK-2 3 1400 3 24.93 £1.80
TK-3 3 1300 3 22.99 +1.20
TK-4 3 1500 3 29.65 £ 0.90
TK-5 3 1600 3 25.87+1.40
TK-6 3 1300 3 25.30+£1.90
TK-7 3 1400 3 26.71 £ 0.50
TK-8 3 1500 3 27.98 £1.70
TK-9 3 1600 3 23.43+£0.80
TK-10 3 1300 1 25.40+£0.70
TK-11 3 1300 5 21.08 £ 1.00
TK-12 3 1300 5 20.89£0.70
TK-13 3 1600 5 22.42+£1.30
TK-14 3 1600 5 17.48 £ 0.70

The ultrasoft X-ray emission N Ko and B Ko (K — Ly transition) and Ti Lo
(L = My transition) bands reflecting the energy distribution of the N 2p-, B
2p- and valence Ti s,d-like states, respectively, in the studied mixture of the ultra-
fine TiN and TiB, powders and in the nanosrystalline TK-4 ceramics derived by
high-temperature and high-pressure treatments of the powder mixture were ob-
tained using two RSM-500 spectrometers. The N Ko and Ti Lo emission bands
were derived using the RSM-500 spectrometer with a diffraction grating of 600
lines/mm and a radius of curvature R = 6 m. In the RSM-500 spectrometer used in
the present work for studies of the B Ko band, the dispersion element was a dif-
fraction grating with 600 lines/mm and a radius of curvature R ~ 2 m. In the both
spectrometers, the detectors were secondary electron multipliers VEU-6 with Csl
photocathodes. Operating conditions of X-ray tubes in the present experiments
were the following: accelerating voltage U, = 4 kV and anode current 7, = 10 mA
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when studying the B Ko bands and U, = 5 kV and I, = 11 mA when measuring
the N Ko and Ti La. bands.

The fluorescent X-ray emission Ti KPs bands (K — My v transition), reflect-
ing the energy distribution of the valence Ti p-like states, in the ultra-fine TiN—
TiB; powder mixture and in the TK-4 ceramics were derived using a DRS-2 spec-
trograph equipped with an X-ray BKhV-7 tube (chromium anode). The Ti KPs
bands were measured due to reflection from the (0001) plane of a quartz crystal
prepared according to Johann (see Ref. [20] for details). Operating conditions of
the BKhV-7 tube in the experiments were U, = 35 kV and 7, = 70 mA.

The spectrometer/spectrograph energy resolutions were 0.2 eV in the case of
measuring the B Ka band, about 0.3 eV in the energy regions corresponding to the
positions of the N Ko and Ti Lo bands, and better than 0.4 eV in the case of
measuring the Ti KBs bands.

Measurements of the XPS core-level spectra were carried out in an ion-
pumped chamber of an ES-2401 spectrometer having a base pressure less than
5-10"® Pa. In the mentioned spectrometer, the Mg Ko radiation (E = 1253.6 eV)
was used as a source of spectra excitation. The binding energy (BE) of 84.00 +
0.05 eV of the XPS Au 417/, core-level spectrum was used as a reference.

3. Results and discussion

In titanium diboride, TiB,, with the structure of AIB,-type, boron atoms can be
viewed as those inserted into interstitials of the hexagonal lattice formed by tita-
nium atoms [4]. Therefore, similar to TiN, a typical representative of the class of
interstitial phases, titanium diboride can be also considered as a representative of
such phases. Additionally, the similarity exists in chemical interaction of titanium
atoms with boron and nitrogen atoms in TiB, and TiN, respectively. As Sere-
bryakova and co-workers stress [4], when synthesizing titanium borides the
charge transfer occurs from titanium atoms to boron atoms and the B sp*- and B
sp’-like hybridization with the valence Ti s,d-like states takes place. The similar
effect is characteristic of titanium nitrides, however the N sp’- and N s*p°-like hy-
bridization with the metallic valence s,d-like states is characteristic of this com-
pound. Certainly, when sintering titanium diboride and titanium nitride one could
expect the formation of a TiB,—TiN solid solution. Nevertheless, it is well known
that interaction of TiB; and TiN phases is rather difficult [4,24]. Due to studies of
interaction of titanium diboride and titanium nitride made by Huang and Chen
[25], the formation of a TiN layer on a TiB, surface was observed at 1400°C,
however after 11 hour exposing at the mentioned temperature, in addition to TiN,
boron nitride was also synthesized. Nevertheless, changes of lattice parameters of
TiB, during its nitriding were not studied in Ref. [25]. It is believed that, in nano-
crystalline states of TiB; and TiN phases their interaction will increase because of
increasing defection and the surface energy of the phases in such a state [22]. Ad-
ditionally, high pressure and temperature that increase lattice energy should assist
this interaction. Such treatment was employed in the present work as it has been
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a b Ti Lot mentioned in the Experimental section.
8 The presence of the interaction should be
5 2 Ti LB visible upon changes of shapes of the X-
—g ! ray emission bands reflecting the energy
= ] a distribution of the wvalence electronic
2 states of the ceramic constituents and
é’ pristine mixture of the ultra-fine TiB,
— 3 and TiN powders.
Fig. 2 shows results of measurements

435 440 445 450 455 460 465 470 of the Ti Lo emission bands in the two
Photon energy, eV specimens under study, initial mixture of
Fig. 2. X-Ray emission Ti Lo bands of TiB; and TiN powders and obtained from
the pristine mixture of ultra-fine TiN and  the mixture at high pressure-high tem-
TiB, powders (/) and of the TK-4 ce- perature conditions the nanocrystalline
ramics obtained due to sintering the TK-4 ceramics. The band of pure metallic
powders at 3.0 GPa and 1500°C for 3 ianium, for comparison, is also pre-
min (2.); f,or gomp'arison’ the band of pure oo q there. From Fig. 2 it is apparent
metallic titanium is also presented (3) that the two-peak structure (features «a»
and «b») is characteristic of the Ti La
bands of the pristine mixture of ultra-fine TiN and TiB, powders and of TK-4 ce-
ramics, while only one feature «a» is typical of the band of pure metallic titanium
(there are, certainly, a few additional features slightly resolved on the bands of the
ceramics and the initial mixture of ultra-fine TiN and TiB, powders). Due to the
results of experimental studies for the electronic structure of TiN and TiB, com-
pounds summarized in monographs [2,4], the high-energy subband «b» of the Ti Lo
band is created by the Ti 3d-like states taking part in forming the metallic compo-
nent of the chemical bonding of the above compounds, while the low-energy feature
«a» of the band in titanium diboride and titanium mononitride is created by the Ti
3d-like states taking part in the formation of the covalent dri—pp) bonds due to the
Ti 3d—B(N) 2p-like hybridization. The relative intensities of the «a» and «b» sub-
bands of the Ti Lo emission band do not change significantly when sintering the
pristine mixture of TiN and TiB, powders at high pressure—high temperature condi-
tions and obtaining the TK-4 ceramics. However, the subband «b» of the Ti La
band in the pristine mixture of TiN and TiB, powders is positioned by about 0.5 eV
towards higher photon energies as compared with that in the TK-4 ceramics. It is
obvious that the Ti Lo band of the pristine powder mixture is the superposition of
the bands of constituent substances, mainly ultra-fine TiN and TiB, compounds. On
the contrary, the Ti La band of the TK-4 ceramics is the spectrum representing the
energy distribution mainly of the valence Ti s,d-like states in the solid. Therefore, as
data listed in Table 2 reveal, the half-width of the band decreases by about 0.6 eV
when going from the pristine mixture of ultra-fine TiN and TiB, powders to the
TK-4 ceramics obtained due to high pressure—high temperature sintering the pow-
der mixture.
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Table 2

Half-widths (in eV) of the X-ray emission bands of the pristine mixture
of ultra-fine TiN and TiB, powders and of the TK-4 ceramics obtained
due to sintering the powders at 3.0 GPa and 1500°C for 3 min

Specimen B Ko band | N Ka band” | TiLa band | Ti KBs band™
Pristine mixture of ultra-
fine TiN and TiB, powders 4.5 33 8.7 70
Nanocrystalline TiN-TiB,
(TK-4) ceramics 4.3 3.2 8.1 6.5
Uncertainty +0.2 +0.2 +0.2 +0.2

"The band superimposes the inner X-ray Ti L, line.
“"Without any corrections for tails of the inner X-ray Ti K] P13 line superimposing the band.

The above results for the Ti Lo band look to be in excellent agreement with
those obtained when studying the Ti KPs band for the substances under consid-
eration. Results of investigation of the Ti KBs bands in the pristine mixture of
TiB, and TiN powders, the nanocrystalline TK-4 ceramics obtained from the
mixture at high pressure—high temperature conditions and, for comparison, in pure
metallic titanium are presented in Fig. 3. As Fig. 3 reveals, the main maxima «a»
of the Ti KBs bands in the mixture of TiB, and TiN powders and in the TK-4 ce-

Ti KB,

Intensity, arb. units

4950 4955 4960 4965 4970
Photon energy, eV

Fig. 3. X-Ray emission Ti Kf5; bands of

the pristine mixture of ultra-fine TiN and

TiB, powders (/) and of the TK-4 ce-

ramics obtained due to sintering the

powders at 3.0 GPa and 1500°C for 3

min (2); for comparison, the band of pure
metallic titanium is also presented (3)

ramics are positioned by 3.8 £ 0.2 eV
towards lower photon energies as com-
pared with that of the band of pure me-
tallic titanium. In accordance with the
above results for the Ti Lo band, the
main maximum «a» of the Ti KBs band
in titanium nitrides and borides is cre-
ated by the Ti 4p-like states hybridized
with the N(B) 2p-like states, while the
high-energy feature «b», which is re-
solved on the spectrum of the TK-4 ce-
ramics, is formed by the Ti 4p-like states
taking part in the formation of the me-
tallic Ti—T1 bonds in the TiB, and TiN
compounds [2,4]. It is obvious that the
energy position of the maximum «a» of
the Ti KPs band does not change when
going from the pristine mixture of TiN
and TiB, powders to the TK-4 ceramics.
However, the half-width of the Ti KPs
band is higher by about 0.5 eV in the
initial mixture of ultra-fine TiN and TiB,
powders as compared with that in the
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TK-4 ceramics studied (Table 2). Taking into account the same arguments as in
the case for the Ti La band, the above-mentioned decreasing the half-width of the
Ti KBs band can be explained by the fact that the band of the pristine powder
mixture represents the superposition of the bands of constituent compounds (TiN
and TiB,), while the band of the TK-4 ceramics is the spectrum representing the
energy distribution of the Ti 4p-like states of a TiN-TiB, solid.

The investigation of the N Ko bands in the initial mixture of ultra-fine TiN
and TiB, powders and the TK-4 ceramics obtained from the powders after their
high-pressure and high-temperature sintering reveals that the N Ko band in the
both samples superimposes the inner X-ray Ti L; line. This circumstance makes
difficulties in determination of the true shape of the band in the samples under
consideration. Results of our study reveal that the energy position of the maxi-
mum of the N Ko band does not change when going from the pristine mixture of
TiN and TiB, powders to the TK-4 ceramics. Our results allow to conclude that
the peak intensity of the N Ko band with respect to that of the Ti Z; line is ca. 10%
higher in the mixture of TiN and TiB, powders as compared to that in the TK-4
ceramics. For the two samples under study, the half-widths of the N Ko band are
similar (Table 2).

The X-ray emission B Ko bands of
the pristine mixture of TiN and TiB;
powders and the TK-4 ceramics under
consideration are presented in Fig. 4. For
the both samples under study, the energy
positions of the centers of gravity and of
the maxima «c» of the B Ko bands re-
main constant within the accuracy of
+0.2 eV, and the half-width of the band

L - L - i does not change when going from the
165 170 175 180 185 190 195 powder TiN-TiB, mixture to the TK-4
Photon energy, eV ceramics obtained by sintering the pow-

Fig. 4. X-Ray emission B Ko bands of ders (Table 2). Nevertheless, as Fig. 4
the pristine mixture of ultra-fine TiN and shows, relative intensity of the low-
TiB, powders (/) and of the TK-4 ce- energy feature «b» of the B Ko band de-

ramics obtained due to sintering the pow-  creases from the value 1;/1. = 0.33 + 0.02
ders at 3.0 GPa and 1500°C for 3 min (2) to Iy/[. = 0.28 £+ 0.02 and the fine-
structure feature «a» of the band becomes
more pronounced when going from the TiN and TiB, powder mixture to the TK-4
ceramics obtained by high-pressure and high-temperature sintering the powders.

It should be mentioned that, on the first stage of sintering, mixtures of ultra-
fine TiN and TiB, powders were undergone to high-pressure treatment at room
temperature. And only after the mentioned treatment, the samples were heated to
high temperature at high pressure as listed in Table 1. The so-called cold defor-
mation on the first stage of sintering leads to appearance in the samples under

Intensity, arb. units

38



du3uKka U TeXHUKA BbICOKHX aaBjaenuii 2007, tom 17, Ne 1

XPS treatment of a number of defects, mainly
vacancies and dislocations, which can be
sewers for boron and nitrogen atoms in-
creasing their mobility. The creation of
vacancies in the non-metal sublattice of
titanium nitride can be considered as
«traps» for boron atoms as well as for
other atoms, e.g. oxygen and carbon,
which are present on the surfaces of
pristine TiN and TiB, powders as the
present XPS results reveal (Fig. 5).
However, when studying the X-ray
Fig. 5. Survey of X-ray photoelectron emission Ti KBs bands in the substances
spectrum for the pristine mixture of ultra-  nder considerartion (Fig. 3), we did not
fine TiN and TiB, powders (some addi-  getect the presence of the so-called Ti
tional'signa'ls originate from an aluminium KB" subbands associated neither with
plate in which the powders were pressed) titanium oxide nor with titanium carbide.
Therefore, the presence of the above
non-metal impurities in the bulks of TiN and TiB, powders and of the nanocrystal-
line TK-4 ceramics should be minor. In addition, as one can see from Fig. 4, the
well-pronounced feature «b» of the B Ko band vanishes almost completely when
going from the pristine TiN and TiB, powder mixture to the TK-4 ceramics. As
shown in Ref. [22], the feature «b» of the B Ko band of TiB; is created by the B 2p-
like states taking part in the formation of the B-B bonds in the compound. There-
fore, decreasing the relative intensity of the feature «b» of the B Ko band when
synthesizing the TK-4 ceramics from the ultra-fine TiN and TiB, powder mixture
may be an indication of the formation of new B—N bonds in the TK-4 ceramics.
These phenomena can explain the rather high microhardness of the TiN-TiB, ce-
ramics (17.48-29.65 GPa, Table 1). As it has been already mentioned, the existence
of B-B-bonds is characteristic of transition metal diborides. Substitution of some
boron atoms by nitrogen in TiB, should lead to the formation of B-N bonds, which
are carriers of a number of very important properties, partly extremely high micro-
hardness (close to that of diamond) and plasticity. A decrease of the lattice parame-
ters a and ¢ of TiB; when sintering the TK-4 ceramics from the TiN and TiB, pow-
der mixture at high pressure—high temperature conditions (3.0 GPa, 1500°C, 3 min)
may also indicate a possibility of the formation of B-N bonds in the ceramics stud-
ied. Indeed, lengths of the shortest B-B bonds in TiB; are equal to 0.175 nm, while
those of B-N bonds in the lattice of sphalerite-like BN are about 0.157 nm. The de-
creasing half-widths of the Ti Lo and Ti KBs bands when sintering the nanocrystal-
line TK-4 ceramics from the pristine TiN and TiB, powder mixture also confirms a
statement about the creation of new bonds in the ceramic material.
It is necessary to mention that the present XPS studies indicate that the XPS N
Ls and B 1s core-level binding energies do not change within accuracy of £0.1 eV

3
>
Z,

Intensity, arb. units

Binding energy, eV
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when going from the pristine TiN and TiB, powder mixture to the TK-4 ceramics.
This fact indicates that the charge state of the nitrogen and boron atoms do not
change significantly when synthesizing the TK-4 ceramics from the ultra-fine TiN
and TiB, powder mixture. Studies of the XPS Ti 2p core-level binding energies
are in progress now. Such studies will allow us to set on a common energy scale
all the X-ray emission spectra obtained in the present paper for the pristine ultra-
fine TiN and TiB; powder mixture and for the TK-4 ceramics and to discuss in
detail the question about the formation of new bonds in the ceramics.

4. Conclusions

It has been established that, when sintering the mixture of ultra-fine TiN and
TiB, powders (80 wt.% TiN and 20 wt.% TiB,) at high-pressure and high-
temperature conditions (3.0 GPa, 1300-1500°C), interaction of these phases is
observed and nanocrystalline TiN-TiB, ceramics with the microhardness of
17.48-29.65 GPa are synthesized. The crystal structure of the ceramics consists of
two phases, mainly of cubic TiN and hexagonal TiB, components. When sintering
the TK-4 ceramics possessing the highest microhardness, mainly 29.65 + 0.90 GPa,
the lattice parameters a and c of the TiB, phase decrease but the lattice parameter
a of the TiN phase increases somewhat. The present X-ray emission spectroscopy
data indicate that the half-widths of the Ti Lo and Ti KPs bands decrease by
(0.5-0.6) £ 0.2 eV when obtaining the nanocrystalline TK-4 ceramics from the
pristine mixture of TiN and TiB, powders. The energy positions of the maxima
and of the centers of gravity of the N Ko and B Ko bands as well as their half-
widths remain constant within experimental errors for the both substances under
study. The present XPS core-level measurements reveal that the charge state of
the nitrogen and boron atoms do not change significantly when synthesizing the
TK-4 ceramics from the ultra-fine TiN and TiB, powder mixture.

This work was partly supported by STCU through the projects Ne 1836 and
Ne 3101.
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Paznuunvivmu memooamu (penmeenocmpykmypHvim, HUZKOMEMNepamypHol aocopoyuetl
apeoua, mazHumusimu, 8 mom uucie AMP > Mn, DPE3UCMUBHBIM, MACHUMOPE3UCTUBHBIM
U epasumMempuyecKum) Uccieo08aiu CMpyKmypy u C80UCMBa NPeccOBOK U3 MA2HUMOpe-
3ucmusHbvix nopowkos Lag sSrosMny 10315, NORYUEHHBIX 08YMS PA3IUYHBIMU MEXHOL0-
2UAMU: OKCUOHO-COJIeBOU U COBMECHHBIM OCANCOEHUEM COJleli COOMBEMCMBYIOUUX Me-
mannos. Ycmanosnernvl cmpykmypHole U cpanyioMempuyecKue pasiuius HaHoNnopouKos
obeux mexHono2ull U MmemMnepamypHuIX 3a6UCUMOCIEL MACHUMHOU 80CNPUUMYUBOCTIU U
yoenvHo2o conpomueienus. Ananuz cnekmpos AMP P Mn NOOMBEPOUNl PA3TULHBIL XAPaK-
mep u CmeneHb MAsHUMHOU HEeOOHOPOOHOCMU, 00VCIIOGIEHHOU HEeIKEUBALEHMHOCIbIO OK-
PYoHCeHUsL UOHO8 Mn™ u Mn®, VUACMBYIOWUX 8 DNEKIMPOHHO-0bIPDOUHOM 0OMeHe. Yeenuue-
nue BI'J[ 0o 1.6 GPa npugooum K yMeHbueHUIO YOeTbHO20 CONPOMUBTEHUSL U DHEPSUU AKINU-
sayuu, K NOBbIULEHUIO HIOMHOCIU NPECCOBOK, KOAPYUIMUGHOU CUIbL, MASHUMOPE3UCTUBHO20
(MR) u 6apopesucmugrozo (BR) sa¢ghgpexmos, memnepamypuvie 3a6UCUMOCU KOMOPBIX CEU-
0emenbCcmayiom 0 MyHHEIbHOM MeXaHu3Me NPO8OOUMOCIU HA MENCHACUYHBIX KOHMAKMAX.

1. BBenenune

B HACTOAIICEC BpPEMA Hanoboiee HHTCPCCHBIMH MCTAJUIOOKCHIHBIMHU MaTcpua-
JaMH SIBJSIFOTCS PEIKO3EMENIbHbIE MAaHTaHUTBI C KOJOCCAILHBIM MarHUTOPE3H-
ctuBHbIM (CMR) adpdexrom [1-3]. JIuckyccnoHHyo mpupomy 3toro 3ddexra
CBSI3BIBAIOT C PA3JIMYHBIMH HEOJIHOPOIHOCTSAMH, CPEAH KOTOPhIX 0COOOT0 BHHMA-
HUS 3aCTY)KUBAET HAHOCTPYKTypHas. V3 MHOTOYHCIIEHHBIX TI0 COCTaBY PEIKO3e-
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MEJIbHBIX MAaHTaHUTOB B Hay4dyHOM [4,5] U mpakThyeckoM [6,7] miiaHe nepcrek-
TUBHbl MaHTaHUT-JAHTAHOBBIE C U30BITOUYHBIM CBEPXCTEXHOMETPUUYECKHM Map-
ranueM [8,9], KoTopslid, pacTBOPSISICH B MATPUYHOM NMEPOBCKUTOBOM CTPYKTYpE B
BH/JIC HAHOCTPYKTYPHBIX KJIacTepoB, nmoBbimaeT MR-addexr [8,10].

BrrsicHeHHI0 pUpOIbl HAHOCTPYKTYPHBIX HEOAHOPOAHOCTEN U uX posu B CMR-
s dekre crocodbCTBYET yCTaHOBICHHE 3aKOHOMEPHOCTEH BIIMSIHUS Ha CBOMCTBA pas-
JIMYHBIX BO3/ICHCTBUM, B YACTHOCTH TEMIEPATyphl 7, MAarHUTHOTO 1ot H 1, 0coOeH-
HO, c71a00 MCCIIEMOBAaHHBIX BBICOKMX THApocTaTHueckux aasieHui (BI'Ml), mpudyem
NPEUMYIIIECTBEHHO TOJIBKO Ha KEPAMUKE M TOHKHX IUIEHKax [12—-14].

[loBblIIIEHHBIN HHTEPEC NMPEACTABIISIOT MOJyYeHHEe HAHOMIOPOIIKOBBIX MaHTaHUT-
JIAHTAH-CTPOHIIUEBBIX TEPOBCKUTOB PAa3IMYHBIMU TEXHOJIOTMSAMU W KOMILICKCHBIE
WCCJIEIOBAaHUS BIMSIHUS JTUCTIEPCHOCTU TopoiikoB v BI'/[ Ha marHuTHBIE U pe3u-
CTUBHBIE CBOWCTBA IIPecCOBOK. CIielyeT OTMETUTH, YTO €CJIM JAHHBIE O BIMSIHUU
BI'Jl na xepamuky [15,16], Tonkue menku [17,18] u moHokpuctamisl [19,20] ume-
I0TCS, TO TI0 TIPECCOBKAaM, OCOOEHHO U3 HAHOTIOPOIIIKOB, MPAKTUIECKH OTCYTCTBYIOT.

2. O0beKTBI HCCJIeJOBAHNI H TEXHOJIOTHYeCKHe 0COOEHHOCTH MX IOJIYyYeHH S

OObeKkTaMH HCCIETOBAaHUN SBISUTHCH MPECCOBKU W3 MOPOIIKOB, TOTYYECHHBIX
JIBYMSI pa3IMYHBIMU TEXHOJIOTUSAMU:

1) TpaaAWIIMOHHOW OKCHIHO-COJEBON M3 cMmecu mopommkoB Mn3Oy4, La(OH)s,
SrCO3; myTeM ux MeXaHHUeCKOro cMelieHus u uaMenbuenus (I cucrema);

2) COBMECTHBIM OC)KJICHUEM HUTPATHBIX COJIEH COOTBETCTBYIOUIUX METAJIIIOB
[21] (IT cucTema).

XUMHYECKUN COCTaB CHHTE3WPOBAHHBIX MOPOIIKOB 00EMX CHUCTEM OJIM30K K
MOJISIpHOMY cocTaBy Lag¢Srg3Mn; 10345, CBEpXCTEXHUOMETPUYECKUN MapraHell
MIPU TAKOM COCTABE MOXKET JTMOO HAXOAUTHCS B BUJIE OTACIbHOM (ha3sl Mn3O4 miin
Mn,0O3, 1160 pacTBOPATHCS B MEPOBCKUTONOA00HOH (ha3e ¢ oOpazoBaHHEeM HaHO-
CTPYKTYPHBIX IUIOCKOCTHBIX KJ1acTepos [22,23].

Paznuuns Gpu3NKO-XMMHUYECKHUX CBOWCTB MOPOIIKOB 00EMX CHUCTEM M IMPECCO-
BOK, chopmoBaHHbIX pasnuuHbiMu BI'J[, MOryT 3akmiodarbcsi B JHCIIEPCHOCTH,
($a30BOM U CTPYKTYPHOU HEOTHOPOJHOCTSX, MArHUTHBIX W TPAHCIOPTHBIX CBOM-
ctBax. [lomydeHHBIE TIO Pa3IMYHBIM TEXHOJIOTHUSAM M CHHTE3MPOBAHHBIE MPH
950°C (20 h) moporku, KOTOpbIEe B MadbHEUIIEM MMOABEPTaId OJUHAKOBOMY H3-
MEJIBUCHHUIO B araTOBOW CTYIIKE, CYIIECTBEHHO OTIUYAIUCH YACIbHON MOBEPXHO-
ctbio (81 = 1.7 mz/g, S> = 5.9 m"/g). O6pasupl U3roTaBIMBAIIN ITyTEM IpEABAPH-
tenpHOTO TipeccoBanus (P =~ 0.2 GPa) HaHOMOPOIIKOB B METAINTMYECKOM Tpecc-
dopme. Brnusisaue BI'J] [24,25] Ha cBoiicTBa 00pa3Ii0B UCCIIEIOBAIN ITOCIIE UX JI0-
npeccoBku npu P =0, 0.2, 0.4, 0.8, 1.6 GPa.

3. MeToanl uccjie1oBaHuA

OCHOBHBIE METO/IbI UCCIIEOBAHUI TO3BOJIMIIN ONPECIINTh:
1) pentrenoctpyktypHbiii Ha yctanoBke JJPOH-3 B Cu-uznyuenun — ¢a3oBblii
cocTaB 00pa3lLoB, TUI CTPYKTYPBI U TApAMETPhI PEILETKY;
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2) uuskoremneparypuas (77 K) agcopbuus aprona (bDOT) — ynenbHyio mo-
BEPXHOCTD S, MOPOILIKOB;

3) TepMOTrpaBUMETPUYECKUN — OTHOCHTENBbHBIE W3MEHEHHS Macchl Am/mg u
IUIOTHOCTH Y IPECCOBOK;

4) MarHUTHBIA MeTO TU(PepeHInaTbHON MarHUTHON BOCTIPHMMYHBOCTH ) —
temneparypusie (7' = 77-400 K) u nonessie (H = 0-0.6 kOe) 3aBUCUMOCTH
U KO3pUUTHBHYIO cuny H, B unteppane 7 = 77-400 K (u3mepurenbHoe moje
H = 0.1 Oe c yactoroii Mmoaymsiiuu 600 Hz);

5) AMP *Mn [26—28] o METOAY «CHMH-3X0» — JOKaJIbHbIE MATHUTHBIE U 3a-
PsIOBBIE COCTOSIHUSI MOHOB MapraHlia M HEAKBUBAIEHTHOCTb UX OKPYKEHHUS;

6) YeTBIPEXKOHTAKTHBIM PE3UCTUBHBIN — y/IEIbHOE CONPOTHUBICHUE P U TEM-
nepatypy ¢azoBoro nepexona T B uatepBaie 7 = 77-450 K;

7) marauTOpe3uCTUBHBIN MeToa — MR-addext Ap/pg = (po — pr)/ Po, TAE Po,
P — conpoTUBIeHUE cooTBeTcTBeHHO pu H = 0, H = 0.6 u 2.3 kOe.

4. Pe3yJbTaThl U UX 00CYKIeHUE

CornacHO PeHTr€HOCTPYKTYPHBIM JaHHBIM CHHTE3UpoBaHHbIE TIpu 950°C mo-
pOIIKH 00eNX CHCTEM cojepkaiu B OCHOBHOM (65—100%) mepoBCKUTOO100HBII
pOMOO3IPUYECKU (Rgc) WCKa)XCHHBIA TBEPJABIA PAacTBOP, COCTaB KOTOPOTO OJIH-
30K K LagSrg3Mn; 1Os.gs. [Hopomku I cucteMsr comepikany Takke HEOONbIITHE
kommmuectBa La(OH); u StMnOs. [IpuunHoii 3TOro, BO3MOXHO, MOT OBITh HETIOJN-
HBI CHHTE3 WJIM YaCTUYHBIM pacnaj TBEpAOro pactBopa. OU3UMKO-XUMHYECKUE
XapaKTePUCTHKHU MOPOIITKOB 00EUX CUCTEM MPUBECHBI B TAOIUIIE.

Tabauia
DU3HKO-XUMHYECKHE XapPAKTePUCTHKH IOPOLIKOB ABYX PAa3JIMYHBIX TEXHOJIOIHil

TexHoJ0- Dasosbiii cocTas, % ITapameTpsi VYaeneHas |Pasmep
TUs (CI/IC— PCIICTKH IMOBCPXHOCTD | YaCTHULL
Tema) |LagSro3Mny,Os.5/La(OH)s| StMnOs | @, A |a, deg| Sy, m*/g | D, nm

I 65+ 5 ~20 | ~15 |7.762 19036 1.7 100

il 100 - — 17755 90.29 5.9 30

OTnuuuTenbHOM 0COOEHHOCTBIO MOPOIIKOB | crcTembl siBisercss rerepodas-
HOCTh 00pas3IioB, T.e. X OombInas (Ga3zoBas v, HO-BUAUMOMY, ME€30- U HAHOCTPYK-
TypHasi HEOJHOPOJTHOCTH TPU MEHbIIECH yAEeTbHONH MOBEPXHOCTH, T.€. MPU OOJIb-
mem pasmepe D yactuil. [[ns o6pasios I cuctemsr D = 100 nm, ams o6pasios 11
cucteMsl — 30 nm. {151 TIEpOBCKUTOBON CTPYKTYPHI MOPOIIKOB 00EUX CUCTEM Xa-
paKTepHbI Pa3IUYUs TAPaMETPOB PEIIETKH, B YACTHOCTH AJi1 00pa3uoB | cucteMbl
napamMeTp pelIeTKU a@ U CTENEeHb ee pOMOO03JpUIECKOT0 HCKAXKEHHS O BBILIE.

Takue pasznuuus NpOSBUWINCH U B cuekrpe SIMP >>Mn IPECCOBOK 00eux
cucteM (puc. 1). Jlns cTtpykTypHO O0Jiee HEOAHOPOIHBIX MOPOMKOB I cucte-
MBI XapakTepHa M OoJsbllIasi MarHUTHAsE HEOJHOPOAHOCTbH, MPOSIBUBIIAsICS B 00-
Jee mupokoM crnekrpe AMP *Mn IIPA HECYLIECTBEHHBIX PA3JINYNIX 3HAYCHUN
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100 F F=374.0 MHz 100
% 50 | = 50
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0 - - - Q Lma
340 360 380 400 340 360 380 400
F, MHz F, MHz
a 0

Puc. 1. Crextpsr SIMP >>Mn (77 K) mpeccoBok u3 mmopomntkoB Lag ¢Srg3Mn 10345 1 (@) 1
II (6) cucrem

OCHOBHBIX PE30HAHCHBIX 4acToT (£ = 374 MHz, F, = 375 MHz). KommneiorepHoe
paslioKeHUEe CHEKTPOB MOKA3aJio, YTO CIEKTP MOPOIIKOB | cucTeMbl pa3nmaraercs
Ha 3 cocraBisomue (363.7; 374.0; 384.9 MHz), a II cucremsr — Ha 2 (361.0;
376.2 MHz). BoineneHHble 3HAU€HUS OTHOCSTCS K OCHOBHBIM PE30HAHCHBIM
yacTtoTaM. CrieayeT OTMETUTh OJU30CTh BPEMEHH CIIMH-CIIMHOBOM pellakCaluu
(T2 = 10 ps).

Paznuuust crieKTpoB CBUAETENHCTBYIOT O HEAKBUBAJICHTHOCTH MarHUTHBIX CO-
CTOSIHUY MOHOB MapraHiia 1 0OMEHHBIX B3aMMOJICHCTBHI, CBSI3aHHBIX HE TOJIBKO C
pPa3IMYHBIM COOTHOIICHHEM Mn3+/Mn4+, HO U (4T0 OO0JIee MHTEPECHO) C pa3nuy-
HBIM UX OKPY>XE€HHUEM MOHAMU La3+, Sr2+, BAKAHCHUSIMU U TUIOCKOCTHBIMU KJIacTe-
pamu. Tak, AJiss OCHOBHOM MAaTPUYHOM CTPYKTYpPhI pa3iuyve 3HAYECHUW aMILIU-
TYAHBIX COCTaBJISIOLIMX PE30HAHCHBIX yacToT AF = 376.2 — 374.0 = 2.2 [MHz]
CBUJICTEIHCTBYET O OOJBIIEM COOTHOLICHHUH Mn”/Mn*" 11 cucremsr u menbmeit
Ne(hEeKTHOCTH €€ MEePOBCKUTOBOM CTPYKTYphI. I[TOoCKOIBKY TBEpAblli pacTBOp OC-
HOBHOU MEPOBCKUTOBOM (hasbl I cuctembl obeaHeH La u Sr, KOTOpbIe HAXOIATCS B
npyrux ¢azax La(OH)s u StMnOs3, Hafo monarare, 94T0 IEPOBCKUTOBAS CTPYKTY-
pa I cuctemsl comepkuT OobllIee KOJTUYECTBO CBEPXCTEXHOMETPHUUECKOTO Map-
raHia W, COOTBETCTBEHHO, Je(DEKTOB BaKaHCMOHHOTO W KJIACTEpHOro Tuma [8].
3aciyKuBaeT BHUMaHUS W HAJIM4YUE B CIIEKTpe | CHCTEMBI COCTABISIIOUIEH C Yac-
toroii F' = 387 MHz, xotopast OJmke K 9acTOTE JIOKAJTU30BAHHBIX COCTOSHUI
Mn3+, a B ciektpe Il cuctemsr — cocrapmstomieit ¢ F' = 368 MHz, kotopast Omike
k Mn"". D10 CBUJICTEIILCTBYET O OOJIBbIICH CTETICHU OKUCIEHUS HAHOIOPOIIKOB,
MOJIYYEHHBIX COBMECTHBIM OCAKJICHUEM.

TemmepaTypHyl0 3aBUCUMOCTh MAarHMUTHOW BOCHPHUUMYHBOCTH IPECCOBOK
00enx CHUCTeM WILTIOCTPUPYET pHUC. 2. 3acinyKHUBaeT BHUMAHUS CUJILHOE TeMIlepa-
TYpHOE Pa3MbITHE MarHUTHOTO ()a30BOTO Mepexoaa 00euXx CUCTeM, mpudueM Juis [
cucTembl Oonee cuapbHOe. Ha TemmepaTypHOi 3aBUCHMOCTH IIPECCOBOK ATOM CHC-
TEMBI IPAKTUYECKUA OTCYTCTBYET MUK, U ¢ MOHMKeHueM Temriepatypsl (7' < 200 K)
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Puc. 2. TemnepaTypHble 3aBUCHUMOCTH MarHUTHOW BOCTIPUMMYHBOCTH MPECCOBOK U3 TO-
pomikoB I (a) u I (6) cuctem mns mapnennii P, GPa: o -0, A —04,0—-1.6

MarHuTHas BOCIIPUMMYUBOCTh HE W3MEHSETCS, YTO MbI OOBSICHSEM IOBBIIICHHOM
MarHUTHOM HEOJHOPOJHOCTHIO MPECCOBOK. J1Jisi MpeccoBOK | cCTEMBI ¢ yBEIMYEHU-
€M JaBJICHUS MPeccoBaHMs P HaOI0qar0TCs ciadasi TeHACHIHS TIOBBIIICHUS TEMITe-
paTypbl Hayajla repexoja B MarHUTOYNOPSJOYEHHOE COCTOSIHUE M HE3aBUCUMOCTh
TeMnepaTypbl MarauTHoro pazynopsiaouenusi (7 = 365 K) or P. [ns npeccosok 11
cUCTeMbI HaOMI0JaeTCsl (XOTh U Pa3MBITHIN) MUK . DTO CBUICTENBCTBYET O HATMYUH
MarHuTHOTO (ha30BOTO MEPEXOa MPHU CPABHUTEITHHO MEHBINEH HEOTHOPOAHOCTH TIO-
POIIIKOB ATOM CHCTEMBL. TpynHO OOBSICHUMBI J]Ba Pa3MBITHIX NMHWKa B mpeccoBkax Il
cucrembl ¢ P =0, 0.2, 0.4 GPa. MoxxHO npeArnonoxurs, yto 3tu nuku (7' = 275 u
320 K) o0ycioBieHbI MII0CKOCTHBIM HAHOCTPYKTYPHBIM PAacCIOCHHEM KJIACTEPHOTO
TUIAa OCHOBHON MaTpU4yHOH CTpYyKTypbl. Knactepsl oriamnuarorcsi conepxkanueM La,
Sr ¥ COOTHOIIIEHHEM Mn3+/Mn4+, a ciue-

. JIOBATEJIBHO, U HEIKBUBAJIECHTHOCTBIO HX

20.5 ] 1 OKpyXeHHs, YTO COracyercsi ¢ HaTMIYUEM
JIByX COCTaBisitomux B crekrpe SMP
*Mn (cMm. puc. 1,0). Temmepatypa mar-

£ 200} i -

é y \ HUTHOTO pasynopsaodenus (7' = 365 K)
s npeccoBoK Il cucTeMbl Takxke HE 3aBUCUT
;n_ 19.5¢ i 1 ot P, u ee 3HaueHus ONM3KM CO 3HaAYe-

HUAMH U151 | cuctembl. DTO CBUAETEINb-
CTBYET O OJM30CTH XMMHUYECKHX COCTa-
BOB MPECCOBOK 00EHX CUCTEM.

BiisiHrE MarHUTHOTO TOJISL HA YAEIb-
HOE€ COIPOTHUBIIEHUE P IIPECCOBOK HIUIKO-
Puc. 3. Biusinne MarautHoro noist H Ha  crpupyet puc. 3. CpaBHUTEIHLHO HEOOJIb-
YA€/bHOE COMPOTHBICHHE P NMPECCOBOK  pyrag peudMHA KOIPUHTHBHON Crtbl (H, <
Lag 6510.3Mny.10325 I cucrempr, T=77K, <2 kOe) moaTBEpIKIAET MATHUTOMSIT-

P=0 KM XapakTep UCClelyeMbIX 00pa3IoB.

05 00 05
H, kOe

19.0
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Puc. 4. TemnepatypHbie 3aBUCUMOCTH YACIBHOTO COMPOTHBIICHHS MPECCOBOK U3 MOPOIII-
koB I (a) u Il (6) cucrem nns napnenunii P, GPa: @ —0,V-02, A —-04,0-0.8, m—1.6

TemnepaTypHasi 3aBUCUMOCTh yJAEIbHOTO COMPOTUBJICHHS MPECCOBOK 00enx
cucteM (puc. 4) B uarepsaie 77-400 K mwimrocTpupyer 1mosiynpoBOIHUKOBBII THII
MIPOBOJAMMOCTH M OTCYTCTBHE, B OTJINYHE OT KEPAMUKHU U IJICHOK, (pa3oBoro nepe-
X0Jla «METAJII—TIOJYNPOBOIHUKY». Pe3koe yBennueHne p npyu NOHWKEHUHU TeEMIIe-
paTypbl JaeT OCHOBAaHUE CHEJIATh MPEAIOJIOKEHUE O TYHHEIbHOW MPUPOAE IPO-
BOJMMOCTH Ha MEXYaCTHUYHBIX KOHTAaKTax. B moib3y 3TOro CBUIETENBCTBYIOT U
MEHBIIINE 3HAUYEHUs P ISl MEHBILIUX 10 pa3Mepy, 0ojiee YIJIOTHEHHBIX MOPOIIKOB
IT cucremsl.

[IpencraBnsier untepec Biausinue BI'J] Ha sHepruto aktuBanmu £, ucciienyeMbIx
npeccoBoK (puc. 5). Ciaenyer OTMETUTh TeHACHIIMIO K YMEHBIICHUIO £, P TOBHI-
HIeHUH P. DTO CBSI3aHO € YIYUYIIEHHEM MEXYaCTUYHBIX KOHTAKTOB U YMEHbBILICHUEM

240| T T T T T T T T 15_0' ' ' ' '

. 1 1 1 O 1
00 04 08 12 1.6 100 200 300 400
P, GPa T, K

Puc. 5. Bmstare BI'J] Ha SHEpPruro akTHBAIA MPecCcoBOK 13 MoporikoB I (A ) u 11 (@) cuctem

Puc. 6. Temmeparypusie 3aBucumoctd MR-addexra mpeccoBok 1 (Tpeyromsuukn) u 11
(kpy>xkn) cucreM s nasieHuit P, GPa: 0 — cBetnbie 3Hauky, 1.6 — 3auepHEHHbIE
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yzensHoro conpotuBienus. Kak u cienoBaio oxxuaath, £, it npeccoBok I cuctembl
(M3 MEHBIIMX YaCTHII) HUKE TIPH OJIM3KOM XapakTepe 0apuiecKoi 3aBUCUMOCTH E,,.

HauOonbiuii uHTEpEC MPU UCCIICTOBAHUN PEIKO3EMELHBIX MAHTAHUTOB BBI3bI-
BaeT MR-3¢dexr. Temneparypuyto 3aBucumoctb MR-3ddexta npu H = 2.3 kOe
IUIL MCCIIEAYEMBIX MPECCOBOK HILTIOCTpUpYyeT puc. 6. Peskoe yBenmuenne MR
NpU MOHMWKEHUU TEMIEPaTyphl MOJITBEPKAACT €ro TyHHENbHbINH Xxapakrep. Cie-
IyeT OTMEeTuTh, uTto 3HaueHue MR > 10% nns La—Sr—Mn-cuctem cuurtaercs
CpPaBHUTEIBHO BBICOKUM Jaxe Il Kepamudeckux oOpasnos [11,15]. U3 puc. 6
BUJHO, 4TO 3HaueHUss MR Hammx o0pasnoB HaxonsTcs B uHTepBane 11-15%,
npuyeM Uit 6oJee AUCTIEPCHBIX MOPOIIKOBBIX MpeccoBOK Il cuctembl oHU BhIIIE.
Kak monoxutenpHOe, ClieyeT OTMETUTh U TO, YTO 3TH 3HaueHus MR Obutn mosy-
YeHBI HAMU B CPABHUTEIBHO HEOONBIINX MarHUTHBIX nosix (H = 2.3 kOe).

Bmusaue BI'JT (P = 0-1.6 GPa) Ha nenblii KOMIUIEKC CBOMCTB MILTIOCTPUPYET
puc. 7. I[ImoTHOCTh MPeccoBOK Y U3 0oJjiee MUCIEPCHBIX MOpomkoB II cuctembr
BbIlIE (pUc. 7,a). YcTaHOBIEHO yBenuueHue ¥ (Ha 22%) U OTHOCUTENBHOIO €€ yII-
notHeHust Ay/yo (Ha 19%) 3a cuer maBnenus npu nossimieHun P o 1.6 GPa mis
o0pa3ioB o0enx cucteM. XapakTep O0apruecKkod 3aBHCHMOCTH IUIOTHOCTH Ipec-
COBOK KOPPEIMPYET C YBEITMICHUEM KOIPIUTUBHOM CHIIBI [ IPH TIOBBIIIEHUH Sg),
u P (puc. 7,0). MeHbIIUM TIO pa3Mepy YacTuiiaMm npeccoBok Il cucteMbl cooTBET-
CTBYIOT OoJiee BBICOKHE 3HaUeHus y u H,.

puc. 7,e. Ilopiuenne P or 0 mo 1.6
GPa npuBoautr k yBenuuyeHnro MR-
a¢dexra nmpeccoBok B 1.2 paza. s |
cucteMsl AMR = 14%, mna II —
2.5%, T.e. IS MPECCOBOK W3 Ooee
JIIMCTIEPCHBIX TOpOIKOB I cucremsl
0.0 I 0.4 I 018 I 1.2 I 116 noseiieHrne MR cyiecrsenHee.

P, GPa [Tockonpky naBieHue (aHayo-
TUYHO MarHUTHOMY IIOJIIO) MOHUXKa-
€T CONPOTHUBIIEHUE MPECCOBOK, MOXK-
HO paccMmarpuBarth He TOoiabko MR,

H=2.3kOe

4.0 biu3kuii Kk JTUHEMHOMY XapakTep
o T T T
= /__——‘ yMeHbIeHus In(pg) mpeccoBok mpu
5 3sf o ] P

< .~ _o— / 4 ] noBellieHuu P (puc. 7,8) CBUIETEIb-
2 3.0 'A-—A-" . L .-: CTBYeT 00 aKTHBAIIMOHHOW Mpupoe

160 F 7= 77 K = '/"'—& TYHHEJIBHOIO THIIA IPOBOJAUMOCTH.

8 140 * 4] Kaxucnenosano 0xniarth, yAenpHOe
= i ’/ ‘4 6 | comporuBienne Gosee YIUIOTHEHHBIX
o 120 0-"‘"| . . | TIPEeCCOBOK M3 0OJI€C MEIKUX YaCTHII
3) 6-— T=77K 71 (II cucrembl) HIXKe, MPUYEM Ha He-
i Afo—e_, 1 CKOJIbKO HOPSIKOB.

= ot \°\, Busiaue BI'JT na MR->¢ddext (T =
= T TR —— 0 =77K, H =23 kOe) WutocTpupyer
o 4t

®

=

X

»

fan

Puc. 7. Bnusanue BI'/] Ha cBolicTBa HaHOIO-
POIIKOBBIX TIpeccoBOK Lag ¢Srg3Mny 10345 1
(A) ull (e) cucrem
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HO U BR-addext: BR = Ap/pg = (po — pr)/po, TIE Po — YACIBHOE COMPOTHUBIIC-
Hue pu P =0, a pp —npu P= 0.2, 0.4, 0.8, 1.6 GPa. Bausnue naBnexuil Ha
BR-3¢ddexr mmmoctpupyer puc. 7,0. Bunno, uro 3aBucumoct MR- u BR-3¢h-
(GexToB ONM3KM IO XapakTepy, MpHYEM BEIUYMHA IOCIEJHET0 3HAYUTEIbHO
Bhillie. B oTnmune ot Bo3xaeiictBus P Ha MR- u BR-addexrtsi, Habm0qaeMBIE
HEMOCpeICTBeHHO mpu u3MepeHusx [12,18,30], B nameir padote 3¢ dexTsl or-
penensnu B ycnoBuax nocnenerctsus BI'J[. AHamoruusslii XapakTep moBefe-
Huss MR- u BR-addexToB npu MarHuTHOM U O0apu4ecKOM BO3JEHCTBUU CBHJIE-
TEJIBCTBYET O OJIM30CTU MPHUPOJL] BIUsAHUSA H U P Ha CONPOTUBIIEHUE, YTO MPO-
SBJISIETCS B HAHOCTPYKTYPHBIX MHUKPOHAIPSDKEHUSAX U JedopMalusix, B HalleM
CJIy4yae — B HAHOTIOPOIIKOBBIX MPECCOBKaX.

BriBoaBI

Ha ocHoBaHMH KOMIIIEKCHBIX I/ICCJ'ICI[OBaHI/Iﬁ HAaHOIMOPOMIKOBBIX MPECCOBOK

Ooym3koro xumuueckoro cocrara (Lag¢Srg3Mn; 1O0345), TONIYYESHHBIX IBYMS pas-
JUYHBIMH TEXHOJIOTUAMU U JomnpeccoBaHHbIX BI'Jl (P = 0-1.6 GPa), cnemanbl
CJICYIOLINE BBIBOIBI.

1. CuntesupoBannbie ipu 950°C mopomky 00enx CHCTEM OTINYAIHCH (ha3o-
BBIM COCTaBOM, WX YJEIbHOW MOBEPXHOCTHIO (81 = 1.7 mz/g, S =59 mz/g) "
pazmepom yactull (D = 100 nm, Dy = 30 nm).

2. Otnnume cnexkrpoB AMP >Mn HCCIIETyEMBIX MOPOIIKOB CBA3aHO C pa3iu-
YUSMH UX MarHUTHOW U CTPYKTYPHOHW HEOJHOPOAHOCTEH, CTEIEHU OKHUCIIECHHO-
ctn, cooTHOmeHHs Mn® /Mn" ¥ HEIKBUBAJICHTHOCTH HX OKpY>KeHUsI, 00yCIIOB-
JIEHHON MOHaMU LaSJr, Sr2+, TOYEUHBIMU Ae(eKkTaMu (BaKaHCHN) U HAHOCTPYKTYp-
HBIMU IJIOCKOCTHBIMU JIE(EKTaMU KIACTEPHOTO TUIIA.

3. TemmeparypHble 3aBUCUMOCTH MarHUTHOH BOCHPUUMYHMBOCTH ¥ HAHOIIO-
POLIKOBBIX IPECCOBOK CBHUJIETENBCTBYIOT 00 UX BBICOKOW MAarHUTHON HEOJHOPOJ-
HOCTH, IIpuyeM 0oJiee BHICOKOM /1t 00pa3uoB I cucteMsl.

4. Pe3koe yBenuueHUE yIEIbHOTO COMPOTUBIICHUSI TTpeccoBOK 1 MR-3ddexra
00enx CHUCTeM NpHU MOHMKECHHH TEMIIEPaTyphbl CBHICTEIBCTBYET O MOIYIPOBOJI-
HUKOBOM THIIE€ NTPOBOJAMMOCTH TYHHEJIBHOTO XapaKTepa Ha MEX4YaCTUYHBIX KOH-
TaKTax.

5. Huskue 3HaueHust koapuuTuBHON cuibl (H, < 0.2 kOe) HaHOMOPOIIKOBBIX
IPECCOBOK CBU/IETENILCTBYIOT 00 MX MarHUTOMSTKOM XapakTepe.

6. YBenmuuenue BI'J] no P = 1.6 GPa npuBOAUT K MOBBILIECHUIO INIOTHOCTH
IPECCOBOK M KOAPLUUTUBHOM CHIIBI 00pa3L0B U MPAKTUYECKU JIMHEHHOMY yMEHb-
HIeHUIO In(p) U SHEPrUM aKTUBALIUH.

7. Hapsimy ¢ MR nabmonaercs u BR-addekr, xapakrep ux 6apuieckux 3aBu-
cUMoOCTel aHaJlornyeH, a BennurnHa BR-a¢ddexra Boime.

1. E.L. Nagaev, Phys. Rep. 346, 327 (2001).
2. D.M. Edwards, Adv. Phys. 51, 1259 (2002).
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EFFECT OF HIGH HYDROSTATIC PRESSURE ON PROPERTIES

OF MAGNETORESISTIVE Lag 6Srg.3Mn1.103:5 NANOPOWDER
PRESSINGS

Different methods (X-ray diffraction, low-temperature adsorption of argon, magnetic —
the *>Mn NMR inclusive, resistive, magnetoresistive, gravimetric) have been used to in-
vestigate structure and properties of magnetoresistive Lag Srg3Mn; 10315 powder press-
ings prepared by two technologies, such as the oxide-salt one and the joint precipitation
of salts of the respective metals. Differences in structure and granulometric composition
and in temperature dependences of magnetic susceptibility and resistivity have been de-
termined for powders prepared by the both technologies. The analysis of >Mn NMR
spectra has confirmed that there are differences in the character and degree of magnetic
nonuniformity due to nonequivalent surrounding of Mn®" and Mn*" ions participating in
the electron-hole exchange. HHP increase to 1.6 GPa results in the decrease of resistivity
and activation energy and in the increase of the density of pressings, coercive force, mag-
netoresistive (MR) and baroresistive (BR) effects with the temperature dependences
pointing to the tunnel mechanism of conductivity at interparticle contacts.

Fig. 1. >>Mn NMR spectra (77 K) of Lag ¢Srg.3sMn; 10345 powder pressings of I (a) and 11
(0) systems

Fig. 2. Temperature dependences of magnetic susceptibility of pressings from powders of
I (@) and 11 (6) systems for pressures P, GPa: 0 — 0, A —0.4,0-1.6

Fig. 3. Effect of magnetic field H on resistivity p of Lag ¢Srg3Mn; 10345 pressings of the |
system, T=77K, P=0

Fig. 4. Temperature dependences of resistivity of pressings from I (a) and II (6) systems
for pressures P, GPa: @« —0,V—-0.2, A -04,0-0.8,m—1.6

Fig. 5. HHP effect on activation energy of pressings from powders of I (A) and II (e)
systems

Fig. 6. Temperature dependences of magnetoresistive effect for pressings of I (triangles)
and II (circles) systems for pressures P, Gpa: 0 — light simbols, 1.6 — dark simbols

Fig. 7. HHP effect on properties of Lag ¢Sro3Mnj 1O3.5 nanopowder pressings of [ (A)
and II (@) systems
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PACS: 61.10.Nz, 71.30.+h, 75.50.Dd, 76.60.—k

B.A. bopoguH, B.[1. dopowes, B.W. KameHnes, A.C. Masyp, T.H. TapaceHko

MATHUTHBIE U TPAHCMOPTHBIE CBOVCTBA
CAMOOOIMMNPOBAHHBIX MAHTAHNTOB JIAHTAHA
NP HOPMAJITbHOM U BbICOKOM JABJIEHUNAX

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

Hccnedosanvl macnummusle, mpancnopmuvie u pesonarcnvie (AMP) ceoticmea cepuu ca-
MOOonupogantvlx maneanumos nanmana LaMnQOsz (x = 1.0, 0.97, 0.94, 0.90, 0.815) npu
HOPMATbHLIX U 6bICOKUX Oasnenusx. [lokasano, umo npu ygeiuuenuu cmeneHu Hecme-
Xuomempuu 006pasybl CMAHOBAMCSL O0Nee MACHUMHO-YROPAOOUCHHBIMU U MEHIIOM Xa-
Pakmep nposooUMOCHU 0m NOAYnpoeooHuxoeozo (dp/dT < () k memannuyeckomy (do/dT >
> () npu HusKUx memnepamypax. Bvicoxoe (~ 12 kbar) eudopocmamuueckoe dagnenue ul-
3b18aem nepexod odpasya ¢ x = 0.94 uz norynpoeoOHUK068020 6 MEMALIUYECKOe COCMOsL-
nue. Tlonyuennvie sHauenus bapuueckux kodgp@uyuenmos dTco/dP = 1.44, 2.3 u 2.1 K/kbar
npu x = 0.94, 0.90 u 0.815 coomeemcmeenHo OIU3KU K 3HAUEHUAM, HOLYYEHHBIM Ol 00-
nupogannvlx cocmasos. OOHAPYIHCEHA KOPPeNsyus De30HAHCHbIX U MPAHCHOPHIHBIX
CBOLCME UCCIEO0BAHHOLL cepul 00pa3yos.

1. BBenenue

Crexnomerpuyeckuii MaHranut Jantana LaMnO3z — 3To aHTH(EeppOMarHuT-
Helll (AFM) n3onsatop 4-tuna, nMeromuii temnepatypy Heens Ty = 140 K. [lo-
nupoBaHue ucxognoro LaMnOs nByxBanentasiMu nonamu (Ca, Sr, Ba u 1.1.) B
y31ax La cyliecTBEHHO M3MEHSET €ro MarHUTHbIE M TPAHCIOPTHBIE CBOMCTBA.
[Tomumo nonupoBaHMsI ABYXBaJICHTHBIMU HOHAaMH, cBOicTBa ucxoaHoro LaMnOj3
MOKHO M3MEHUTD, HApyIlIasi €ro CTEXMOMETPHIO, T.€. CO3/laBas BAKaHCHUU B y3Jax
La wnu Mn. CBolicTBa TaKMX «CaMOJONHMPOBAHHBIX» COCTABOB M BIMSHHUE Ha HUX
BHEIIHUX BO3JICHCTBUI, HAIIpUMEDP BBICOKOTO T'MJIPOCTaTHUYECKOIO JIaBICHMUS, U3Y-
YEHBI 3HAUYNTENBHO MEHBIIE, YEM U1 JONIUPOBAHHBIX cocTaBoB [1-5]. Kpome To-
ro, UMEIOIIKECS JINTEPATYPHbIE JaHHBIE CUJIBHO OTIMYAIOTCS APYT OT ApYyra BBU-
Jly pa3HbIX YCJIOBHUI cuHTe3a o0pa3uoB. Hamu Oblia mocTaBieHa 3a1a4ya UCCiIen0-
BaTh cepuro La-neuuTHBIX 00pa3IoB, NOTYYSHHBIX TPH OJUHAKOBBIX yCIOBHIX
U TIEPEKPBIBAIOIINX LIMPOKUN IHAINa30H CTENEHU HECTEXMOMETPUM HCXOIHOIO
LaMnOs.
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2. DKcrepuMeHT

Cepus nomukpucrammmieckux oopasuos La,Mn,O3 (La/Mn = 1.0, 0.97, 0.94,
0.90, 0.815) Obuta cMHTE3WpPOBaHA MO CTAHAAPTHON KEPAMHUYECKON TEXHOJIOTHH.
Bri6op nuanazona uzmenenuit La/Mn caenan cornmacHo ¢a3oBoil quarpamme [6].
B kauecTBe MCXOAHBIX MaTepHaNOB ObUIM B3AThI NIPEIBAPUTEIBHO MPOKAJICHHbIE
okucnbl LayO3 u MnO, BBICOKOH cTeneHU YHCTOTHL. [lepBoHayanbHbBIN OOXKUT
npomsBomm nipu 1000°C B Teuenue 28 h, 3arem oOpasibl OBUTH Pa3MOJIOTHI,
CIpecCcOBaHbl M OKOHYATENbHBIN 00KUr Ob11 nipoBezieH npu 1100°C B Teuenue 30 h
Ha BO3/yXe.

Kpucranianueckyo CTpyKTypy IOJY4YEHHBIX OOpPAa3IOB H3ydald METOIOM
peHTreHoBckoi audpakuuu B Ky -uznydenuu Ni. Bece oOpasubl numenu pom6031-
PHYECKYIO CTPYKTYpPY R3¢, moctopoHHHE (a3kl He ObLIM OGHAPYHKEHBI Jaxe
npu cootHomenun La/Mn = 0.815. [lapametpsl pemieTku oOpa3LoB U IMOJIHbIE
XuMHueckue Gpopmysasl mpuBeaeHsl B Tabnuie. Conepxanue Mn* u OlLICHUBA-
M Ha OCHOBAaHMM JaHHBIX HccienoBanuil [2,6,7]. [lomoOHBIN aHamu3 CBS3H
CTPYKTYPbl C HOHHBIM COCTABOM CaMOJIONIMPOBAHHBIX MaHTaHUTOB ObLI MpOBE-
JieH B paborax [8,9].

Tabauua
ITapaMeTpbI CTPYKTYPbI 00pa3uoB
O6pa_ l_elf'é)ea"rl\;[(i[’rg d O6’BeM pe_ COHT\ZHE&—- 8 CDO MVJIa COCIUHCHUS
3el P » % 98 rerku v, A3 HHe o ns PMY. a
0
Lag 9sMng 9803
L 5.523 60.56 241.3 12 0.06
100 (Lag.9800.02)(Mng.9800.02)O3
Lo.o7 5.477 60.66 235.8 — — -
Lag.93Mng.9903
L 5.482 60.55 235.9 24 0.03
0.4 (Lao.9300.07)(Mng.9900.01)O03
Looo 5479  60.63 2359 22 —0.04 Lag 9oMn0; 96

(Lag.900.1)MnO2.9400.04
Losis 5.484 60.55 236.2 - _ _

VY aenbHOE 3JEKTPOCONPOTUBIIEHUE OOPA3LOB P U3MEPSAIU CTAHIAPTHBIM 4e-
THIPEX30HJIOBBIM METOJIOM Ha MOCTOSITHHOM Toke. HauyanbHyi0 MarHUTHYIO BOC-
IIPUUMYHUBOCTB ), PETUCTPUPOBAIIN PaAMOYaCTOTHBIM METOAOM Ha yactore | MHz.
Bricokue ruapocratndeckue nasiaenus 10 12 kbar (mpu 7'= 300 K) co3naBanu B
KOHTEHHepe THIa MWIMHAP—TOPIIEHb ¢ PUKCHPOBaHHBIM 00beMoM. Cpenoi, me-
penaroiieil gaBieHue, sBsuics nonudtTwicuinokcad [19C-5. Benuuuny naBneHus
M3MEPSIA MAaHTAaHWHOBBIM MaHOMETPOM, TeMmIiepaTypy B auanazone 77-300 K —
TepMomnapor Menb—koHcTantad. MccnenoBanus SAMP >Mn BHITIOTHEHB! HA M-
MyJIbCHOM HEKOTEPEHTHOM CIEKTPOMETpPE C Pa3BEPTKOM YaCTOTHI M aHAJIOTOBBIM
HAKOIUIEHUEM CHUTHaJa.
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3. Pe3yabTartbl

Ha puc. 1 npeacraBiieHbl TemMIiepaTypHbl€ 3aBUCHMOCTH MAarHUTHOM BOCIIPHU-
umuuBoctu. Jlnms obpasma Lo manHble, momydeHHbie ¢ momormipio CKBUJI-
MaraeromeTpa, npueneHsl B [10]. HabmrogaroTcs mepexoasl B heppoOMarHuTHOE
cocrostHue st 00pasnoB L gq, Lo 9o 11 Lo 815, MpUYEeM IS MOCIIEHETO TaKOH Tie-
pexon Hanbosiee pe3kuii. MOXHO 3aKIIOUYHTh, 4TO 00paser L g5 camblii MarHuT-
HO-OJTHOPOIHBIN U3 BceX (peppOMarHUTHHIX 00pa3IIOoB.

Puc. 1. HawaneHas paguoyacToTHas

MarHuTHas BOCIIPMUMYUBOCTH 00pa3LoB
1 La,MnO3 npu HOpMabHOM AaBieHuu: [ —
Los1s, 2 — Logo, 3 — Lo.gs, 4 — Log7. Ha
BCTaBKE IIOKA3aHO BIMSHUE Ha MAarHWT-
HYI0O BOCIPHUUMYHUBOCTH oOpaszuma Lagos
BBICOKOrO jaBienus P, kbar: I — 0, 2 —
7.95,3-11.77

%» arb. units

%» arb. units

100 200

7 K
100 150 200 250 300
T.K

st o6pasna Lo g7 XapakTepeH pa3MBITBIN MEPEX0/1 C MIUPOKUM MAKCHMYMOM
npu 7' = 125 K. Cornacuo [10] 3aBucumocts y(7) oOpasua L; o umeer npakTuye-
CKHU Takoi xe Bua ¢ makcumymoM nipu 7' = 60 K. [Togo6HbIe TeMmiepaTypHbIe 3a-
BUCHUMOCTH BOCIIPUUMYHBOCTH OOBIYHO XapaKTEPHBI ISl CyleprapaMarHUTHBIX
WM CHUH-CTEKOJbHBIX COCTOSIHUHM, YTO CBHUJIETEIBCTBYET O CHUIBHOM MarHUTHOU
HEOJHOPOJHOCTH. YUHUTHIBasl JaHHBIC TAOJIUIbI, MO)KHO OTMETHTh Kaue€CTBEHHOE
pasznuuyue B NOBEACHUM JONMMPOBAHHBIX U «CAMOJONUPOBAHHBIX» MAHTAHUTOB. B
nonupoBaHHbIX (La—Sr) maHranuTax temmeparypa MarHUTHOTO YHOPSIOYEHHUS,
BBI3BAHHOTO MEXAaHU3MOM JIBOWHOr0o oOMeHa, pacteT oT T¢ = 145 no 370 K npu
YBEJIWYECHUN COJICPKAHUS Mn4+ ot 10 mo 30% [11]. B uccinegoBaHHBIX CaMOJI0-
MMUPOBAHHBIX MAHTAHUTAX YMEHBIICHUE COJECPIKAHUS Mn** (koTOpOE OJIM3KO K
ONTUMAJIFHOMY JUISL TOMUPOBAHHBIX JIBYXBaJCHTHBIMU MeTaiamMu) ot 24 no 22%
BBI3BIBACT HE MAJICHUE, a POCT T ¢ M MEePEexo]l K MarHUTHO 00Jiee OTHOPOIHBIM CO-
crosiHusM. [IpUunHONM Takoro MOBEICHMS, HA HAIl B3TJIA, SBJISETCS MOHUKECHUE
neeKTHOCTH MAapraHIeBON MOJCHUCTEMBI BCIEJACTBHE YMEHBIICHHUS KOHIICHTpA-
1uu BakaHcuit ot 2% B oOpasie Lo g4 10 ~ 0 B 06pa3siie L 9, MOCKONIBKY BakaHCUU
Mn BBI3BIBAIOT (DpyCTpaIi0 MArHUTHOTO mopsiaka. O4ueHp HarjasAHO TO MOKa3a-
HO B pabore [7] Ha oOpa3uax LaMn, O3, rae BUIHO, YTO oOpaszer ¢ 5% BakaHCHIA
Mn ¢eppomarnuren npu ¢ = 175 K, B To Bpems kak oOpaszen ¢ 10% BakaHcuit
HE UCIBITHIBAET MATHUTHOTO yrnopsodyeHus. Ha BcraBke puc. 1 mokazaHo Bius-
HUE BBICOKOTO JABJICHHS Ha MOBEJACHHE MArHUTHOW BOCIPUUMYHBOCTH OOpasiia
Lo.94. OT™meuaercs pocT T mon gaBieHueM co ckopocteio 1.44 K/kbar.

TemmnepaTypHbIe 3aBUCUMOCTH YACIBHOTO COMTPOTUBIICHHS TIPU HOPMAIBHOM U
BBICOKOM T'HJIPOCTATUYECKOM JAaBJIEHUSX MPEICTABICHBI HA pUC. 2. 3aBUCUMOCTD
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Puc. 2. YaenbHOe 3neKTpUYEcKoe
conporuieane La,MnOs mpu
pasHbIx naBieHusix P, kbar: mms
Log7 — 0, 642, 11.63; nns Logg —
0, 7.77, 11.8; mnsa Logo — 0, 7.95,
11.45; nns Logis— 0, 7.77, 10.87

p(7T) obpazua Lo nmpusenena B [10]. 3aBucumoctu p(7) obpaszmoB Lo u Lgg7
UMEIOT TOJYNPOBOJHUKOBBIA Xapakrep, oOpaszer; Lgogs4 OTIMYAETCS MIUPOKUM
makcuMymoM p nipu 105 K u TenaeHuuell nepexona K METaNIMYECKOMY THUILY
MIPOBOJIMMOCTH, a 00pasiibl Lo gg 1 Lo g5 I€MOHCTPUPYIOT YaCTO BCTPEUAIOLIUNCS
JBYXIUKOBBIN xapaktep 3aBucumoctu p(7) [12] ¢ MeTannudeckoid MpOBOAUMO-
CTBIO IPU HU3KHUX TEMIEPATypax.

[IpoBoaumocTs obpasua Lg g7 Jaxe Npyu MakCUMallbHOM JaBJIEHUU OCTAETCs
MOJIyITPOBOIHUKOBOM, x0T p nagaeT npu 100 K mouru B 30 pa3. deppomaraur-
HbIi u3onupytomui (FMI) obpazen L g4 oka3biBaeT nepexon B (heppoMarHur-
Hoe Mmetayumnueckoe (FMM) cocTtosiHMe, MHAYIUPYEMbId 1aBICHUEM, U YMCHb-
nieHue yaenabHoro conportusienus npu 100 K B ~ 8.5 paza. Ouenp O6mau3kuii pe-
3yJbTAT paHee moyrydeH B padore [13] mist monokpuctamia Lagg4Mng 9303, B KO-
TOPOM METAJUIMYECKOE COCTOSHHUE Tpu Temreparype Huke 1¢c = 210 K peanuzo-
Bajioch npu jgasieHuu 9.4 kbar. FMM-o6pasuer Logg 1 Lo 15 HE U3MEHSIOT Xa-
paKTepa MeTaUIMYeCKON MPOBOAMMOCTH TOJ JaBJeHHEM (yMEHBIICHHE COMpO-
tuBnieHus npu 100 K B 3.5 u 2.5 paza cOOTBETCTBEHHO).

YuuThiBas 6G1u30cTh BhICOKOTEMIIepaTypHoro Mmakcumyma p(7) k T¢ ans oOpas-
1oB Lo 1 Lo g5, u3 3aBucumocteit p(7,P) onpenenensl Oapudeckue kodhduipeH-
T d7¢/dP, paBubie 2.3 u 2.1 K/kbar coorBercTBeHHO. [lomydeHHbIe Oapudeckue Ko-
3¢ duIMeHTH MOXHO CpaBHUTH co 3HadeHueM 1.7 K/kbar mis Lag 94Mng 9gO3 [13], a
Takke co 3HaueHusMu 3.67 K/kbar misa cmabomommpoBannoro Lag79Cagr1MnO3 u
1.57 K/kbar nns ontumanbHo gonrpoBaHHoro Lag ¢7Cag 33MnO3 [14].

Cnextper SAIMP *Mn npu 77 K npusesnens! Ha puc. 3. Kak BuaHO, y Bcex o0pas-
1IOB HA0OJII0/1aeTCsl OIMHOYHAS JIMHUS TTOIIOIIEHHS, aMIUTUTY1a KOTOPO MOHOTOHHO
ymenbinaercs ot Lo gis k L1 gg. XapakTepHo, 4o pe3oHancHas yactora (~ 370 MHz)
u mmpuHa nuHud (~ 50 MHz) oarnakoBsl a7t Bcex 00pasioB. CHekTpsl O4eHb XO-
POIIIO OTBEYAIOT YCJIOBUIO OBICTPOrO AJIEKTPOHHOTO Mn'" <> Mn’" o6mena. JTums
HEeOOJIbIIIOE HU3KOYacTOTHOE KpbUIo B paiione 320 MHz cBuaeTensCTByeT 0 MpUCyT-
CTBUH HOHOB Mn4+, HE Y4YacTBYIOIMX B 0OMeHe. OObIYHO UX MPHITUCHIBAIOT MPaHUIIaM
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Puc. 3. Cnexrpsl AMP >>Mn o6pasuos La,MnOs; npu 77 K: I — L0, 2 — Lo.97, 3 — Lo.oa,
4 — Loogo, 3 — Logis. Ha BcraBke mpencraBieHbl 3aBUCUMOCTH aMIUTATYIbl CIIEKTPOB
SIMP nipu yactote 370 MHZ 1 poBOIUMOCTH 00pa3lioB OT CTETIEHH HECTEXHUOMETPUHU

(eppOMarHUTHBIX KJIACTEPOB MIJIM MOBEPXHOCTH HaHouacTHll [15,16]. Cronb crnaboe
nposisinenue SIMP Mn*" CBUJETEIILCTBYET, MO-BUIUMOMY, O TOM, YTO KJIACTEPHI B
UCCIIE0BAHHBIX 00pa3lax NMEIOT ME30CKOITMUYECKUE Pa3MEpBI.

OtmeTuM, yto mupuHa auHUU SIMP «camomonupoBaHHBIX» MAaHTAaHUTOB
(~ 50 MHz) npuGnu3utensHo B 2.5 pasza 0oJbIle, YeM JJIsi ONTUMAIBHO JTOTIHPO-
BaHHOTO Lag¢5S1)35sMnO3 (~ 20 MHz) [17]. Yumupenue, BEpOsSTHO, CBSI3aHO C
MEHBIIEN TOJBM)KHOCTBIO HOCUTEIEW B «CaMOJONHPOBAHHBIX» MAaHIAHUTAX IIO
CPaBHEHUIO C ONTHMAJIBHO JONMHUPOBAaHHBIMU BBHIY MX OOJbIIEH HEOIHOPOAHOCTH
U KOppeIupyeT ¢ TeM (aKTOM, YTO YAEIbHOE COMPOTHBICHHUE «CAMOJIOIUPOBAH-
HBIX» MAHIAHUTOB HA HECKOJIBKO MOPSIKOB OOJIbIIE, YeM JOMUPOBAaHHBIX. Criek-
Tpbl SIMP, oTBedaromue GpeppoMarHUTHEIM KJIacTepaM, UMEIOT OJUHAKOBYIO (op-
My kak s FMI-cocrostust (06pasist Ly oo, Log7), Tak 1 mis FMM-cocrosHus
(Lo.90, Lo.g15). Takoe mocTostHCTBO (hOpMBI CIIEKTPOB PE3KO KOHTPACTUPYET CO CIIYy-
yaem cnabomonupoBaHHOro Lag gsSrg sMnQOs, criektp kotoporo [17] mpoctupaercs
o1 310 1o 470 MHz u cocTouT U3 Tpex MUPOKUX IUHUN Mn4+, Mn*"*" n M

Haubonee nHTepecHO 0COOEHHOCTBIO CIIEKTPOB Ha pUC. 3 sABJIsETCsA 00JbIIOE
MOHOTOHHOE YBEJIMYE€HNE UHTEHCUBHOCTH PE30HAHCHOM JIMHUU NPU MEPEXOAE OT
MOJTYTIPOBOTHUKOBOTO 00pasna L oo (MHTeHCHBHOCTH 55 arb. units) k MeTammnye-

ckoMy Lo gi5 (2300 arb. units). [Tockonbky koaddumnuents! ycunenus AMP n 06-

56



du3uKka U TeXHUKA BbICOKHX aaBjaenuii 2007, tom 17, Ne 1

pa3loB pa3auyaroTCs HE3HAYUTEIbHO, TAKOE MOBBIIIEHUE UHTEHCUBHOCTH OJHO-
3HaYHO CBMJIETEJILCTBYET O POCTE€ CyMMapHOro o0bema (eppOMAarHUTHBIX Kia-
CTEPOB MPU YBEITUYCHUHU CTEIIEHU CaMOI0NTMPOBAHUSI.

4. BuIBOaBI

ComnocraBnsisi naHHble puc. 1, 2, MOXXHO KiaccU(UIMPOBATh 0Opasibl cie-
nyromuM oopazom: Ly g u Ly g7 — cnuH-cTeKONbHBIE (MK CyleprnapaMarHUTHBIC)
H30JIMPYIOIIHE, L().94 - FMI; L0.90 u L0.815 - FMM.

CpaBHuBas Gapuueckue KOAIPPHUIHUEHTHI, MOXKHO 3aKJIIOYUTh, YTO MHTErpal
JBOMHOrO0 OOMEHa «CaMOJONHUPOBAHHBIX» MAHTAHUTOB IPU CHKATUU M3MEHSETCS
NpUOIU3UTENBHO € TOH K€ CKOPOCTBIO, YTO M JONMPOBAHHBIX MAHTAHUTOB.

W3 BcTaBku puc. 3 BuIHA sIBHAS KOPPEISILMS MEXIY 3aBUCUMOCTSIMU YIEIIb-
HOW NPOBOAMMOCTH U HMHTEHCUBHOCTHU cnekTpoB SIMP. CoortHomenune La/Mn,
OTBEUAKONIEE NEPKOSALMOHHOMY mpeneiy u mnepexony u3 FMI- B FMM-
cocTosHue, cocraBiisieT ~ 0.95.

Pabota BreimonHeHna npu puHaHCOBOI Moanepkke ['ocymapcTBeHHOro (oHma
byHIaMeHTabHBIX HccnenqoBannil Ykpaunsl (mpoekt Ne ©7/471-2001).
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V.A. Borodin, V.D. Doroshev, V.I. Kamenev, A.S. Mazur, T.N. Tarasenko

MAGNETIC AND TRANSPORT PROPERTIES OF SELF-DOPED
LANTHANUM MANGANITES UNDER NORMAL AND HIGH
PRESSURES

Magnetic, transport and resonance (NMR) properties of a series of the self-doped lantha-
num manganites La,MnOs (x = 1.0, 0.97, 0.94, 0.90, 0.815) under normal and high pres-
sures have been studied. It was shown that the samples become more magnetically-
ordered with the change in conductivity character from semiconductor (dp/dT < 0) to
metallic (dp/dT > 0) at low temperatures with the increase of nonstoichiometry degree.
High hydrostatic pressure (~ 12 kbar) causes a semiconductor—metal transition of the
sample with x = 0.94. The got pressure coefficients of d7¢/dP = 1.44, 2.3 and 2.1 K/kbar
for x =0.94, 0.90 and 0.815 accordingly, are close to values obtained for doped composi-
tions. A correlation of resonance and transport properties of the explored series of sam-
ples was found.

Fig. 1. Initial radio-freguency magnetic susceptibility of the samples La,MnO3; under
normal pressure: / — Log1s, 2 — Logo, 3 — Lo.o4, 4 — Lo.97. Magnetic susceptibility of the
sample Lago4 as a function of high pressure P, kbar: / — 0, 2 — 7.95, 3 — 11.77 is shown
in the insert

Fig. 2. Electrical resistivity of the samples La,MnOj3 under different pressures P, kbar: for
Log7 — 0, 6.42, 11.63; for Loos4 — 0, 7.77, 11.8; for Logo — 0, 7.95, 11.45; for Log15 — 0,
7.77,10.87

Fig. 3. >>Mn NMR spectra of the samples La,MnOs3 at 77 K: I — L{.00, 2 — Lo.97, 3 — Lo.oa,
4 — Loogo, 5 — Logis. Dependences of the amplitude of NMR spectra with frequency of
370 MHz and conductivity of samples on the degree of nonstoichiometry are represented
in the insert
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PACS: 71.20.Eh, 75.30.Mb, 75.80.+q

G.E. Grechnev1, A.V. Logosha1, A.S. Panfilov1, [.V. Svechkarev1,
O. Musil®, P. Svoboda?

MAGNETOVOLUME EFFECT IN Ce(Ni1_xCuy)s ALLOYS

'B. Verkin Institute for Low Temperature Physics and Engineering
47 Lenin Ave., 61103 Kharkov, Ukraine

%Charles University, Faculty of Mathematics and Physics, DES
Ke Karlovu 5, 121 16 Prague 2, The Czech Republic
E-mail: panfilov@ilt.kharkov.ua

Magnetic susceptibility y of the isostructural Ce(Nij_Cuy)s alloys (0 < x < 0.9) was
studied as a function of the hydrostatic pressure up to 2 kbar at fixed temperatures of
77.3 and 300 K, using a pendulum-type magnetometer. A pronounced pressure effect on y
is found to be negative in sign and strongly (non-monotonously) dependent on the Cu
content, showing a sharp maximum at x = 0.4. The experimental results are discussed in
terms of the valence instability of Ce ion in the studied alloys. For the reference CeNis
compound the main contributions to y and their volume dependence are calculated ab
initio within the local spin density approximation (LSDA), and appeared to be in close
agreement with experimental data.

Introduction

Many of Ce intermetallics are characterized by a strong hybridization of the
magnetic 4f electrons with the conduction electron states resulted in delocalization
of the 4f'level and a change of its occupancy, and hence the Ce valence. As is evi-
dent from measurements of X-ray absorption and lattice parameters [1], together
with the magnetic [2,3], electric and thermoelectric properties [3] in the isostruc-
tural Ce(Ni;_Cuy)s5 alloys, the Ce valence decreases steadily from Ce*" to Ce**
with increase of the Cu content, and the system undergoes a series of transitions
from the nonmagnetic metal with empty 4f level (x = 0) through the intermediate
valence (IV) state combined with a nonmagnetic dense Kondo state (0.1 <x < 0.8)
to the magnetic 4f metal (0.9 < x < 1). Thus, the reference CeNis compound is the
exchange-enhanced itinerant paramagnet [1,4,5] with the temperature dependent
magnetic susceptibility exhibiting a broad maximum around 100 K, similar to
those observed in YNis and LuNis [4,6]. On the other hand, the CeCus compound
is a Kondo lattice antiferromagnet with 7y = 3.9 K and Tx = 2.2 K [7]. The mag-
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netic susceptibility in CeCus at 7> 50 K obeys a Curie—Weiss law with the effec-
tive magnetic moment value close to that expected for Ce’" state [7-9]. Due to a
direct relation between magnetic properties and the rare earth (RE) valence state,
and also the strong correlation between the valence itself and RE ionic volume,
the RE compounds with unstable f shell exhibit a large magnetovolume effect.
Therefore, a study of pressure effect on magnetic properties of the systems with
variable RE valence are of great interest to gain insight into a nature of the IV state.

Here we report results of our study of the pressure effect on the magnetic sus-
ceptibility of Ce(Ni;_,Cu,)s alloys in a wide range of Cu concentrations. The ex-
perimental results are supplemented by calculations of the magnetovolume effect
value for the reference CeNis compound, using a modified relativistic full poten-
tial linearized «muffin-tin» orbital method (FP-LMTO).

Experimental details and results

The polycrystalline samples of Ce(Ni;_Cuy)s alloys (0 < x < 4.5) were pre-
pared by arc-melting of a stoichiometric amount of initial elements in a water-
cooled crucible under protective argon atmosphere. The study of X-ray powder
diffraction at room temperature revealed that all samples crystallize in CaCus-type
hexagonal structure, and obtained data
on their lattice parameters agree closely
with that published in literature. Any
other phases were not detected within

1.00

2099 the resolution of the X-ray technique.
= The pressure effect on magnetic sus-
% ceptibility was measured under helium

gas pressure up to 2 kbar at fixed tem-
peratures, 77.3 and 300 K, using a pen-
dulum magnetometer placed into the

0.98

0.97 nonmagnetic pressure cell [10]. The
1.00] b relative errors of our measurements, per-
- formed in the magnetic field H = 1.7 T,
% did not exceed 0.05%. The pressure de-
20.99 I pendence (P) appeared to be linear in

all samples studied. For each tempera-
ture, the values of x at ambient pressure

093t and their pressure derivatives, dlny/dP,
0.0 0.5 1.0 1.5 2.0 were corrected for a weak field depend-
P, kbar ence of y caused by ferromagnetic impu-

Fig. 1. Pressure dependence of the mag- rities. The corresponding corrections
netic susceptibility of Ce(Ni;_Cuy)s al- were less than 5%.

loys at 7= 77.3 (a) and 300 K (b), nor- In Fig. 1 the typical pressure depend-
malized to its value at P=0: ¢ —x =0, m  encies of the magnetic susceptibility for

—03,¥V-04,A4-05 Ce(Nij_,Cuy)s alloys demonstrate a mag-
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nitude of the pressure effect and its
linear behavior. The negative sign of
the effect is consistent with anticipa-
tion that high pressure has to increase
the valence, since the Ce ion in the
higher valence (less magnetic) state
has a smaller volume.

Of particular interest is a strong
and non-monotonous concentration
13:2 dependence of the pressure effect

13.0

134 8 which shows a sharp maximum in the
°:h a6 § vicinity of x = 0.4 for both tempera-
< 8 tures, 77.3 and 300 K (Fig. 2,a). A

13-8 comparison between the obtained ex-

: . . . . 14.0 perimental results and the data on
00 02 04 06 08 1.0 concentration dependence of the lat-

g tice parameter a and the effective Ce

valence v from [1] (Fig. 2,b) indicates
that the maximum in dlny(x,7)/dP
correlates with a drastic change of a
(and v) around x = 0.4 (v = 3.5).

Fig. 2. (a) Pressure derivative of the mag-
netic susceptibility dlny/dP in Ce(Nij—xCuy)s
alloys at 77.3 K (e) and 300 K (0). (b) De-
viation of the a lattice parameter, Aa (©), in
Ce(Ni;_,Cuy)s alloys from the a(x) depend- L .
ence for the Ce ion assumed to be in a tri- h 18 1nte.res‘t1ng to note that a
valent state (left scale) and the Ce valence similar peculiarity in dlny/dP versus
(e) deduced from X-ray absorption studies valence was observed for various Yb

(right scale) at room temperature versus Cu compounds at room temperature [11].
content x (according to the data of Ref. [1]) As was shown, the relative change of

y with pressure is the most pro-
nounced also at the half-integer value of valence, v = 2.5, but contrary to Ce com-
pounds, it has a positive sign, as can be expected.

Theory for CeNis

Ab initio calculations of the electronic structure were carried out for the refer-
ence compound CeNis by employing a modified FP-LMTO method [12,13]. The
exchange-correlation potential was treated in the LSDA approximation [14] of the
density functional theory. To analyze the observed magnetovolume effect value in
CeNis, the magnetic susceptibility and its volume dependence were calculated
within the modified method, wherein the external magnetic field H was taken into
account by means of the Zeeman operator, H(2s + 1). The latter was incorporated
in FP-LMTO Hamiltonian [15] for calculations of the field-induced spin and or-
bital magnetic moments. The corresponding contributions to magnetic suscepti-
bility were derived from the field-induced moments, which have been calculated
in an external magnetic field of 10 T. The electronic structure calculations were
performed for a number of lattice parameters close to the experimental one. The
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0.7 equilibrium lattice spacing a and corre-
sponding theoretical bulk modulus B
were determined from the dependence of
the total energy on the unit cell volume
(the ratio c/a was fixed at its experimental
value), and appeared to be a = 8.96 a.u.
and B = 1.9 Mbar (to be compared with
experimental a = 9.2 a.u. [1] and B =1.43
Mbar [16]). The differences between
: % b theory and experiment on bulk properties
) of CeNis are presumably related to the
I overbonding tendency of the LSDA ap-
& proach [12].

The strongly volume dependent spin
contribution to yx originates predomi-
nantly from the 3d states of Ni. Regard-

4 ing the orbital contribution to y, it comes
Fig. 3. Values of Iny at 77.3 K (a) and  mainly from electrons in atomic sphere
dnar /dP (b) both plotted against nay for  of Ce and amounts to about 20% of total
Ce(NijCuy)s alloys. Circles and trian-  gygceptibility. At the theoretical lattice
gles in (b) denote the data obtained with  harameter, the calculated total suscepti-
Eq. (1) and Eq. (4), respectively. Points bility at 7= 0 K (2.91 0—3 emu/mol) ap-

for x = 0.45 are interpolation of the ex- d to b 1 to th .
perimental data on concentration depend- peared fo be vety ¢lose to the experi-

ence of  and dlny/dP mental one (3.0‘10_3 emu/mol [4]). The

corresponding volume derivative of sus-
ceptibility, dlny/dlnV = 4.2, is in agreement with that resulted from the experi-
mentally observed pressure derivative for CeNis at 7= 77.3 K, dlny/dIn}'=3.9 £
0.4. Thus, it has been demonstrated that LSDA provides an adequate description
of the strongly exchange enhanced magnetic susceptibility of CeNis and its pres-
sure dependence.

N O
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N
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/
s
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Discussion

As is shown, the LSDA allows to describe the magnetovolume effect in the
reference CeNis compound that gives grounds for future application of LSDA ab
initio approaches to some Ce(Ni;_,Cuy)s alloys. Here, however, we shall restrict
our consideration of the experimental data in alloys within a phenomenological
approach.

A. Concentration dependence

Anticipating the pressure effect on the magnetic susceptibility to arise mainly
from the change of Ce valence, or the fractional occupation of the 4/ magnetic
state ngr (v = 4 — nyy), the pressure effect can be analyzed within a simple relation
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dlny Olny dngy

~ 1
dP Oy dP W)

in terms of the pressure dependence of na¢ (or v). The most reliable results of such
analysis would be expected in the Cu-rich alloys at low temperatures where the 4f
contribution y4r becomes dominant.

In Fig. 3,a the y versus n4s dependence is shown for Ce(Ni;_,Cuy)s alloys (0.4
<x < 1) at 77.3 K, which is obtained by using the experimental y(x) values and
v(x) data of Fig. 2,b. A substitution of the resulted from Fig. 3,a derivatives
Olny/Onys and experimental data on dlny/dInP at 77.3 K into Eq. (1) gives dngs/dP
value which strongly depends on nyr (Fig. 3,b). As is seen, the maximum value of
dngr/dP is expected at ngp= 0.5 (v = 3.5) to be about —6.5 + 1.5 Mbar . The cor-
responding estimates of the valence change under pressure, dv/dP = —dnys/dP, are
of the same order as those resulted from the study of magnetovolume effect in
SmBg (2 Mbar ' [17]) and from the measurements of resonant inelastic X-ray
emission in YbAI, under pressure (~ 5 Mbar | [18]).

B. Temperature dependence

In a simple empirical model which includes interconfiguration fluctuations
between f "1 and " levels [19], the contribution of the 4f 0 (/=0) and 4f ! (J=15/2)
states of Ce to magnetic susceptibility is given by

Ly (T) = Ny o (T)/3K(T +T). @)

Here N is the Avogadro number, pu — effective magnetic moment of the 4f :
state, Ty — the characteristic temperature (valence fluctuation temperature, or
Kondo temperature, or heavy-fermion bandwidth). It should be mentioned that a
quantitative analysis of the y47(7) dependence using Eq. (2) requires the complete
data on n4/(T) (and probably on T(T) as well) which are actually unavailable.
Furthermore, to separate the y4/7) term from the experimental data on y(7) one
needs to know a background contribution o, which generally can not be ne-
glected.

A simplified analysis of the experimental data can be performed assuming 4y,
Trand 7 to be temperature independent. Then the magnetic susceptibility obeys a
modified Curie—Weiss law,

X(T) =250 +xar (T) =% +C /AT =6), 3)

with C = Nu2n4f/3k and 0 = —T. For the representative Ce(Nig 5Cug s)s alloy, the
best fit of Eq. (3) to the experimental data at 7> 50 K (Fig. 4,a) [2] is obtained
with yg = 0.6:10"° emu/mol, C = 0.48 K-emu/mol and 6 = =79 K. It should be
pointed out that the estimate ngr = 0.6, resulted from C, is in a reasonable agree-
ment with the value of 0.8 that follows from the data in Fig. 2,6 for x = 0.5.

63



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

As is evident from Egs. (2) and (3), the pressure effect on the 4f susceptibility
is governed by changes of n4rand Ty with pressure, as

0
= 0.8 )
& JUY:
= 0.6f S
g =
= - gl
© 0.4+ &
T/_;: 02 g—lZ-
x p—
oY) NN [ L S - -
0 50 100 150 200 250 300 0 1 , 2 3 4
T,K Tap 10 ~ emu/mol
a o

Fig. 4. Temperature dependence of the magnetic susceptibility y (a) and pressure deriva-
tive dlny4/dP plotted against y47(b) for Ce(Nig.sCugq 5)s alloy

dinge () _dinC 1 dTy dlnny 4 (7) d7;

: 4
dp P T+T, P dP C dpP @

being a linear function of 1/(T + Ty or y4r (T). The data on dlnyys /dP for
Ce(Nig 5Cugs)s alloy were derived from the measured effect, dlny/dP, in the
framework of Eq. (3) using a value dlny/dP ~ —1 Mbar ' as a rough estimate for
the pressure dependence of the background [20] which is assumed to originate
from 3d(4d) itinerant electrons. The obtained values dIny4,/dP are plotted in Fig.
4,b as a function of y4r (7). Its linear approximation in accordance with Eq. (4)
gives

din dr
dinC _ 0% _ 35407 Mbar', L 16504250 K -Mbar' |
dpP dpP dpP

The resultant value dngs/dP = — 2.5+ 0.5 Mbar | is in line with the value dnyr/dP =
—— 2.0+ 0.3 Mbar ' obtained previously for x = 0.5 from analysis of the concen-
tration dependence of the pressure effect within Eq. (1). From the pressure de-
pendence of Ty the corresponding Griineisen parameter, €2, is estimated as

— =B =31+£5
dinV dpP

()

using the experimental bulk modulus B = 1.5 Mbar [21]. The Anderson impurity
model provides the Kondo temperature and its pressure derivative to be described
in terms of n4,[22]:

1—nyp dinTy 1 dlnny,

TK oC , =

(6)
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Then, assuming 7y oc Tk and using in Eq. (6) the values dngy/dP = —3.2 £ 0.7
Mbar | and n4r= 0.8 evaluated above for the alloy with x = 0.5, one obtains

dInTy
dInV

Qp=Qg=- =24+5, (7)
in reasonable agreement with the direct estimate (5).

For Ce(Nig 4Cuq¢)s5 alloy, the analogous analysis in the framework of Eq. (3)
and Eq. (4) yields the following Curie—Weiss parameters: C ~ 0.806 K-emu/mol,
xo~ 0, Ty=—0 =26 K, and their pressure derivatives:

dinC B dlnn4f B
dpP dpP

dr
~1.7+0.5 Mbar !, $f=6201100 K -Mbar .

The latter results in the Griineisen parameter Qy = 35 + 6, assuming the bulk
modulus value B = 1.5 Mbar, as in the Ce(Nig 5Cug s)s alloy. The similar estimate
follows from Eqgs. (6) and (7) with ngr = 0.93 derived from the data in Fig. 2,b.
The reasonable description of the Griineisen parameter for alloys with x = 0.5 and
0.6 with Anderson model [21] allows to consider the Cu-rich alloys studied in the
present work as the nonmagnetic Kondo lattices.

Conclusions

The pressure effect on magnetic susceptibility of Ce(Ni;_Cuy)s alloys has
been observed for the first time. This effect is negative in sign, and also strongly
and non-monotonously dependent on the Cu content. For the reference CeNis
compound, the pressure effect value is successfully described within LSDA ap-
proximation, using the modified full potential relativistic FP-LMTO method. For
Ce(Ni_,Cuy)s alloys the effects of pressure and alloying on the valence state of
Ce ion are the most pronounced around x ~ 0.4, which corresponds to the half-
integer valence v ~ 3.5. In other words, the fractional occupation ngr~ 0.5 with the
nearly degenerate f 0 and f : configurations of electronic states is favorable for the
valence instability. It is also found that the main contributions to the pressure ef-
fect on magnetic susceptibility for the Cu-rich alloys are i) the decrease of the ef-
fective Curie constant and i1) the increase of the characteristic temperature 7y The
latter exhibits a large and positive value of the Griineisen parameter, which can be
apparently described within the Anderson impurity model. Both of these contri-
butions have their origin in the change of the Ce valence state caused by depopu-
lation of the f'state under pressure due to its shift relative to the Fermi energy.

The work of P.S. and O.M. is a part of the research program MSM 0021620834
financed by the Ministry of Education of the Czech Republic. The authors thank S.N.
Dolya for discussions and V.A. Desnenko for help in magnetic measurements.
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ZnAs; ELECTRICAL CONDUCTIVITY AT CYCLIC PRESSURE
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The aim of the work is to investigate ZnAs, electrical conductivity at cyclic pressure
treatment in the range of 20-50 GPa, to determine concrete values of pressure, at which
the changes take place in this material, and to reveal peculiarities of behaviour at pres-
sures up to 50 GPa.

Introduction

ZnAs, is a compound belonging to semiconductors of A"B" group, their struc-
ture peculiarity is chemical bonds between As atoms adjacent to the Zn—As bonds.
It is the reason of anisotropy of electrical and optical properties of this material.

The phase transition was found [1] in structurally similar material CdAs, dur-
ing studying the hydrostatic compression (0—9 GPa) effect. The similar transition
was not found in ZnAs, at such pressures. That is why we studied this compound
at pressures up to 50 GPa, it was shown [2] that irreversible structural changes
take place at pressures of 35-40 GPa.

It is interesting to investigate the ZnAs; electrical conductivity behaviour at
cyclic pressure treatment to define more precisely the value of pressure at which
the changes take place.

Experimental details

A sample of the material, which was not earlier affected by high pressure, was
placed into a diamond anvils cell (DAC) where the initial pressure equal to 22 GPa was
generated. Next, the cyclic pressure treatment of the sample was performed, character-
ized by sequential pressure increasing up to some maximal value and decreasing down
to the initial one of 22 GPa. The pressure cycles and corresponding plots of electrical
conductivity dependences on pressure for ZnAs; are shown in the Table 1.
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Table
ZnAs; electrical conductivity pressure dependences at cyclic pressure treatment
Ne Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Proax 27.5 31.5 35 37.5 40
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= \
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The pressures up to 50 GPa were generated with the help of DAC with
«rounded cone-plane» type anvils [3] made from synthetic polycrystalline dia-
monds «carbonado». The measurements were made at room temperature on the
same samples as were used in article [2].

Results and discussion

ZnAs; resistance values are lower during increasing pressure up to 3.5 GPa
than those during pressure decrease, as seen from Table 1. The resistance values
are higher during increasing pressure in all other cycles. The ZnAs; electrical re-
sistance takes the values of about 10° Q at pressures up to 37.5 GPa, however re-
sistance values decrease by the order of magnitude during pressure removal in the
5-th cycle.

The electrical resistance doesn’t take the initial values during the next steps of
increasing pressure, meaning that the irreversible changes are taking place in this
sample. Thus, the obtained result indicates that the pressure value in the interval
of 35-40 GPa is a point of irreversible change of ZnAs, electrical conductivity.
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The electrical resistance of the sample once again decreases by the order of mag-
nitude during pressure increase up to 45.5 GPa. This change also remains irre-
versible that indicates the existence of the second point of irreversible changes of
electrical conductivity at a pressure ~ 45.5 GPa.

Conclusion

Investigation of ZnAs; electrical conductivity at cyclic pressure treatment in
the range of 22—-50 GPa has shown that two points of irreversible changes exist in
this material. The first point, fixed in our previous investigation, is a pressure
value equal to 37.5 GPa and the second one equals 45.5 GPa.
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We present the results of the research work devoted to the problem: how the crystallites
influence the electrical properties of stabilized zirconia at pressures of 22-50 GPa and in
the temperature range of 77450 K. The measurements were conducted in the high-
pressure chamber under direct current on nanocrystalline powders of ZrO; stabilized by
Pr (0.5%) and on compact powder samples of «partially stabilizedy ZrO; including 5%
Y3P3. The nanocrystallite size equals 10, 12 and 56 nm. The change of electronic proper-
ties of stabilized zirconia at 31.5-37.5 GPa, 40-44 GPa and 45.5-48.5 GPa in nano- and
polycrystalline states has been discovered. It gives us a possibility to verify the phase dia-
gram of ZrO; at those intervals of pressure. Besides, it has been revealed that stabilization as
nanocrystallinity leads to appearance of additional mechanisms of conductivity in ZrO.,.

Introduction

Effects of size in ultradisperse systems attract attention because they lead to new
properties that are unordinary for homogeneous macroscopic bodies and so are very
important for practice. The results of researching the electrical resistance of stabilized
zirconia in nano- and polycrystalline states under pressures of 22—50 GPa and in the
temperature range of 77-450 K are presented in the article. The aim of the research
work is determination of correlation between electrical properties of ZrO,, stabilization
and sizes of its crystallites in nano- and polycrystalline states under high pressures.

Experiment

The measurements of the resistance under direct current were conducted in a
high-pressure chamber (HPC) with anvils «rounded cone-plane» that were made
from synthetic carbonado-type diamonds. The anvils resistance under direct cur-
rent is not higher than 10 Q and has insignificant temperature dependence.
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The error of resistance valuation doesn’t exceed 10% under pressures of
15-50 GPa. The investigated samples are about 0.2 mm in diameter and 5-30 um
thick [1].

Measurements were made on a polycrystalline powder sample of not stabilized
71O, polycrystalline samples of zirconium partially stabilized by yttrium (ZrO; +
3 mol% Y;,03) and nanocrystalline ZrO, samples partially stabilized by praseo-
dymium. The nanocrystalline samples stabilized by praseodymium had the crys-
tallite size of 10, 12 and 54 nm.

For each sample, two series of measurements were carried out.

The bulk sample of ZrO, + Y,03 was synthesized by the Daiichi Daiichi Ki-
gensou Company in Japan (Lot # NEY-5M LO524) and in the Institute of General
and Inorganic Chemistry, NAS of Belarus [2]. Nanocrystalline praseodymium-
doped zirconia powders were produced using a microwave driven hydrothermal
process under pressures up to 8 GPa. Nanopowders of ZrO, with Pr in solid solu-
tions had Pr content of 0.5 mol%. These samples were synthesized at High Pres-
sure Research Center, Polish Academy of Sciences. Polycrystalline powders of
not stabilized ZrO, were synthesized by DonPTI.

Experimental results and discussion

During the experiment it has been discovered that resistance of all samples
is falling by 3—4 orders of magnitude under the rising of pressure from 31.5 to
37.5 GPa.

The temperature dependences of resistance of the samples stabilized by pra-
seodymium and yttrium have activation character and are described by ordinary
activation relationship

E
R=RyexpE| —% ]|, 1
0 €Xp (ij (1)

where Ry — parameter characterized by mobility and concentration of charge car-
ries; E, — activation energy; k£ — Boltzman constant; 7 — temperature.

The temperature dependences of re-

17 4= sistance for the sample partially stabilized

by yttrium had metal-like character to

o pressure of 45 GPa. Under higher pres-

° sure the temperature dependences of re-
Lé 1 sistance had activation character.

- We have investigated the influence of

crystallite sizes on value of activation energy

13k . : E, for nanocrystalline samples [2]. Under

10 100 pressure of 45 GPa the value of activation

lg 4, nm energy for 10 and 12 nm was about 0.1 eV,

Fig. 1. Depender.lce (_’f activation energy whereas for, 54 nm and for polycrystalline
E, on the crystallite size d for 7= 300 K samples — about 10—3 eV (Fig. 1),
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Due to our research it is proved that the value of activation energy depends on
crystallite sizes in nanocrystalline state and it rises under reduction of the latter [3].

From Fig. 2,a it is clear that for the nonstabilized sample there is only one
mechanism of conductivity. Stabilization of zirconia leads to appearance of the
second mechanism of conductivity (Fig. 2,b) developing as changes of the resis-
tance vs temperature curve slope in stabilized ZrO,. Nanocrystallinity (for 10 nm
size) as a stabilization leads to appearance of the activation process that indicates
a significant contribution of surface effects to electrical properties of nanoceram-
ics (Fig. 2,c).
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450 ; . ortho III ’ from Ref. [3]
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From the graph of the temperature dependences of resistance it is seen that un-
der pressure of 35 GPa there is the change of the electrical structure. It develops
as the changing of signs of the coefficient of line’s slope on the logarithm graph
of temperature dependences of resistance.

The existence of activation-energy maximum and the change of thermal coeffi-
cients of resistance at 31, 35 and 45 GPa prove the existence of structural phase
transitions under such pressures in correlation with obtained results (Fig. 3,b) [3].
These effects give us a possibility to verify phase diagram of zirconia in this in-
terval of pressures.

The research was made possible in part by grants RBRF No.01-03-96494 and
CRDF No. REC-005.
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Memooamu netimponocpagpuu, penmeenocmpykmyproeo auanuza (PCA) u uzmepenus
MACHUMHOU BOCHPUUMYUBOCIU BbINOJIHEHO UCCIe008AHUe GIUSHUS UHMEHCUBHOU dedhop-
Mayuu Ha CMpPYKMYpHble nepexoobl U MACHUMHbIE CEOUCBA HUKENe8blX CYNEPCNiagos8 ¢
pasnuunbim cooepacanuem unmepmemaniuoa NizAl (ynpounsioweti ghaszvr y). Obnapyoice-
HO, YO GEeIUYUHA MACHUMHOU 80CHPUUMYUBOCU MEHACTNCA 8 3A8UCUMOCTIU OM CIENneHU
oeghopmayuu; @ cynepcnnage ¢ 90% y’nocie yoapnozo naepyacenus (P = 100 GPa) yoa-
POM NIACTMUHBL MACHUMHAS 60CHPUUMYUBOCb 803pacmaem Ha 06a nopsioxa. Tlokazano,
YUMo U3MeHeHUue MAZHUMHbBIX CEOLICME HUKENe8bIX CYREPCNIA808 NOC/e UHMEHCUBHOU Oe-
gopmayuu ceszano ¢ pazosvim nepexooom L1,-DO:;.

BBenenune

Nutepmerammua NizAl (y'-¢da3a) oOnagaer He TOIBKO HEOOBIYHBIMU MEXaHHUYE-
CKUMHM XapaKTEpUCTUKaMM (HaJIMUME aHOMAJIbHOM TeMIepaTypHO 3aBUCUMOCTH U3-
MEHEHHS MpeJiesa TEKyUeCTH), HO TaKXKe U MHTEPECHBIMUA MarHUTHBIMHU CBOWCTBaMH,
KOTOpBIE 3aBHUCAT OT ONIMKAMILEro OKpY>KEHHS aTOMOB HUKEIS W, CJIEI0BaTEIbHO,
OUYeHb YyBCTBHUTENIBHBI K cocTaBy. NizsAlyg — mapamarseTuk (mapamMarHUTHOE CO-
cTostHue coxpansercs BIIoTh 10 4 K), a NizsAlys — cmabsrit peppomarneTnk [1].

Y'-(haza sBiIsIETCS OCHOBHOM ympouHsIoImEeH (a3oi )KaporpOYHbIX HUKEIEBBIX
CyIepcIUIaBoB, TemnepaTypa Kropu KOTOpPBIX 3aBHCHUT OT COCTaBa JIETUPYIOIIMX
AJIEMEHTOB M MOKeT MeHAThes oT 38.9 no 300 K.

[Inactuueckass neopmanus OKa3blBA€T CHWJIBHOE BIUSHHE HE TOJBKO Ha
NPOYHOCTHBIC, HO M HA MarHUTHBIE CBOMCTBAa HUKENEBBIX CyIepciiaBoB. B pado-
Te [2] Habmroganu HCYe3HOBEHUE UCXOTHOTO (DEpPOMArHUTHOTO COCTOSTHUS MTOCIIE
XOJIOAHOM MPOKATKH HUKEJIEBOI'O CyNEepCIiaBa, a Mpyu HUKINYECKON nedopmanun
HCXOJIHOTO MapaMarHUTHOTO CylepcIulaBa OblJI0 OOHAPYXKEHO CyneplnapaMarHuT-
Hoe cocrosiHue [3]. Kak mpennonaraercs B pabdore [2], ucuesnoBenue ¢geppomar-
HUTHOT'O COCTOSIHUS IIPYU IJIACTUYECKOM AedopMaiiy CBsI3aHO ¢ JBU)KEHUEM JIHC-

74



du3uKka U TeXHUKA BbICOKHX aaBjaenuii 2007, tom 17, Ne 1

nokanuii, popmupyronmx antugasueie rpaHuibl (ADI), KoTopele MEHSIOT O1H-
JKalee OKpyKEHNE aTOMOB HUKEJIS.

Lenpro qaHHOM pabOTHI SIBISIETCS MCCICOBAHUE BIMSHUS WHTEHCUBHOU aedop-
MalM¥ Ha CTPYKTYPHBIE IEPEXO/IbI 1 MArHUTHBIE CBOMCTBA HUKEJIEBBIX CYTIEPCILIABOB.

TexHuKa IKCIIEPUMEHTA

HccnenoBanust mpoBOAWIM HA MOHOKPHCTAJUIAX HUKEJIEBBIX CYNEPCIUIaBOB THIIA
BKHA4Y (90% ") u DU437b (9% ') ¢ opuenrarmeii [001], BeIpalieHHBIX U3 pac-
iaBa o merony bpumkmena. [ nedopmarmu o6pasnoB cynepcruiaBa BKHA4Y
NPUMEHSITH METOJI yIapPHO-BOJTHOBOTO HArPYKEHUS (OMBITHI [0 HATPYKEHUIO OBLITH
BbimoHeHbl B POSL-BHUUT®, r. CHexxunck). Harpykenue mpoBOaWId yaapom
CTaJIbHOMH IJIaCTHHBI (MaKCHMAaJIbHOE JaBJIeHHe Ha rmoBepxHoct oOpasios 100 GPa,
JUTMTETIbHOCTh UMITYJIbca | [IS) U TOPMOKEHHEM Ha Mperpaje MpOoAyKTOB B3pbIBa
(Maxcumanbroe nasneHue 20 GPa, mmrtensHOCTS uMITyibea 1 pus). OOpasiisl cynep-
crutaa OU437b medopmupoBanu mpokaTKOW Mpu KOMHATHOM Temrmeparype. PCA
OBLIT TIPOBENICH C MOMOIIBI0 peHTreHOBCKoro mudpaktomerpa JJPOH-3, uznydenue
Cu Ky u Co K. HelitpoHorpadudeckre uccieaoBaHus OCYIIECTBIISIIN P KOMHAT-
HOH Temniepatype Ha audpaxkromerpax 2 u JI3 (A = 0.1805 nm u A = 0.24232 nm),
YCTaHOBJIEHHBIX HAa TOPU30HTANIBHBIX ITydkax peaktopa BB-2M.

MarauTtHbIe HCCIe0BaHUs ObLUTH BHITIOJHEHBI IPH KOMHATHOM TemrepaType ¢
MOMOIUIbI0 M3MEPUTEJII MATHUTHON MPOHULIAEMOCTH MaJIOMAarHUTHBIX CIUIaBOB U
aycteHUTHBIX ctaneid UMITACI [4], yuciaeHHbI pacdyeT OCYLIECTBIEH C UCIIOJb-
30BaHUEM 3TAJIOHOB.

Pe3ysabTathl M 00CyKIeHUE

Maznumnuwte ceoiicmea. Ha puc. 1 npuBeneHbl TaHHbIE 3aBUCUMOCTH Mar-
HUTHOW BOCIPUHMMYHMBOCTHU HHUKeNeBbIX cynepciuiaBoB OM437b u BKHA4Y ot
crenenn nedopmarnuu. B crmaBe M43 7b nocne nedopmanuu oOHapYyKEHO He-
00JIBIIIOE U3MEHEHHE MAarHUTHOW BOCIIPUUMYHBOCTH, KOTOPOE BO3PACTAET 1O Me-
pe yBenuueHus creneHu aegopmanuu (puc. 1,a). Takoe xe HEOOIBIIOE U3MEHE-
Hue Habmonaercs u B crutae BKHA4Y (90% y') mocne 20 GPa, a mocne 100 GPa
BEJIMYMHA MarHUTHOM BOCHPUHMMYHMBOCTH MEHSETCS MOYTH Ha JIBa MOpsAKa IO
CPaBHEHHIO C UCXOJTHBIM COCTOsIHUEM (pucC. 1,0).

Orxur cynepcriaBoB pu 900°C B teuenue 1 h (oxmaxaeHue ¢ MeYbi0) BbI-
3bIBACT CHIDKEHUE 3HAYCHHUS MArHUTHOW BOCHPHUMMYUBOCTH, YTO MOXET CBH/IE-
TEIbCTBOBATH O TEMIIEPATYPHON HEYCTOMYMBOCTH MAarHUTHOTO COCTOSIHHSI, 0Opa-
30BaBIIIErocs mocie aedopmanuu.

PCA, neiimponozpaghusa. 11o nanaeim PCA, crmas O1437b nocne aedopmanmu
npokaTkoit 10 38% coxpaHuUI MOHOKpUCTaJUTMYeCKoe cocTosHue. Hukakux gomos-
HUTENBHBIX JIMHUN Ha peHTTeHOrpaMMax rociie aegopmanuu He oOHapyskeHo. Bepo-
SITHO, ATO CBSI3aHO C TEM, YTO B JJAHHOM CIUIaBe oueHb Majo (9%) copep:kaHue WH-
TepMeTALTIHON (a3sl Y/, nedopmariusi KOTOpor MOXKET (POPMHPOBATH JTMHHOIIC-
PHOIHYIO PEIIETKY U HANOOJIee CHITbHO MEHSIET OKPY>KEHHE aTOMOB HUKEJTS.
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Puc. 1. 3aBUCHMOCTh MarHUTHOW BOCIIPHUMYHBOCTH HHKEJIEBBIX CYIEPCIUIABOB OT je-
tdhopmaruu: a —2OU4376 (9% y'); 6 — BKHA4Y (90% y")

Ha pentrenorpammax crmmaBa BKHA4Y nocne yaapuoro Harpyxenus 20 GPa
MOSIBIISIETCS OJTHA TOTIOMHUTENbHAs muHus (Om3kast k (111)y"), a mocne 100 GPa —
JIBE JIOMOJIHUTENbHBIE TUHUU (puc. 2). Helitponorpaduueckue ucciaeaoBaHus Mo-
Ka3aJld, 4TO ITH JIMHUY NPUHAJJIeKAT HE HCXOIHOM KyOudeckoii y'-dase, a daze ¢
JUIMHHOTIEpUOIHOW cTpyKTypoir DOr; (puc. 3) (Gornee mompoOHO pe3yibTaThl
HEUTpOHOrpapUIECKUX M AIIEKTPOHHO-MHKPOCKOIMUYECKUX HCCIEIOBAaHUN Tpe-
cTaBieHsl B [5,6]). Kpome Toro, U3 chbeMKH HEUTPOHOIpaMM pa3JIMUHBIX MOJIOKEHUN
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'?2 6r (112)DO,, BKHAA4Y mnocne yaapHOro Harpy>KeHus:
2 41100y \ a — ucxonHoe cocrosHue; 6 — 100 GPa;
g 2r | N 6 — 100 GPa + omxwur (900°C, 1 h)
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Puc. 3. Heiirpororpammel cynepciiasa BKHA4Y mocne medopmaruy B yIapHBIX BOJI-
Hax: a — 20 GPa, L = 0.2432 nm; 6 — 100 GPa, A = 0.1805 nm

oOpasiia, BBIMIOJHEHHON B [5,6], ObUI cienaH BBIBOJ, YTO CYIIECTBYET CTporas
opueHTtanusi HOBOM (a3el co crpykrypoir DOy mo 06asucy ucxomaHout y'-hassi.
Hannuve mogoOHBIX OpHEHTAMOHHBIX COOTHOILIEHUN MEXAy 3TUMHU AByMs ¢a-
3aMH XOpOIIO OOBSCHSET TOSBJICHUE aHW3O0TPOIIMH MAarHHUTHON BOCIPHUHMYHBO-
CTH, OOHAapy>XKEHHOI B 3TOM cIjiaBe (CM. puc. 1), MTOCKOIbKY MaKCUMalIbHOE W3-
MEHEHHE OMIKANIIIero OKPYKEHUSI aTOMOB HUKels B cTpykType DO, Habmrona-
ercs B Hanpayienuu [001].

Ha mudpaxrorpamme nedpopmupoannoro (100 GPa) o6pasuna BKHA4Y mo-
cie orxura (900°C, 1 h, oxnaxaeHue ¢ Ne4bio) AOMOTHUTEIbHBIC JTUHUH, TTOJI0-
JKEHHUSI KOTOPBIX COOTBETCTBOBAIIM IOJIOKCHHUSIM JIMHUN (Da3bl cO CTPYKTypoit
DO;,, coxpaHunuch, HO UX WHTETPANbHAS MHTCHCUBHOCTh YMEHBIIHUIACH. IJTO
MOJKET CBUIETENLCTBOBaTh O TEMIIEpAaTYpHOW HECTaOMJIBHOCTH JaHHOM ¢a3bl,
CBSI3aHHOU C €€ Je(EKTHBIM MMPOUCXOKICHHEM.

Taxum 06pazoM, cOnocTaBIsisl CXOJACTBO Pe3yJIbTaTOB MAarHUTHBIX HCCIIEI0Ba-
Huif, PCA u HeliTpoHOorpaduu JUIst IByX CIUIABOB C PA3IMYHBIM CO/ECP)KaHUEM HH-
tepmetauuaHoi dassl y': DU437b (9%) u BKHA4Y (90%), MoxkHO npeamnosno-
XKUTh, YTO MarHUTHBINA 3 dekT, HabmogaeMblid Ipu AedopMaIi CYIIEPCIIaBOB,
CBSI3aH C M3MEHECHUSIMHU B CTPYKTYpe Y'-(ha3el — oOpa3oBaHueM (a3bl ¢ JITMHHOIIE-
puoaHoi cTpyktypoit DO»sy. DT n3MeHeHus: ynaercs oOHapYKHUTh, KaK TOJIBKO
KOJIMYECTBO HOBOU (ha3bl CTAHOBHUTCS JOCTATOYHBIM IS YyBCTBUTEIBHOCTH MPH-
6opa. Kak mokazana nannas paboTa, MarHUTHBIE MCCIIEIOBaHUS 00JIaatoT Oosiee
BBICOKOH YYBCTBUTEIBHOCTHIO K M3MEHEHHSIM, KOTOPBIE MPOUCXOASIT B ITUX Ma-
TepHaax B yCIOBUAX JedopMalnu.

MarauTtHble iepexoisl pH Aeopmary HaOIIOAAIOTCS U B JPYTHX UHTEPME-
TaJuIMAax, HalpuMep B NMapaMarHUTHBIX cIlaBax cuctembl Fe—Al, nMeromux uc-
XOJHYIO KpucTajundeckyro pemetky Bo (B2, CsCl) ¢assl. Tak, nocie 25% ne-
dopmanmu npokatkoit (7 = 20°C) oOHapyxeH nepexoa B (heppoMarHUTHOE CO-
CTOSIHHE, TIPH 3TOM Ha CHHMKaX CILIABOB, MOJYUYEHHBIX METOJOM MPOCBEUHBAIO-
el AIEKTPOHHOW MHUKPOCKONHMH, OOHApy)XEHO OOJIbIIOE KOIWYECTBO TPyOOK
AO®TI". [Ipu npoBegeHnH OTKHUra Je(pOPMUPOBAHHOTO CIUIaBA MPOU3OIILTIA AHHUTHU-
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msimsa Tpyook ADIT, u deppomarautHoe cocrostuue ucuesno [7,8]. Ilo Hamemy
MHEHHUIO, TosiBIIeHHEe TpyOok ADI" MeHseT OikHEEe OKPY)KEHHE aTOMOB JKele3a,
YTO MPUBOJIUT K BOBHUKHOBEHHIO HOBOTO MAarHUTHOTO COCTOSIHUSI.

JUTMHHONIEpHOIHYIO TeTParoHANbHYI0 cBepxpemieTky DOsy MOXKHO MOJTydHUTh,
eciu BBecTH mapasuienbabie ADI ¢ HanpaBiieHneM BekTopa cmerieHus a/2{110) B
Kaxayro kyoudeckyto (001) miockocTs BIonb ocu Ky0a pemtetrku L1, [9]. Takum
00pa3oM, 3Ty CTPYKTYpy MOXKHO paccMaTpuBaTh KaK YHOPSJIOYEHHOE pacroio-
KeHue TIockux nedekroB (ADI), MEHSIOMNX OKpPYKEHHUE aTOMOB HUKENS B HC-
XOmHOW KyOmueckoil pemietke L1,. Takoe ymopsigoueHue O3HadaeT, 4yTo B pac-
CMOTpPEHUE CIIEAyeT MPUHIMATh HE TOJBKO ONmKaifiee OKpy>KEHHE HUKEIS, HO U
aToMbl U3 2-i U 3-il KOOPIMHAMOHHBIX chep.

BreiBOABI

1. ITo pe3ynbraTamM BBIMOJTHEHHBIX MCCIEIOBAaHUI YCTAaHOBIEHO, YTO MPU WH-
TEHCUBHOM aedopmaiuu HukeneBblx cynepcmiaoB BKHA4Y (90% ') u
DOU437b (9% y') BenuurHa MarHUTHON BOCIIPUUMYHBOCTH MEHSAETCS B 3aBUCHUMO-
ctu ot crenenu nedopmanuu. B cynepcrimae BKHA4Y nocne ynapHoro Harpy-
xeHus (P = 100 GPa) ynapoM IuiacTMHBI MarHMTHasi BOCIPUUMYHUBOCTb BO3pac-
TaeT Ha JIBa MOPSAAKA M0 CPABHEHUIO C UCXOJHBIM COCTOSIHUEM.

2. [lokazaHo, YTO U3MEHEHHUE MArHUTHBIX CBOWCTB HUKEJIEBBIX CYIEPCILIaBOB
nociie ”HTEHCUBHOM nedopmarnu cBsi3aHo ¢ $azoBbIM nepexoaoM L1,—DOy;.

ABtops! 6naronapar gokropa /I.I1. PoguoHoBa 3a npeaocTaBiaeHHbIN 11 UC-
CJIeZIOBaHUSI MOHOKpHCTayUl. PaGora BbImoiHeHa Tpu (UHAHCOBOW IOMIJCPIKKE:
Poccuiickoro gonaa ¢pynnamentanbHbix uccnepoBanuii (Ypan Ne 04-03-96008);
Lenesoii mporpammel MexaucHUIUIMHApHBIX MpoekToB YpO PAH—-CO PAH nHa
2006 r.; mporpamMMmbl «HeHTpoHHBIE HCCIEIOBaHHUS MAaTE€pHUaloB», KOHTPAKTHI
Ne 23/06/327 u 02.452.11.704; mpoextoB Ne 9 u 33 Ypansckoro otnenenus PAH.
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N.V. Kazantseva, M.B. Rigmant, A.N. Pirogov

INVESTIGATION OF MAGNETIC STRUCTURAL-PHASE TRANSITION
DURING THE DEFORMATION OF NICKEL SUPERALLOYS

By the methods of neutron diffraction analysis, X-ray analysis and measurement of mag-
netic susceptibility a study of the influence of severe deformation on the structural transi-
tions and magnetic properties in the nickel superalloys with a different content of v’
(NizAl) has been done. It is found that the value of magnetic susceptibility increases with
the degree of deformation. In the superalloy with the 90% v’ content the magnetic sus-
ceptibility changes by two orders of magnitude as compared to the initial state. It is
shown that the change of the magnetic properties of the nickel superalloys under severe
deformation is connected with the phase transition L1,—DO»,.

Fig. 1. Dependence of magnetic susceptibility on deformation for the superalloys: a —
Al437B (9% v"); 6 — VKNA4U (90% v")

Fig. 2. X-ray diffraction patterns of the superalloys after shock-wave loading: a — initial;
6 — 100 GPa; 6 — 100 GPa + annealing (900°C, 1h)

Fig. 3. Neutron diffraction patterns of the superalloys after deformation in shock waves: a —
20 GPa, A = 0.2432 nm; 6 — 100 GPa, A = 0.1805 nm
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PACS: 62.50.+p, 72.20.—i

M.W. OayHos, WN.K. Kamunos, T.P. ApcnaHos, A.b. batganos,
.M. XapkyHoBa

O TENNONPOBOAHOCTU N TEPMO3AC B OBJIACTU
NONMMMOP®HOIO N CBEPXTIPOBOJALLENO MNMEPEXOAOB

UHcTuTyT domaunkn [darectaHckoro HayyHoro LeHTpa PAH
yn. Aparckoro, 94, r. Maxaukana, 367003, Poccusa
E-mail: a.mollaev@mail.ru

Hnsa onucanus mennogusuueckux u mepmod1eKmpuieckux ceoucms meepoo2o meia 6
o0baacmu CMpyKmypHo20 U C8epXnpo8o0saueco nepexo008 npumeHerbl MoOUpUYUPOBaH-
Hbl1l Memoo dphekmusHol cpedvl, meopusi NPOMeEKaAHUA U U3BECTHble MAMeMamuiecKue
8bIPAdICeHUs Ollsl 2emepOo2eHHblX cucmeM. Bvisedenvl coomeemcmeyowue Gopmyibl.
Ilpoananusuposanvl sKchepuMeHmManbHble OaHHbIE.

1. BBenenue

C nenbio 3QPEeKTUBHOTO HCCIeAOBaHUSA TreTepo(a3HOTO COCTOSHHS B JIH-
HaMUKE B 00JaCTH CTPYKTYPHOTO M CBEPXIPOBOJISIIETO MEPEXO00B B TBEPIOM
tene B paborax [1,2] ObTM mpuUMEHEHBI MOAUGUIIMPOBAHHBIN MeTon A dek-
TUBHOM cpelbl, TeOopus MNPOTEKAHUS U pe3ucToMeTrpuueckue aaHHeie. [lpu
3TOM yYHTBIBAIOCh, YTO MEXaHU3M BO3HUKHOBEHHS OECKOHEUHOTO KJacTepa BO
MHOTHUX OTHOUIIEHUSX aHajdoTH4eH ¢a30BOMY Iepexoay BToporo poaa [3] u
MOAXO/IbI, UCTIOJIb30BaHHBIC B [1], aeKBaTHBI TaKXe B CIydae CBEPXIPOBOJIS-
miero nepexona [2]. YMECTHO OTMETUTh, UTO MO pe3yJibTaTaM OJHOBPEMEHHOI'O
U3MEPEHUsl YIEIbHOTO COMPOTUBICHHUS W HAMAarHUYEHHOCTH ObLI OompeneneH
OTHOCHUTENIBLHBIH 00BbeM cBepxmpoBozsme ¢a3pl v, = 0.2 mpu Temmeparype
«3anyjneHus» sekrpoconpotuBiacHus 1’ = T, [4,5]. PaccunTanHas pa3inyHbIMU
MeToJaMu KpUTHUYecKas A0Js pa3peuieHHOro o0bema V. B TEOPUH MPOTEKaHUs
BappupyeT oT 0.15 mo 0.19 [3]. Pons mapameTpa nopsaka UrpaeT OTHOCUTEb-
Has JOJIsI BBICOKOTPOBOJAMICH (cBepxmpoBoAsiieit) ¢daspl, (hopMmupyromen
OECKOHEUYHBIN KJIacTep.

B nacrosimieil paboTe MOAXOJbI, MCIIONb30BaHHBIE B [1,2], mpuMeHeHBI IS
ONMMCAHUS TEIUIOUZUYECKUX U TEPMOAJIEKTPUUECKUX CBOICTB TBEPAOIrO TEja B
00J1aCTH MpeBpaIICHuUsI.
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2. O0cy:kaeHHne IKCIEePUMEHTAJbHBIX Pe3yJIbTATOB

Jlst onucaHus TEPMOIJIEKTPUICCKUX U TEIUIO(PU3NIECKUX CBOMCTB B 00JIaCTH
NOJUMOP(HOTO M CBEPXITPOBOISINETO MEPEXOI0B BOCIOIb3YEMCS M3BECTHBIMU
MaTEeMaTUYECKUMH BBIPAKEHUSIMH JISI TE€TEPOTEHHBIX CHUCTEM, 00OOIIECHHBIMU B
[6]. st ABYXKOMIIOHEHTHON CUCTEMbI HIMEEM:

kzo + Bz +(k-3)B=0, (1)
b-y v (x-a)(z-P)

1-b ’ @
-b (1-v) (I-x) 1-2)B

boy _x-a

o 1ox 3
LV = A (M 7“[3’_1‘111(70]7L @)

A A +[3-4M)]N

3neck x = o1/, o = o/, z = M/A, B =AM/, ¥ = Ow/01, b=0/0; 0, hu Q —
3¢ eKTHBHBIC BETMYHHBI JIEKTPO-, TEIIIONPOBOJHOCTH H TEPMOSC; O], Off, A, AL,
Or, O11 — 2IEKTPO-, TEIIONPOBOAHOCTD U TEPMOI/IC COOTBETCTBEHHO UAJIEKTpUYE-

CKOH (HM3KOMpOBOIAIIEH — [) M MeTauTMuecKoi (BBICOKOTIPOBOIAIICH, CBEPXITPO-
poasmeit — 11) das; kosddummentsr k = (1—P) [(1 vy (1= vy (- v)} +;
B :3v—k+[3[3(1—v)—k]; A =14+2(1-B)A-v); Ay =B+1A-P)(1-Vv)"; v - or-
HocuTenbHast oobeMHast o ¢asel 11 (0 < v < 1); n = 14.3 — moaroHouHsIN Napa-
MeTp, KOTOpBIN ObLT onpeneneH B [ 1] ans moporosoro 3Hauenus v, = 0.17 [3].

®opmyna ast 3PPEeKTUBHOM IEKTPONPOBOJHOCTH G aHAIOTUYHA COOTHOIIE-
Huio (1) c 3amenoii z Ha x 1 B Ha o [1].

10 i i i i T T T T T T T T T
1.0 N 7
0.8 ] RN
" 0.8+ \\\ >
06 /-~ ] »
N N )6l \\\ i
0.4 [/ 1 ,
N 3
0.2',’/ | 04* \"\~\_~~~- b
0 4
'8.0 02 04 06 08 1.0 0'%'0 ‘ Oi2 ‘ 0i4 ‘ 0i6 ‘ 0i8 ‘ 1.0
B v
a 9]

Puc. 1. 3aBucumoctH 3HaueHuit z = Af/A, paccuuTanHble o Gopmynam (1) (crmomHas
kpuBasi) u (5) (ITpUXOBasi): @ — OT BEIUYUHBI 3 UII OTHOCHUTEIHFHOTO 00heMa BBICOKO-
npoBosmIel (cBepxmpoBosmiei) ¢asbl v, = 0.17; 6 — OT BENIWYHUHBI V U Pa3IHIHBIX
3HaveHwii 3: 1 —1,2-0.8,3-0.5,4-0.3
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TermnonpoBOAHOCTh B OTJIMYHUE OT 3JIEKTPONPOBOJHOCTH U TEPMOIJC B pas-

IMYHBIX (azax (B YaCTHOCTH MOJYTPOBOJAHUKOBON A| M METANTMYECKOH Ay, HOp-

MaJIbHOM A M CBEPXMIPOBOIIEH Ajp) Om3ku 1o BenmunHe. Kak BumHO U3 puc. 1,
npu 1 > 3 > 0.3 cnenyer L(A) = 1. Otcrona u3 (2), (3) nmpu L(A) = 1 nomyuum:

N3 (6) cnenyet: npu o =y = 0 (CBEpXIpPOBOASIINMA TEPEX0.T)

anpu o <<y << 1 (moauMopQHBIi epexo/ MoIynpoBOAHUK—METAIL)

B noporosoii Touke npu v, =0.17 1 a0 < 0.1 cormacuo [1]

T,K

95 94 93 92 91

1OOEI T T T T
107 E
a
&a i
10°
10"

L 1 L
0.0 01 02
v
Puc. 2. TemmnepatrypHbie 3a-
BHCUMOCTH HOPMaTH30BaHHBIX
YACNBHOTO CONPOTHBICHUS P
(—) u Tepmodac Q (—e—) ot
OTHOCUTENBHON OOBEMHON I0-
JIU CBEpXIpoBOsAIieh (as3bl v B

BBICOKOTEMIIEPATYPHOM  Kepa-
MHUYECKOM CBCPXIIPOBOJHUKE
YBayCu30¢ 8

82

A=0=Vv)A; +2yv, %)
___ B

Z_(l—v)B+v’ (52)

poXA-V+y-9) 6)

(1-a) '

b=x, (62)

b=x+y. (66)

b=x,+y=22INa+y. (68)

Ha puc. 2—5 npuBeneHsl 3KCriepuMeEHTaIbHbIC
JAHHBIE JJIs1 BBICOKOTEMIIEPAaTYPHBIX KepaMuie-
6.8,
6.9) [2,7] nu nns monmynpoBoAHWKA n-TUmNA InAs
[8], a Takxke pe3yibTaTbl MX KOJIMYECTBEHHOTO
aHajm3a ¢ ucrnosp3zoBanueM popmyi (1)—(4).

ITo xapakrepy TemmepaTypHbIX (puc. 2) u Oa-
puyeckux (puc. 3) 3aBUCUMOCTEH YICIBHOTO CO-
npotusnenus p(7) u repmosnc Q(7) mpu 7T< 100 K
BIUIOTh /10 KPUTHUYECKOW TemmnepaTypsl 1. B UC-
CIIEIOBaHHBIX ~ BBICOKOTEMIIEPATYpPHBIX CBEpX-
MPOBOJHUKAX MOXKHO HaOI0/aTh BO3HHUKHOBE-

CKUX CBepXmpoBoIHUKOB YBayCuzO, (x =

HUE M30BITOYHON MPOBOIUMOCTH o' uee pocT, a
TakKe yObIBaHHE TEPMOSC, 00YCIOBIECHHBIE TMO-
SIBJICHUEM BKITFOUCHHUI CBEPXIPOBOJAIICH (a3wl
I (cM. BBenmenue u (6a)). HemocpencTtBeHHO H3
dbopmynsl s 3¢ PEeKTUBHOM AIEKTPOITPOBOTHO-
CTH clieAyeT

3v
(1-v)" - 2\/} .

(7

(51:0—01:01[

Kak Bumno u3 (7), u30bITOYHAS] MPOBOIUMOCTD
1
BO3pACTAET C YBEJIMUYEHUEM V: IPU V<< 1 G ~,
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Puc. 3. bapnueckre 3aBHCHMOCTH HOPMaJIM30BAHHOTO 3JIEKTPOCOTIPOTUBIICHNS NPHU (HUK-
cupoBaHHOH Temnepatype 91.6 K (kpuBas /), TemmnepaTrype, COOTBETCTBYIOIIEH cpenHeit
TOuke KpuBoil mepexona (p = 1/2py) (kpuBas 2), U pacCUMTaHHONH OOBEMHOH IOJIU
CBEpXIpoBoAALIel pas3sl v A BENUYHMHBI TOATOHOYHOTO napaMerpa n = 14.3 (kpuBas 3)
B BBICOKOTEMIIEPATyPHOM KepaMUUYECKOM cBepXIpoBogHuke Y Ba,CuzOg g
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0.6
2r 0.4 |
{ 0.2
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 12

T,K T,K

Puc. 4. TemneparypHble 3aBHCUMOCTH S(PPEKTUBHOMN TEIUIONPOBOHOCTH A (CIUIOINIHAS JIH-
HUST), TETDIONPOBOTHOCTH CBEPXIIPOBOSIIICH (ha3bl Ay (INTPHXOBAst TMHKS) U OTHOCHUTEIBLHOM
00BEMHOU JTONM BBICOKOMPOBOMAIICH (ha3bl V B BBICOKOTEMIIEPATYPHBIX KEPaMUYECKHX
ceepxnpoBoaHukax YBayCuzOg s (@) 1 YBayCuzOgg (6): ---- — Teopusi, —8— — SIKCHEPHUMEHT

IpU V —> V. o' — o0. BHauenue v pacteT ¢ yObIBaHHEM TEeMIIEPaTyphl OT HYJIEBOM
BenmuuuHbl ipu I' =Ty o v, =017 npu T=T,. (tne p =0, puc. 2, 3) muqo v =1
npu T = T, (puc. 4). OnHOBpeMEHHO B TeMiiepatypHoM unrepsaie (77, 7>) Ha-
OmofaroTcs Bo3pacTanue 3(h(HEeKTUBHON TEMIONPOBOIHOCTH A, PE3KO YCHIIMBAIO-
meecst BOmm3u 7 = T, ¢ makcumyMmoMm nipu 1, = T./2, u ee mocneayomniee yobBa-
Hue (puc. 4). OueBugHo, 3aBucuMOcTh A(T) ipu T < T, ompeaensercsi Temmepa-
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0 0.2 0V6 1.0 TypHOfI 3aBUCUMOCTBIO  TCIJIOIIPOBOAHOCTHU

cBepxnpoBozsmeit ¢assr Ay(7), Tak Kak B He-
CBEPXIPOBOSAIIMX 00pa3Lax TOro ke cocraBa
MakCUMyM oTcyTcTByeT. Ha puc. 4 mpusene-
Hbl 3aBUcHUMOCTH Aq(7), paccuMTaHHBIE IO
dopmynam (1)—(4), mo BenuYHMHAM V U TEMIIe-
paTypHOU 3aBUCUMOCTH HOPMAaJbHOU (a3sl
AM(T), omipeieIeHHBIM COOTBETCTBEHHO MHTEP-
Y DKCTpanoJsiuuen. Xapakrep TeMIIepaTypHOr
3aBucumoctu Ap(7) obcyxmancas B [9,10].
OTtmeTuM, 4TO B TEMIEpaTypHOM HHTEpBaie

(T, T,) O/ Oy =p/py (em. puc. 2), T.e. L(A) = 1,

e o dov v v o3 wonana ouenku A7) MOKHO MCIIOIB30BaTh CO-

P, GPa AHanornyHas CuTyauus pealn3yercs B
Puc. 5. 3asucumoctn mopmanuzo-  NOTYNPOBOHHKAX, HAPUMED B n-InAs (puc. 5)
BAHHBIX y/JEJBHOTO COMPOTHBIe- B 00acT MOIUMOP(HOro Iepexoa IoIry-
unst (1), Tepmosnc (2) u Temto- TIPOBOJAHMK—METAIUT MOJ [ABICHHEM C I10-

MPOBOJHOCTH (3) OT BCECTOPOHHE- HpaBKOﬁ Ha KOHCYHYIO BCIMYHUHY TCPMOIIC
ro gaBieHus B n-InAs npu 300 K MeTaJJIMYeCKOM (ba.3BI |QH| >0 , KaK 3TO BUJHO

13 coOoTHoIEHuH (60) u (6B).

3. BoiBoanI

[peanaraemast METOIMKA OMIMCAHUS PE3UCTOMETPHUYCCKUX, TETUIOPUINUECKHIX H
TEPMOAJICKTPUYECKUX CBOWCTB MOXKET OBITH NMPUMEHEHA HE TOJBKO MpH (ha30BbIX
NPEBPAIICHHUSX B TBEPAOM TeJ€ B TUHAMUKE, HO M JUTSI KOHTPOJISI ¥ TIPOTHO3UPOBa-
HHUS B TEXHOJOTMYECKUX MPOIECCax, MPU CO3IAaHUU Pa3HOOOPA3HBIX CTPYKTYp, a
TaK)Ke€ MOXKET OBbITh 00001IeHa Ha JIF000e Ynciao KoMroHeHToB. [lToguepkHem, 4To
MOJIeTb reTepodaszHasl CTpykTypa—3¢heKTUBHas cpefa sIBISETCS CUHTE30M MOJHU-
burupoBaHHOTO MeTOoAa YPPEKTUBHOM Cpeibl U TEOPUHU NMPOTEKAHUS U IPUMEHUMA
mpu 0 < oo <1 u0<v<1, Torna kak npuomnkeHue 3hHEKTUBHON CPEIbI JaeT
OLIMOOYHbIE pe3yJIbTAaThl B OKPECTHOCTH MOpOra MpOTEKaHHs, a TEOpus MpoTeKa-
HUSI IPUMEHUMA JIMII BOJIM3H mopora nporekanus u 6y/cyp = 0 [11].

Pabora BemmonHeHa npu puHaHCOBOM moanepxkke Poccwiickoro donna ¢yn-
JaMeHTanbHBIX uccrnegoBanuii (rpant Ne 05-02-16608) u Ilpesmmuyma PAH
(ITporpamma «Pu3nka U MEXaHHUKA CHIILHO C)KAaTOTO BEIISCTBA M MPOOieMa BHYT-
PEHHET0 CTPOCHUS 3eMIIU U TIIAHETY).
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M.I. Daunov, L. K. Kamilov, T.R. Arslanov, A.B. Batdalov, D.M. Kharkunova

ON HEAT CONDUCTIVITY AND THERMO-EMF IN THE REGION
OF POLYMORPHIC AND SUPERCONDUCTING TRANSITIONS

A modified method of effective medium, leakage theory and well-known mathematical
expressions for heterophase systems were applied to describe thermophysical and ther-
moelectrical properties of a solid in the region of structural and superconducting transi-
tions. The appropriate formulae are derived. The experimental data are analysed.

Fig 1. Dependences of z = A/A values calculated by formulae (1) (solid curve) and (5)
(dash one): @ — on B value for relative volume of high-conductive (superconducting)
phase v, =0.17; 6 — on v values for different  values: /7 —1,2-0.8,3-0.5,4-0.3

Fig. 2. Temperature dependences of normalized specific resistance p (—) and thermo-
emf Q (—e-) for relative volumetric part of superconducting phase v in high-temperature
ceramic superconductor YBay;CuzOg g

Fig. 3. Pressure dependences of normalized electrical resistance at fixed temperature of
91.6 K (curve 1), T, values of midpoint of transition (p = 1/2py) (curve 2) and calculated
by the HSEM model volumetric part of superconducting phase v for values of fitting pa-
rameter n = 14.3 (curve 3) in high-temperature ceramic superconductor YBa,Cu3Og g

Fig. 4. Temperature dependences of effective heat conductivity A (solid line), heat con-
ductivity of superconducting phase Ay (dash line) and relative volumetric part of high-
conductive phase v in high-temperature ceramic superconductors YBa,Cu3Og9 (a) and
YBayCuzOg 5 (6): ---- — theory, —e— — experiment

Fig. 5. Dependences of normalized specific resistance (/), thermo-emf (2), and heat-
conductivity (3) on uniform pressure in n-InAs at 300 K
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:71.20.-b, 75.30.Cr, 75.30.Kz

N.®. NpubaHos, A.B. NonosyaH, B.U. Banbkos

MAIHUTHOE NOBEOEHUVE HEKOTOPbLIX XXENE30-MAPIAHLIEBbBIX
MHUKTUOOB MPUN CXXATUN PELLETKW.
BbIMNCNUTENbHBIA SKCMEPVUMEHT

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

YucnenHolmMu Memooamu UCCie008aAHO MAZHUMHOE NOBCOCHUE 2eKCA2OHANbHbIX JICeNe30-

Mapaanyesbix nHuUKmuoos ¢ ooweti popmynou Mn; Fe P ,As, npu cocamuu pewiemxu.
Yemanoeneno, umo eunomemuueckoe 3ameujenue amomos As amomamu P 6e3 usmene-
HUS Napamempos peulemky npusooum K HebOOIbUOM) VE8EIUUEHUIO JTOKANbHbIX MASHUM-
HbIX MOMEHMO8 KAMUOHO8 U NOJHO20 MOMeHmMA diemenmapuou adetxu. OOHaKo 803HU-
Karowee npu IMomM 8 peanbHOCIU CHCAMUe peuemKu MeHaem Kapmuny Had npomueono-
n0%CHYI0. B pezyiomame Habnodaemcs oowas meHOeHyus K ciabomy YMeHbUleHUI) Ge-
JUYUH YKA3AHHBIX MOMEHMO8, YMO CO2NACYEMCs C IKCNEPUMEHMOM.

Tpotinble MHUKTUIB! 3d-TiepexoaHbIx MetamuioB MM'X (M, M’ = 3d-nepexon-
HbIe MeTaiuibl, X = As, P) xapakTepusytorcst 00JbIIIMM pa3HOOOpa3ueM MarHUTHBIX
cBOMCTB. OHM KPUCTAUIM3YIOTCS B TpeX THMax CTPyKTyp: Fe P (rexcaronanbhas,
P62m), Cu,Sb (terparonansuasi, P4/nmm ) u CooP (opropombutueckas, Pnma).
OOmmMM 11 3TUX CTPYKTYp SIBIISICTCS HaJIM4HMe ABYX THIIOB KpHCTaJulorpaduye-
CKUX MO3UIMHA METAJUIMYECKHX aTOMOB (TETPaj’JIpUYECKUX W MHPaAMHUJIAIbHBIX) C
CYIIIECTBEHHO PA3IUYAIOIIUMHUCS JIOKATHHBIMH AJIEKTPOHHBIMU M MAarHUTHBIMH Xa-
paktepuctukamu [1]. bonbiioi uHTEpEC, B TOM YUCIE MPUKIAIHOMN, MPEICTABISAET
U3y4YCHHE BO3MOXKHOCTH YIIPABJIIEMOIO BO3/CHCTBUSI Ha yKa3aHHBIE XapaKTEpH-
ctukd. C STOM IENBI0 B HACTOAIIEH pabdoTe C MOMOIIBI0 PacyeTOB M3 TEPBBIX
NPUHIIMIIOB MCCIEA0BAHO BIMSHUE BapHUaIlMd XMMHUYECKOTO COCTaBa M CHKaTHs pe-
HIETKA KaK yIPaBJISIOMIMX [apaMeTPOB Ha AJIEKTPOHHYIO CTPYKTYPY U COOTBETCT-
BEHHO BEIIMYMHY MAarHUTHBIX MOMEHTOB MAarHMTOAKTHBHBIX aTOMOB B TI'€KCaro-
HaJbHBIX MHHMKTHAAX ¢ obmed popmynon Mn,_Fe,Pi ,As,, canrarommxcs mep-
CTMEKTUBHBIMH JUIS UCIIOJIb30BaHUS B MarHUTHBIX pedprokepatopax [2,3]. Takas
MOCTAaHOBKA 3a7aud OOYCJIOBJIEHA TEM, YTO BEJIMYHMHA Kalopuueckux 3(pdexTos,
CBSI3aHHBIX C YNOPSAJIOUCHUEM U Pa3yNopsI0YeHHEM MAarHUTHBIX MOMEHTOB B IPO-
1ecce MHAYIIMPOBAHHOTO MarHUTHBIM MoJieM (pa30BOTo nepexoa 1-ro poaa Mexay
napa- (IIM) u ¢deppomarautaeiM (OM) COCTOSIHUAMH, ONpEAENieTCcsS KaKk CKOpO-

86



du3uKka U TeXHUKA BbICOKHX aaBjaenuii 2007, tom 17, Ne 1

CTbIO MU3MEHEHMSI HAMAarHWYEHHOCTH, TaK U BEJIMYMHOM 3TMX MOMEHTOB M, CJIE0Ba-
TEJIbHO, JIOKAJIbHOM MJIOTHOCTBIO 3JIEKTPOHHBIX COCTOSHUN U OOMEHHBIM paclierie-
HHEM CIIMHOBBIX MOA30H. AHAJIOTMYHBIE PACUYEThI POBEAEHBI I U30CTPYKTYPHOTO
Fe,P — tectoBoro coenuHenwus, Ui KOTOPOro Oyarofapst UMEIOLIMMCS B JIUTEPAType
JTAHHBIM BO3MOJKHO IIPSIMOE COIMIOCTABJIEHHUE C PEATIbHBIM SKCIIEPUMEHTOM.

Hcnonb3yeMble B pacueTax MarHUTHBIE M KPUCTAIUIOrpapUUECKue XapaKTepH-
CTMKHM MHTEPECYIOLINX HAac CIUIAaBOB IOJYYEHbI B PEATbHBIX IKCIEPUMEHTAX WU
B3STHI U3 JuTeparypbl. OCHOBHOE BHIMAHHE B HACTOAIIEH paboTe yleneHo cruia-
BaM Mn,_Fe,P1_,As, co 3nauennem x, Onuskum K 1. J[nsg HUX (B 4aCTHOCTH, s
MnFeP;_,As,) yCTaHOBJIEHO, YTO reKCaroHalbHas KPHUCTALIMYECKas CTPYKTypa
tuna Fe,P peanmsyercs B obmactu 0.15 < y < 0.66. [Ipu sToM atrombl Mn 3aHu-
MaroT nupamujanbabie nosunun (3g), Fe — terpasapuueckue (3f), aToMbl aHHO-
HOB — 2¢(As) u 1b(P). ITpu 0.32 < y < 0.66 HabmronaeTcs ¢a3oBblil nepexoxa 1-ro
pona [IM—®M c temneparypoit Kropu (7,), MEHsIOIIEHCS ¢ POCTOM ) B TIpeesiax
200 < T, <320 K [4]. KpucTannorpaduueckas u MarHuTHas (ha30Bble JuarpaMMbl
9TOM CUCTEMBI MPEACTaBIEHbl Ha puc. 1.

H —>
400
Tc
300
M §
~ e
200 E F
100 '
Hex
|
MnFeP MnFeAs

Puc. 1. Kpucramtorpadudeckas u MarauTHas (pasoBele quarpaMmel cuctembl MnFeP ) As,,.
Orth, Hex, Tetr — opTopoMOudeckasi, rekcaroHaJIbHasi ¥ TETparoHalbHas KPUCTAJUTMYCCKUE
ctpyktypsr, AF, F — aatudeppomarautras u peppomarantaas ¢hassl; Ty, Tc — COOTBETCT-
BYIOIHE TEMIIEpaTypbl MATHUTHOTO YIOPSIOYCHUS; Ly — HAMATHUYCHHOCTh HACBIIICHHS
(MarHUTHBI MOMEHT, MIPUXOASIIHICS Ha (POPMYIBHYIO SIHHUITY) (heppoMarHuTHOH (asbl

PacueTbl 37€KTPOHHBIX M MarHUTHBIX XapaKTEPUCTUK B HacTosIeld padore
NPOBOJWIIN JUISI OCHOBHOTO (DEppPOMAarHUTHOTO COCTOSIHUS MOJIHOCTBIO PENISATUBU-
crckuM MetogoM SPRKKR [5]. g kpucTauiMuecKoro MnoTeHIMana UCHoJb30-
BaIM MpHOIMKeHHEe aTOMHOM cepbl. OOMEHHO-KOPPETSAIMOHHYIO SHEPIHIO BbI-
YHUCIIAIU B MPUOJIMKEHUH JIOKAJIbHOW MIIOTHOCTH 0€3 yueTa rpaJueHTHBIX Morpa-
BOK. [Ipu pacuere cmaBoB Mny_.Fe,P3As,/3 npunumanu, uro atomsl Fe u Mn B
TETPAdIPUUECKUX TO3HMIHUAX PACIPENeNeHbl CIy4alHbIM 00pa3oM, TOrjga Kak
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atoMbl As u P 3aHuMaroT cooTBeTcTBeHHO mo3unuu 2¢ u 1b. [locneanee 3na4u-
TEJIbHO COKpAIllaeT BpeMs cueTa U, KaK MOKa3ajld CPAaBHUTENIbHbIC BBHIYHUCIICHMUS,
JAeT JJI1 MarHUTHBIX XapaKTEPUCTUK MPAKTUUYECKHU T€ K€ PE3yJIbTAThl, UTO U CO-
OTBETCTBYIOLIEE IKCIEPUMEHTY PAaBHOBEPOSTHOE pacHpeesieHne aTOMOB MeTal-
JIOUJIOB IO YKA3aHHBIM MO3UIUAM [6]. 3aMeTHbIE OTIMYUS BBIABISIOTCS IPU pac-
4YeTe MOJIHOW AHEPruu, MPUYEM YIOPSAOYCHHOE paclpeeneHue aToMoB As u P
XapakTepusyeTcs 0oyiee HU3KOW SHEprueil B CPaBHEHUU C HEYMOPSIOYCHHBIM
(—24278.140614 Ry npotus —24201.480443 Ry mis MnFeAs;/3P1/3). CtapToBbie
napameTpbl KPUCTAUIMYECKOU CTPYKTYpPHI it coeauHeHus: MnFeAs, /3P /3 B3sThI
u3 pab6otsl [6] (a = 11.55a.u. = 6.112 A, c/a = 0.561, x(3g) = 0.58, x(3f) = 0.257),
YTO MO3BOJISIET CPABHUTH HAIIM PE3YJbTAThI C MOJYYCHHBIMU B [7] METOIOM JIH-
HeiHbIX M T-opOutaneit B npubmakenuu cuiibHoi cBsizu (TB-LMTO).

B kagectBe mepBoro miara ObUTH pacCUMTaHbl AJICKTPOHHBIE U MAarHUTHBIC Xa-
PaKTEpPUCTUKH TeCTOBOTO coeauHeHust MnFeAs,3Py/3, a Tatoke Mnj 1Feg 9Asy3Pyy3.
OcHOBHBIE OCOOCHHOCTH MOJTYYEHHON AIIEKTPOHHON CTPYKTYphl OOOUX COEIUHE-
HUH OJM3KHM ¥ BUJIHBI U3 KPUBBIX IDIOTHOCTH COCTOSIHUN, TPUBEICHHBIX Ha pHC. 2.
CriexTp 3aHATBIX COCTOSHUHM CONEpKUT s-nojocy As u P BOnmu3u £ = 0 Ry. 3ona
IPOBOAMMOCTH pacnojaraercs Beiie £ = 0.25 Ry, umeer cMeniaHHbIi XapakTep
u oOpa3oBaHa s-, p-coctostHUsIMH As U P u 3d-cocrostHusimu Mn u Fe, uto yka3zbl-
BaeT Ha MX CYIIECTBEHHYIO ruOpuamsaiuio. [IpudepMueBckre COCTOSHUS Tpe-
UMYILECTBEHHO d-Tumna. PaccuntanHble BETUYHHBI TOJTHOTO MATHUTHOTO MOMEHTA
Miota1 PNeMeHTapHOU stueiiku (12.8p) U JTOKaIbHBIX MAarHUTHBIX MOMEHTOB aTO-
MoB Mn (2.84up) u Fe (1.35ug) mis MnFeAs,/3P /3 mpakTudecku COBManaioT ¢
MOJTYYE€HHBIMU B [7] ¥ yOBIECTBOPUTEIBLHO COTJIACYIOTCS C DKCIIEPUMEHTOM [6,7].
Paznuuust B neransx KpUBBIX TUIOTHOCTH COCTOSIHUM (B cpaBHEHUH C [7]) CBSI3aHbI
C 0COOEHHOCTSIMH METO/IOB pacueTa.
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Puc. 2. XapakrepHas CIUH-NOJSPU30BaHHAS AJIEKTPOHHAS MJIOTHOCTh COCTOSHUM CHUCTe-
Mbl Mn,_Fe,P13As,/3 pu x, 6muzkux x 1
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a, A Jlanee Mbl uccinenoBany 3aBUCHU-
6.02 6.04 6.06 6.08 6.10 MOCTb JIOKQJIbHBIX MAarHUTHBIX MO-

2.91 L
arl2g MEHTOB 3d-LIEHTPOB W TIOJHOTO Mar-
2.8 1 =
£ " 12 4 3. HUTHOrO MOME€HTa My OT H3MEHE-
S 167 / S HEA mapaMeTpoB KPUCTAILIMYECKON

— 1120

14_A/A/° pemietku B Mnj (Feg9Asys3P13 mpu

12 116 ee cxarud. Pe3ynbTaThl mpejicTasie-
/,,QA, Hbl Ha puc. 3. Kak BuaHO, ymeHblIe-

2.81
£ / £ HHe mapaMeTpoB PEIICTKH OT YKa3aH-

B —_—q -~ v
S 2'6=’/ 12.4 S’ HBIX BbIIC CTAaPTOBBIX 3HAYCHHH
1.6

— A MPUBOJAUT K HEOOJIBIIIOMY MOHOTOH-

1.41 T 12.0 HOMY YMCHBIICHUIO BEJIWYUH JIO-
050 052 054 056 KaJIbHBIX U IOJIHOIO MAarHUTHBIX MO-
cla MEHTOB, 33 UCKJIIOUYEHHEM 3aBUCHMO-

Puc. 3. PaccumTanHble 3aBHCHMOCTH Beqn- CTH MAarHUTHBIX MOMEHTOB aToMoB Fe

YMH JIOKANBHBIX U TIOJHOTO MAarHUTHBIX Mo-  OT IapaMeTpa c. B menom 3To cora-
MeHTOB ciiaBa Mnj FeyoP 3As,5 B deppo- CYETCA C YCTAaHOBJICHHBIM B PEAJIbHBIX
MarHMTHOM COCTOSHHMH OT [IAPaMETPOB @ U ¢ DKCIEPUMEHTAX OYEHBb CIaOBIM BIIHS-

reKCarOHAIBHON PEIICTKU TIPH €e CKATHH: ¢ — HUEM JABICHUS HAa MATHMTHBIE Xa-
mis a = var, ¢ = 3.429 A; 6 — s ¢ = var,  pakTepuCTHKH (B YACTHOCTH, HAMAr-
a=6.112 A; m — M(Fe), ® — M(Mn), A —  {yueHHOCTh HACHILICHUS U TEMIIEPa-

Mo, A — M(Mny). ATtomsr Mn; u Fe 3anu-

MaroT TCTPASAPUUICCKUC IIO3UIUU, Mnu -
MmUpaMuJajJIbHBIC

Typy Kropu) deppomaruutnoit ¢azbl
B HCCJIEyEMOU CUCTEME.

Jlist Gosiee KOPPEKTHOTO COIOC-
TaBJEHUSI PE3yJbTaTOB BBIUMUCIH-
TEJIBHBIX U PEAbHBIX 3KCIIEPUMEHTOB, a TaKXe BBISICHEHUs BKJIaZa Pa3JIMYHbIX
MEXaHMU3MOB B HAOII0OaeMOEe MarHUTHOE TIOBEJICHUE M3YYaeMbIX CIUIABOB ITPOBE-
JICHbI PacyeThl 3aBUCUMOCTH BEJIMYMH JIOKAJIBHBIX U MMOJHOIO MAarHUTHBIX MOMEH-
TOB OT BapUalMK aHUOHHOI'O COCTaBa JUls CILIaBOB cUcTeMbl MnFeP_,As,, B 1ByX
cilydasix: a) Mpu (UKCHUPOBAHHBIX 3HAUEHUSX MapaMEeTPOB KPUCTAJUIMYECKOH pe-
IIETKH, COOTBETCTBYIOMUX y = 0.66; 0) mpy peaqbHBIX 3HAYEHUSIX ITUX ITapaMeT-
POB, B3ATBIX U3 PabOTHI [4] U COOTBETCTBYIOLIMX HU3KOTEMIEpaTypHOMY (eppo-
MarHUTHOMY COCTOSIHMIO Ka)XJOI'O M3 PAacCUUTBHIBAEMBIX COCTaBOB (B Ipejaenax
00JacTu CyIIecTBOBaHUS FeKcaroHanbHOU (heppomaruutHoi ¢aszel 0.3 <y < 0.66,
cM. puc. 1). Pesynbrarsl npenctasiensl Ha puc. 4. Kak BUJIHO, THIIOTETHYECKOE
3aMelIeHNe aTOMOB MBIIIbsIKA HAa aTOMbI (hocopa O0e3 U3MEHEHUsI BETUUMHBI 11a-
paMeTpoOB KPUCTAIUIMUECKON PEIIETKH HPUBOAUT K HEOOJIBLIOMY YBEIUYEHUIO
paccMaTpUBaeMbIX MAarHUTHBIX MOMEHTOB (puc. 4,a), OJHAKO B PeajibHOCTU 3(-
(eKTBI CKAaTUS PEHIeTKY MIPU TAaKOM 3aMELICHUN MPEBATHPYIOT, KOMIICHCUPYS 3TO
yBeJIn4eHue. B utore u jokagbHble MarHUTHbIE MOMEHTHI KaTHOHOB, U IOJIHBIN
MarHUTHBI MOMEHT 3JIEMEHTApHON SYEUKH c1ab0 3aBUCAT OT aHMOHHOT'O COCTa-
Ba, HEMHOI'O YMEHBUIAACh C pocToM oTHoweHus P/As (puc. 4,6), 4To yJI0BIETBO-
PHUTEIBHO COTJIACYETCA C AKCIIEPUMEHTOM (CM. puc. 1, 3aBUCUMOCTB [i())).
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2925 AT, a 112.90 Puc. 4. Paccuntannble 3aBUCHMOCTH BEIU-

@ . TT— m
=3 2900 4 3. YUH JIOKAJIBHBIX U IIOJJHOI'O MArHuUTHBIX

~ \ 1285  MoMeHTOB OT Bapualvy aHHOHHOTO COCTABa
{4
1.500 e T st MnFeP,As,: a — npu dukcupoBaH-

. . . - 12.80

290 4 HBIX 3HaYEHHSX MapaMeTpOB KpUCTaUTHYe-

2859, /;/A/ 112.8 CKOM PEIIeTKH, COOTBETCTBYIOIMX (eppo-

o]
280+ . 3. marHuTHOMY cocTosiHUI0O MnFePg34As0 66;
. N N
éA/ 12.6 S 6 - am pEaIbHBIX 3KCHEPUMEHTAIIBHBIX

M, g

1.45 2 . . . 12.4 3HAYEHUH MapaMeTpOB PEIIETKH, COOTBET-
<1345 CTBYIOIIHMX (hDePPOMATHUTHOMY COCTOSIHHIO
ot 6204 6 — f/‘_ ¢ KOKIOTO M3 PACCUUTBHIBACMBIX COCTABOB;
S 5151 / ¥ 6 — OKCIEpPUMEHTAIbHAS 3aBHCHMOCTD
o 13.40 apaMeTPOB TE€KCArOHAIBHOW PEIICTKU
&

6.10 03 04 05 o6 MnFeP;_,As, ot cocrasa. A — M(Fe), m —

’ . y . . Motala A 7M(Mn)

JJis pOBEpKH KOPPEKTHOCTH HMCIIOJIB3YEMOTO ITOIX0/1a TPU aHAIHM3E BIUSHUS
M3MEHEHUs PEIIETOYHBIX MapaMeTpoB (Hampumep, Moj JEHCTBUEM JaBIICHUS) HA
WHTEPECYIOIINEe MarHUTHBIC XapaKTEPUCTUKH aHAJIOTUIHBIC PACUETHI MTPOBEICHBI
Ut PeppPOMarHUTHOTO OCHOBHOTO COCTOSIHHSI M30CTPYKTypHOTO Fe,P — xopormo
U3YYEHHOTO COEIUHEHHS, IJIsI KOTOPOTO BO3MOXKHO MPSIMOE COMOCTaBJICHHE C
skcriepuMeHTOM. CTapTOBBIC 3HAYCHHS MApPaMETPOB KPUCTALIMYCCKON PEIICTKH
Fe,P B3saTHI 13 paboThI [8], MX M3MEHEHHE TIOJ] ICHCTBUEM JABJICHHUS OMPEACIISUIN C
YYETOM aHHM30TPOIMH CkumaeMocTH [9]. Pacuersl mis naBnenwii 6ombire 15 kbar
COOTBETCTBYIOT THIIOTETUYECKOMY (DEpPOMAarHUTHOMY COCTOSIHUIO (pEaIbHO MpH
TaKUX JABJICHHUSIX B OCHOBHOM COCTOSIHUU BO3HHKAET aHTU(EPPOMArHUTHOE YIIO-
panouenue [10], oqHako pacyeTsl sl TAKOTO TUNA YIOPSA0YCHUSI HE MPOBOIUIU
BBHJIy OTCYTCTBHUSI HEOOXOIMMBIX JIJISI COMOCTABIEHUS IKCIIEPUMEHTAIBHBIX JaH-
HbIX). Ha puc. 5 npencraieHsl NoayyeHHbIE 3aBUCUMOCTH BEJIMYMH MarHUTHBIX
MOMEHTOB aTOMOB jkeie3a B Terpadapuueckux (M(Fep)) m mupamMumambHBIX
(M(Fery)) mo3unusx, a Ttakke (Mio)). Kak BumHO, TeHIEHIMsS K HEOOIBIIOMY
YMEHBIIICHHI0 MarHUTHBIX MOMEHTOB TPHU CKATHU PELIETKH COXPAaHSAETCS U B
sToM ciyqae. C y4eToM MOTPELIHOCTH U3MEPEHUI coryiache ¢ 3KCIIEPUMEHTOM

o 19.4 Puc. 5. PaccuutaHHbie 3aBHCHUMOCTH Be-
2.0 A§ 19.2 JIMYMH JIOKAJIbHBIX M IMOJIHOTO MarHUTHBIX
N 1.9 \A 190 ., MOMEHTOB OT AaBieHus 111 Fe,P B oc-
= 1 ] = HOBHOM ()epPOMArHUTHOM COCTOSIHUH.
2“ 127 — L 22 " Artombl Fe; u Feyy 3aHUMaOT coOTBETCT-
: BEHHO TETpa’ApUUECKUE U MHUPaMHUIANb-
. \A 18.4 HBbIC NO3ULIKMU. B pacuerax McCnoab30BaHbI
1.0+ . . . . . ] peaybHBIE 3HAUECHHUS MapaMETPOB PEIICT-
0 10 20 30 40 50 KU C y4E€TOM aHHU30TPOIHUU CKMMAEMOCTH.

P, kbar A — M(Fey), m — My, A— M(Fey)
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MOKHO CUUTaTh YJOBIECTBOPUTEIBHBIM — pealibHas HaMarHWYeHHOCTh HaChIIIe-
HUS PeppOMArHUTHOH (ha3bl IPU HU3KUX TEMIIEpaTypax MPaKTHYSCKH HEM3MEHHA
B UCCJICIOBAaHHOM Juarna3oHe AaBienuit 1o 15 kbar [11].

Takum 00pazom, MOKHO 3aKJTFOUUTh, YTO, BO-TIEPBBIX, UCIIOIB3YEMBbI pacueT-
HBI METO]I TIO3BOJISIET KOPPEKTHO aHAIM3UPOBAThH MOBEIECHUE PACCMATPUBAEMBbIX
KEJIE30MAPTaHIeBhIX IMHUKTUIOB TIPU BapUallMd MapaMeTPOB PEIIETKH; BO-
BTOPBIX, B I€KCaroHaJbHBIX CIUIaBax cucTembl Mny FePi_,As, umeer mecro
o0rIasi TeHIEHIMS K HEOOIBIIOMY YMEHBIICHHIO BEJIHMYWH JIOKATBHBIX MAarHHT-
HBIX MOMEHTOB KaTHOHOB U IMOJIHOTO MarHUTHOI'O MOMEHTA JIEMEHTAPHOU s4eii-
KU TIPU COKATHH PEIICTKH.

Pabota BeimonHeHa npu duHAHCOBOM mojaepkke ['ocymapcTBeHHOro GoHIA
byHIamMeHTanbHbIX uccnenoBanuii Ykpaunsl (mpoekt Ne 10.01/051).
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LF. Gribanov, A.V. Golovchan, V.I. Val’kov

MAGNETIC BEHAVIOR OF SOME MM'X PNICTIDES UNDER LATTICE
COMPRESSION. COMPUTATIONAL EXPERIMENT

Numerical methods have been used to study the magnetic behavior of hexagonal iron-
manganese pnictides of the general formula Mn; Fe.P;_,As, upon compression of the
lattice. It has been found that hypothetic substitution of As atoms for P atoms with no
changes in lattice parameters results in a negligible increase of the local magnetic mo-
ments of cations and of the total moment of the unit cell. But, in reality, the compression
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of lattice gives the opposite picture. There is the common tendency of low decrease in
values of the above moments upon lattice compression, which is in agreement with ex-
periment.

Fig. 1. Crystallographic and magnetic phase diagrams of the MnFeP;_,As, system. Orth,
Hex, Tetr — orthorhombic, hexagonal and tetragonal crystalline structures; AF, F — an-
tiferromagnetic and ferromagnetic phases; Ty, T¢ — corresponding temperatures of mag-
netic ordering; |i; — saturation magnetization (magnetic moment per formula unit) of fer-
romagnetic phase

Fig 2. Characteristic spin-polarized electronic density of states of the Mny_.Fe,P1/3As)/3
system for x close to 1

Fig. 3. Calculated dependences of the values of local and totals magnetic moments of the
Mn; 1FegoP13Asy3 alloy in ferromagnetic state on parameters a and ¢ of compressed
hexagonal lattice: a — for a = var, ¢ = 3.429 A; 6 —for c = var, a = 6.112 A; m — M(Fe), ® —
M(Mny), A — Myyt, A — M(Mny;). The Mn; and Fe atoms occupy tetrahedral positions,

Mnyj — pyramidal

Fig. 4. Calculated dependences of the values of local and total magnetic moments on ani-
onic-composition variation for MnFeP;_,As,: a — for fixed values of crystal-lattice pa-
rameters corresponding to ferromagnetic state of MnFePg34As066; 6 — for real experi-
mental values of lattice parameters corresponding to ferromagnetic state of each calcu-
lated composition; 6 — experimental dependence of MnFeP;_,As, hexagonal lattice pa-
rameters on composition. A — M(Fe), m — M., A — M(Mn)

Fig. 5. Calculated dependences of the values of local and total magnetic moments on
pressure for Fe,P in the ground ferromagnetic state. The Fe; and Fey atoms occupy tetra-
hedral and pyramidal positions, respectively. Real values of lattice parameters allowing
for compressibility anisotropy have been used in calculations. A — M(Fe;), m — Mg, A —
M(Fey)
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PACS: 72.15.Eb

FO.W. Taryp

®UBNYECKME CBOMCTBA KPUCTAJIOB SnyP2Se
NP1 NSMEHEHNW YPOBHA OABIEHVA N TEMIMEPATYPbI

YXropoACcKuUi HauuoHanbHbIN YHUBEpCUTET
yn. MNMuarnpHa, 46, r. Yxropoa, 88000, YkpanHa
E-mail: tyagur@mail.uzhgorod.ua

IIposeden ananuz coomuowenuti Ipenpecma, Knanetipona—Knayszuyca, menioemxocmi,
memnepamypHo20 Kosg@uyuenma AUHEUHO20 pacuupeHus 8001b ¢pazoeou p—T-oua-
epammsl SnyPSs. Yemanoeneno, umo samu 3asucumocmu umeiom aHOMAIUU 80aU3U 0a8-
aenutt p; = (0.04 £ 0.03) GPa u p; = (0.20 + 0.03) GPa na ¢azosou p—T-ouazpamme
SnoP>Se.

MounokpucTaiisl SnyP>S¢ SIBISIFOTCS OTHOOCHBIMH, COOCTBEHHBIMU (POTOCET-
HETOIOIYIIPOBOJHUKOBBIMU KPUCTAIITIAMUA T'PYIIIIBI AleBZVC6VI. IIpn temnepa-
type To = 336339 K (Temneparypa Kropu) u armochepHom aasieHuu B SnyPrS¢
IPOMCXOIUT CeTHETOANIeKTpudeckuii (a3zoBbiit nepexon (CODII) Broporo poxaa ¢
u3MeHeHueM cummerpuu (Pc < P2yc). ®@a3oBas p—T-nuarpamma SnyP,S¢ uc-
cienoBanack B paborax [1-6]. Bbeuio ycrtanoBmeno, uro Ttemmepatrypa Toc
(CO®DII) ymeHbIaeTcst ¢ pOCTOM JaBJICHHUS COTIACHO COOTHOIIECHHUIO

Toc = (336.1 £0.5)(1 — p/1.25)". (1)

[Ipu yBenuuenun nasienus BOonmu3u p = (0.04 + 0.03) GPa uzmensiercs pon PI1
CO BTOpOTO Ha mepBbId, a 3aTeM BOIM3u p = (0.2 £ 0.03) GPa umeer mecto pac-
mierieHue nuauu CODII ¢ o6pa3oBanreM HecopasMepHO (asbl.

W3BecTHO, 4TO B OCHOBY TEpPMOJAMHAMUYECKOW Teopuu (ha30BbIX MEPEXO0JI0B
MOJIO’KEHO MOHATHE TepMOJuHAMHUYecKoro norenuuaina ® = O(p,T.E,P). Bonusu
temriepatypbl Ty CODII TepMoanmHAMUYECKUN TTOTEHIIMAT MOXHO Pa3JIOXHUTh B
PAI TO CTENEHSIM NoJisipu3anuu Pg:

qD:CDO(p,T,E)+%ocPS2+%Bf§4+%y}§6, )

rae Oy(p,T,E) — TepMoaMHAMUYECKHI MOTEHIMAN MapadIeKTpuueckoil ¢asbl, B
KOTOPO# MOJsApU3alus KPUCTAJUIa paBHA HYJIIO; d, 3, ¥ — KO3 PUIMEHTHI TEPMO-
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nuHamudeckoro noteHnuana (2). KoadduuueHt oo MOXXHO pa3iokuTh B Psf IO
TEMIIEPAType U OTPAHUYUTHCS MIEPBHIM UJICHOM psijia:

a(T) =0y (T-Tp), 3)

rae o = — TemrieparypHas KoHcranta, Cyy,, — nocrosHnas Kropu—Beiica

w,p€o
. ~12
B mapadnekTpuieckon dase, €y = 8.85-10 ~ [F/m] — mocrosiHHasl BeIMYMHA Ba-
KyyMa.
[ns @I BTOpOro poma temmepaTypHasi 3aBUCHMOCTh KBajpaTa CIOHTAaHHOU

MOJIAPU3 AN PS2 (T') onmcwiBaeTCs IMHEUHBIM yPABHEHUEM BHJIA

2 _ %o %o
K _FTO —FT : 4)
Koaddunments ypaBHeHus (4) ObUIM MOTYYEHBI alMpOKCUMAIIMEH dKCIepU-
MEHTAJIBHBIX 3aBHCHUMOCTEH MOJSPU3ALMU OT TEMIepaTypbl IpuU aTMochepHOM
JTABJICHUU U OHU paBHBbI [7]:

(%Toj — (0.344 + 0.003) u (%j — (1024 1)10°°. (5)

Haiinennas remneparypa ®II 7y = 337.2 K (5). Jns @II Broporo poaa B Touke 7
MMEET MECTO KOHEYHBIM CKa4YOK TEIIOEMKOCTH AC),, KOTOPBIA ONpeaenseTcs
ypaBHEHHEM

dp? B oc%

AC, =— 207 &5

P 2 Yar o™ ©)

Koncranra Kropu—Beiica onpenensiercs 13 TeMIepaTypHbIX HCCIIEI0BaHUI
JUBJIEKTPUYECKOM MPOHMIIAEMOCTH M IIPU aTMoc(epHoM naBnenuu paBHa Cy, =
— 78616 K [6]. Haitnenmsrii kosddumment o = 1.44-10° [m/F-K].

Ucnone3yst Bemmuunabl Ty, og U (—0/P), onpenensieM CKavyoK TerIOeMKOCTH
AC, nist SnyP7S¢ ipu aTMOCEPHOM [aBIIEHUH, KOTOPBIA paBeH

10° 2
AC, __ 14410 [ M }637.2 [K] x(~102-107°) ¢ :247640{ ! }z
2 F-K m4 K m3 K
—69.6| — | = 34.2{ ! }: 16.6| —3L |- 8.2[ cal } (7)
kg-K mol - K kg-K mol- K
Honyuennoe snauenue AC, =8.2 { cal } XOpOILIO COrJIacyeTcs C JINTepaTyp-
mol-K

HBIMU JTaHHBIMHU [8].
W3 ypaBHenus (6) BUIHO, YTO 3aBUCUMOCTh CKadKa TEIJIOEMKOCTH OT JaBlie-
HUS MOXET OBITh TIPE/ICTABJICHA COOTHOIICHUEM
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Ty(p)
AC - 0 ,
)= o)

rae To(p), Cwp(p), B(p) — 3aBucumoctu Temmeparypsl ®II, xoncrantsl Kro-
pu—Beiica, koadduirieHTa TEPMOMHAMHYECKOTO TIOTEHIIMAIA OT JIABJICHUS. 3aBH-

(8)

cumoctu To(p) u Cyp(p) s SnaPrSe mosydensl U3 3KCIEPUMEHTAIIBHBIX TEMITE-
PaTypHBIX 3aBHCUMOCTEN IUAIEKTPUUYECKON MPOHMLAEMOCTH B PEXHME HarpeBa-
HUS U OXJIQXKICHUS NP pa3IUYHbIX (PUKCHPOBAHHBIX BHICOKUX JIaBJIEHUsX [2,3].

B cBsi3u ¢ aTuM npeobpazyem ypaBHeHue (9) K BUAY

1 T T,
AC, (PB(p) =~y 2P = (63 8.10%) 0P ©)
ey Gy p(p) Gy »(p)
[Ipu atMocdhepHOM TaBJICHUH BEIMYMHA
337.2 | m?-v?
AC, (p)B(p)=63.8-102" —="= _=3.48.10 . (10)
P 6180.5-10° 2K

Hcnone3yst cooTHomeHue (9), HaxoauM 3aBHCHUMOCTH IIPOU3BEICHHS
AC,(p)B(p) or masieHus. PaccunraeM 3aBUCHMOCTb A(p) Gapuueckoro kosg-

(uLMeHTa OTHOCUTENBHOrO M3MeHeHus: BenmduHsl AC,(p)B(p) oT paBieHus,

KOTOpast UMECT BU

Apy ! d[ AC,(P)B(p) ] o
PN, dp

Pe3ynbraThl n300pakeHsl Ha puc. |, U3 KOTOPOTO BUIHO, YTO 3aBUCHMOCTD
A(p) ¥MeeT YEeTKO BBIpAXEHHBIC aHOMaJIWW BHOJb p—T-auarpammbl. [lepBas
peanusyercs npu nasieHuu p; = 0.1 GPa, a Bropas — nipu pr = 0.2 GPa. Ano-

Malus IpU p| CBs3aHa ¢ peanu3alueldl TPUKPUTUYECKOM TOYKM Ha p—T-nua-

rpamme SnyP,Se, a ipu p) — ¢ peanuzanueil TOUKU paculenyieHust TuHuu ¢daso-
BBIX TTepexo 0B [2,3].

Puc. 1. 3aBucumocts KOdQduLEHTA
A ot maBmenus p mns SnpPS¢ B pe-
KUMax OXJaXIeHus (—O—) W Harpea-
Hust (—m—): 2c — Y=(61 £ 1) — (939 =
+16)X,2h - Y=50—-1192X; 3c - Y=
=Q26+1)—(133+£7X,3h—Y=(40+
+5)-(165£20)X; 4c-Y=(17%4) -
-—(49+9)X,4h-Y=(20+5)—- (44 =
+11)X

00 01 02 03 04 05 06
p, GPa
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Bronb ¢azoBoii p—T-nuarpamMMbl IPOBEJICH aHATU3 COOTHOILIEHHS DpeHdecTa:

1 dhy(p) _ (L*-L")
T(p) dp  (C;-Cpp’

(12)

rae L — temnepatypHbli K0o9QGUUMEHT JTMHEHHOrO pacimpenus, C, — TemIoem-
KOCTb, p — TUIOTHOCTb. Pe3ynbraTsl pacuera n300pa)keHbl Ha pUC. 2, U3 KOTOPOTO
BUIHO, YTO BOJIM3U JIaBJICHUH p| U py UMEIOT MECTO AaHOMAJTUH.

Haiinena 3aBucumocts AL(p) = (LJr — L), xoTopast UMEET BHI

I d%(p) ot -
AL(p) = ———22[(C, = Cp)pl. (13)
Iy(p) dp Py
PesynbTatel pacdera mpeacTaBieHbl Ha puc. 3. BumHo, 9To 3aBUCUMOCTH AL(p)
BOJIM3U p| UMEET MUHUMYM, a BOJTU3U py — U3JIOM.

_ 06 P P2 -162f

| l r

£ 0.7 ~166}

o . ~

S o8l 47 M '

—_ Ja ° =) —170'

~-09f 1P o .t

0 —_174

E—IO' o o] é I

- -178¢

= -1.1 e L

R A 182k, O
-0.100 0.1 02 03 04 05 06 0 01 02 03 04 05 06
p, GPa p, GPa

dTy(p)

Puc. 2. 3aBucumocts kodddunmenrta oT maBieHus ais SnpP>Sg B pexu-

Ty(p) dp
Me oxnaxnaenus: la — Y = —(0.80 £ 0.02) + (0.78 £ 0.37)X, 1b — Y = —(0.94 + 0.02) +
+(1.48£0.15)X, Ic— Y=—0.35£0.05) — (1.73 £ 0.16).X; p1 = 0.09 GPa, p, = 0.183 GPa

Puc. 3. 3aBucumocts AL(p) mns SnpPySe: 1 — Y= (—156974 + 1927) — (208140 £ 36676)X

Jia ®I1 nepBoro pona Brosb Gpa3zoBoi p—7-auarpaMmbl IPOBEJIEH aHAINU3 CO-
otHoweHus Kianeiipona—Knaysuyca:

dTyc(p) _ AV (p) _ AV (p)Toc(p) (14)
dp AS(p) Mp)m

rne AV(p), AS(p), Mp) — 3aBUCHUMOCTH CKauyka 00beMa, SHTPOIUH, YAEIbHON CKpPbI-

Toit TerutoTel @II ot naBnenus. Bomusu p u pr Takke CyleCTBYIOT aHOMAJIUH.

[To-BuauMomy, oOHapyXeHHble aHOManuu Ha p—I-guarpamme SnpP)Sg cBU-
JETENLCTBYIOT O CYLIECTBOBAHUN TPUKPUTUYECKOW TOYKU M TOUKH PACILEITIIICHUS
JMHHUH CETHETOAIEKTpUUEeCcKUX (ha30BbIX mepexoaoB [2,3].
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M.

Yu.l Tyagur

PHYSICAL PROPERTIES OF SnyoP2Sg CRYSTALS
ALONG THE p-T DIAGRAM

The Ehrenfest, Clapeyron—Clausius relationships, heat capacity, temperature coefficient
of linear expansion along the p—T phase diagram of SnyP,S¢ have been analysed. It has
been determined that on the diagram, the dependences have anomalies near p; = (0.04 £
+0.03) GPa and p> = (0.20 = 0.03) GPa.

Fig. 1. Dependence of coefficient 4 on pressure p for Sn,P,Sg under cooling (—o—) and
heating (—m—): 2c - Y=(61£1)—-(939+£16)X, 2h - Y=50-1192X; 3c-Y=(26£ 1) -
—(133£7NX, 3h—Y=(40%5) - (165+20)X; 4c - Y=(17£4)-(49+ )X, 4h - Y=(20 =
+5)-(44+1DHX

1 dI;
Fig. 2. Dependence of coefficient —M
Ty(p) dp
la—Y=-(0.80+0.02) + (0.78 £ 0.37)X, 1b — Y=—(0.94 + 0.02) + (1.48 £ 0.15).X, Ic —
=—(0.35+0.05) - (1.73 £ 0.16).X; p; = 0.09 GPa, p, = 0.183 GPa

Fig. 3. Dependence AL(p) for SnpP»Se: 1 — Y =(-156974 + 1927) — (208140 + 36676)X

on pressure for SnyP,S¢ under cooling:
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PACS: 74.50.+r, 74.62.—c, 74.80.Dm, 74.80.Fp

H.A. KanaH,qa1, 1. prCKmﬁ2, K.N. FIHyLUKeBw-l1, H.A. LL|I/1U_IOHOK1,
n.M. Konecosa1

BIIMAHWE OABJIEHUA HA KPUTUYECKYIO MNIOTHOCTb TOKA
B BEICOKOTEMIMEPATYPHbIX CBEPXINPOBOOHMNKOBbLIX
KOMMO3UTAX

TrHy OO6beanHEHHBIV MHCTUTYT hU3nKK1 TBepAOoro Tena u nonynposogHukos HAH Benapycu
yn. IN. bposku, 17, r. MuHck, 220072, Benapycb

qupem,qume ob6pasoBaHusa «benopyccknii rocyaapCTBEHHbIN YHUBEPCUMTET MHADOPMATUKK
W pagmo3nekTPOHUKMY
yn. IN. Bpoeku, 6, r. MuHck, 220072, benapycb

Hccneoosano enusnue cmpykmypHuix HeOOHOPOOHOCMEU BOU3U MENCIEPEHHBIX SPAHUY HA

BeUYUHbL Kpumuyeckux niomuocmett moka 6 xomnosumax YBa,CuzO7_s + xCuQO, nonyuen-
HbIX KAK NPU 8bICOKUX OAGIEHUAX, MAK U MemoO0oM OUPDY3UOHHBIX Nap, C Yervio YeeaudeHUs
MOKOHeCYuel cnocOOHOCU KOMROZUMHbIX MAMEPUALo8 NPpU Ux UCHONb308AHUU 8 YCMPOTi-
CMBAX MUKDOIIEKMPOHUKU. YCMaH0BIeHO, Ymo 8Cledcmeue U3MeHeHUsl CBOUCME NOBEPXHO-
CMHO20 C0SL 3ePeH NPOUCXOOUM YMEHbUICHUE BETUMUHbL YHEPSEeMUYECKOU Welu 60Ul epa-
HUYbl 3ePHA, YBeaudeHue KOMOopoU 603MONCHO NYMeM OKUCTEHUS KOMIO3UMOS8 U HAIOJCEHUS
oasnenus 0o 5 GPa. Hepaghosechvie YCi068us cCunmesa KOMRO3Uma cCnocooCmeyiom 3azpsis-
HEeHUI0 NOBEPXHOCMU 3epeH, Oupgysuu npumeceli 6 2nydb 3epHA NPU UX OMIHCULAX U, KAK
criedcmeue, YMeHbUEeHU 8eIUutut J, 6e3 03MONCHOCMU UX OA/IbHEUe20 60CCIMAHOBICHUSL.

Konrakter J[>ko3edcoHa Ha OCHOBE CIa0OCBS3aHHBIX BBICOKOTEMIIEPATYPHBIX
CBEPXIPOBOAHUKOB IIUPOKO UCCIEAYIOTCS ISl CO3AAHUS M3AETHH KPHOAIEKTPO-
HUKHW — MarHUTOMETPOB, T'ajibBaHOMETpoB, CBY-1eTeKTOpoB, nepecTpanBaeMbIX
CBUY-reneparopoB, NpuOOpPOB CIHUHAJIEKTPOHUKH U JIPYTMX YCTPOWCTB, a TaKXkKe
MUKPOMOIIHBIX MHUKPOCXEM JIOTMKM M TMaMATH C BBICOKUM OBICTPOJECHCTBHEM.
Hcnonb3oBanue KOHTakToB J[xo3edcoHa B LU(POBBIX yCTPOUCTBAX MPU CO3IAHUU
JIOTHYECKUX JIEMEHTOB U SYEEK MaMSITH OCHOBAHO Ha IPEJCTAaBICHUH UHPOpMa-
IIUM 3JIEKTPUYECKUM TOKOM, YIPaBIsIeMbIM KOHTakToM Jl>ko3edcoHa 3a cueT re-
HEepalWy, YHUUTOKEHUS WM NepeKIIoueHns] HanpasieHus Toka. [loatomy uccie-
JIOBaHUSI CBOMCTB M JIEKTPHUUYECKUX XAPAKTEPUCTUK KOHTAKTOB B CIa0OCBA3aH-
HBIX BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJAHUKAX SIBIISIOTCS aKTyallbHbIMU [1-3].

Jxozedconobckue koHTakThl B BTCII-marepuanax MoryT ObITh 00pa3oBaHbI:
MEXX3EpPEHHbIMH TPaHHUIIAMH, UCKYCCTBEHHBIMU OapbepaMu U3 MaTepHajioB pas-
JUYHOU IMPOBOAUMOCTH, OOJIAZAIOMIMX M HE O00JAAAIOUIMX CBEPXIPOBOIAIIMMU
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cBoiicteamu u T.A. [1,3]. HauOonpmmii uHTEpEeC NPEACTABISAIOT KOMIIO3UTHI
YBa;Cu307_s + xCuO, U3roTOBIEHHBIE TIO TEXHOJIOTHH OBICTPOTO CrieKkaHus [4,5].
KopoTkoe BpeMsi oTxkura, He MPUBOJSAIICE K XUMUIECKOMY B3aUMOJICHCTBUIO BO
BpeMsl CHHTE3a, 00eCIeurBaeT MOJyYyeHHe KOMIIO3UTOB C aTOMapHO Pe3KUMH T'pa-
HHULIAMH MeXy 3epHaMu. [IpocToTa M3roToBIeHUs C1a00H CBSI3U C pa3IUnIHON (-
(EeKTUBHOM MPOTSKEHHOCTHIO SIBJISIETCS MPUBJIEKATENBHOM U TEXHOJIOIMYECKON
peanmuzanuu [5]. OnHako nByxdasHble koMno3utsl YBayCuzO7_s + xCuO, nomy-
YEHHBIC B PEXXHUME KpaTKoBpeMeHHOTO (~ 3—5 min mipu 1173-1223 K) cnekanus,
MMEIOT HU3KHE 3HAYEHUs KPUTUUYECKUX TUIOTHOCTEH Toka (J. < 300 A/cmz) U He-
JOCTaTOYHYI0 MEXaHMYECKYI0 MPOYHOCTh. BBHUIY craboli TOKOHECYIIel Crocoo-
HOCTH KOMIIO3UTHBIX MaTEpHaJiOB MPHU MX UCIOJIb30BAaHUU B YCTPONCTBAX cO37a-
€TCS BO3MOXKHOCTh Pa3pyIICHUsI CBEPXMPOBOSIINX AJIEMEHTOB TPH OOJBIINX
IUIOTHOCTAX ToKa. [IoaTOMy ucciienoBaHue BIUSAHUSA CTPYKTYPHBIX HEOJHOPOIHO-
CTell BOJIM3HM MEK3EPEHHBIX TPAHUI] HA BETHUNHBI KPUTUYECKUX TUIOTHOCTEN TOKa
B komno3utax YBa,Cu307_s + xCuO, mosry4eHHBIX KaK MPH BHICOKUX JIABJICHHSIX,
Tak 1 MeToJoM MU Y3UOHHBIX MMap, MPEACTABISAET 3HAYUTEIBHBIA HHTEPEC.

W3mepenust cBepXMpOBOIANINX XapPAKTEPUCTUK M TEMIEPATypPHBIX 3aBUCHUMO-
CTEel KPUTHUYECKUX IUIOTHOCTEM TOKa B TemmeparypHoMm wuHTepBasie 77-300 K
mpoBOIMIN HA komno3uTax YBa,Cu3zO7_s + xCuO, rae x = 0.03, 0.07, 0.12, 0.20,
noJiydeHHbIX B cucteMe mauddysuonnsix map {3BaCuO, + yCuO}/Y,;BaCuOs,
rae 0 <y < 3 (xkomno3utsel Ne 1), u crpeccoBaHHbIX 1moja aasieHueM 3—5 GPa
(xommo3utsl Ne 2) (puc. 1) [6].

YcraHoBneHO, 4TO KOMIO3UTHI Ne 1, cHHTe3upoBaHHBIE MeTOOM AU Py-
3MOHHBIX map Ha Bo3xayxe npu 1170—-1190 K B Teuenune 17 h, umenu 3nadeHus

YBa;CuzO7.5 CuO  YBaCuzO75+ 0.12CuO

a 9]

Puc. 1. Muxpoctpykrypa komnosuta YBa;Cuz07_5 + 0.12CuO: a — nmomy4yeHHOro B cHc-
teme muddy3monnex map {3BaCuO; + xCuO}/Y,BaCuOs, 6 — crmpeccoBaHHOTO IO
nasieHueM 4 GPa
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J(77 K) ~ 180-200 A/cmz, a TeMIiepaTypHas 3aBUCUMOCTb KPUTHYECKUX TUIOT-
HOCTeit Toka B mHTepBane 77-300 K umena sun J(T) ~ (T, — T)", tne T, — xputn-
yeckas TeMIepaTypa Hadaia Mepexoa B CBEPXIPOBOISIIEE COCTOSTHIE. 3HAUCHUS
MoKa3aTes CTENEeHH 7 Niexkar B uHTepBajie 1 < n < 1.2, 4To yka3plBaeT Ha HaJH-
Yyhe MEXIy CBEPXIPOBOIAIMIMMU 3€pHAMU S MPEUMYILIECTBEHHO CJIa00i CBS3U C
JTUBJIEKTPUYECKON MPOCIOUKON B BUZE CTPYKTYpbl S—J/—S [4]. JlonOJHUTENBHBII
omxur kommnosuta Ne 1 nmpu 770 K u maBiaenuu kucnopona pO, = 10° Pa B Teve-
Hue 20 h nossiman 3Hauenus J.(77 K) no 320-360 A/cmz, IIPU TOM H3MEHSIICS
JMarna3oH JUIs mokasatens creneHu #: 1.4 < n < 1.6. B 3ToM citydyae mex3epeH-
HYIO CBS3b IpencTaBisuid B Buge SN—J—-NS, rne N — HopmanbsHas (aza. [Ipu 60-
Jee JUTMTENbHOM OTKure o0pas3ioB (mo 200 h) 3naueHus J. yMEHBIIAIHUCH 0
220-250 A/cmz, a 3HA4YCHUs LIUPHUHBI [IEPEX0JA B CBEPXIIPOBOIALICE COCTOSHUE
AT yBenmuuBamuch, u Ha 3aBucumoctu (dp/d7)/(dp/dT)max = AT) Habmronmancs
BTOpOil MakcumyM (puc. 2). Ilpu paccmotpennn 3asucumoctu J(T) ~ (T, — T)"
00HapyXeHO YMEHBIIICHHE 3HaUeHU moka3arens crernenn (1 <n < 1.1), uro yka-
3BIBACT HA peaTN3alNI0 MEK3EPEHHOM CBsI3H B BUAE S—J—S.

1.0} A
Puc. 2. TemnepatypHbie
y 0.8 3aBUCUMOCTH HOPMHPO-
;5 BAHHOM  MPOU3BOIHOMN
< 06 YAEIBHOTO COIPOTHUBIIE-
2 HHUA KoOMIO3uToB No 1,
5 0.4 oToxokeHHBIX npu 770 K
= u pO; = 10° Pa B Teue-
T 02t mne 20 (1), 100 (2) u
200 (3)h
0.0+

84I86I88 90I92I94I96
T,K

IIpy n3mMepeHun MOIUTEPMUYECKUX 3aBUCUMOCTEN KPUTHYECKUX IIJIOTHOCTEH
Toka KoMno3uToB Y Ba,Cu307_g + xCuO, cipeccoBanHbIx noA nasienueM 3—5 GPa,
ycTaHoBJIeHBI quamna3onsl 260 < J.(77 K) < 280 Alem® npu 0.03 <x <0.07 u
140 < J.(77 K) < 180 Alem’ mpu 0.12 < x £ 0.2, a Mexay CBEPXIPOBOIAIINMHU
3epHaMU MPEUMYIIECTBEHHO PEATM30BAINCH CBA3U B BUlEe S—J/—S. JlonosHUTENb-
Hele oxurd npu 770 K u pO, = 10° Pa B Teuenue 20-200 h x CYyILLIECTBEHHBIM
n3MeHeHusM J(7T) He pUBeIH.

s yBenu4eHus coaeprKaHus KACIOpoAa U €ro yHOopsiAOYEHHUs B LIEMOYEYHBIX
cinosx CulOj_s Boonp ocu b cBepxmpoBognuka YBa,Cu3zO7_s ncnonab3oBaiu
TepMOOOPabOTKY MpHU pa3HbIX TeMIepaTrypax B cpele Kuciopona. Pexxumsl oT-
JKUTOB OBLIN OTPEACIICHBI B [7] U IpOBEIeHBI B TpH 3Tana npu pO, = 5 10> Pa:
1) komno3utel Ne 2 omxuranu npu 820 K B Teuenue 25 h; 2) Temneparypy OTKu-
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ra nogaumanu 10 1020 K u o6pasis! BeigepxkuBaiu B TeueHue 2 h; 3) ocymiecTs-
T cTyneHuaroe oxnaxaenue Y BayCu3zO7_s no 720 K: B untepsanie 1020-870 K
co ckopocTthio 50—40 K/h, a B untepBanie 8§70-720 K co ckopoctsio 5—1 K/h. ITo-
CJIe TPEX3TAaHOM TepMOOOPaOOTKH KOMITIO3UTOB YCTAHOBJICHO 3HAYUTEIBHOE YBe-
mnaenue J,. no 650-780 A/cm2 mpu 0.03 < x < 0.07 u cnaboe yBenuueHue J,. 10
350-380 A/em’ npu 0.12 <x <0.2. B atoMm cityuae nokasareins crenetu # B J (1) ~
~(T, - T)" mpu 0.03 < x < 0.07 yBemuumBaucs 10 1.6 < n < 1.8, 4T0 06ycnoBIeHO
HOSIBJICHUEM IPOCIONUKHU ¢ HOpMalbHON N (OMHUYECKOI) MPOBOJUMOCTBIO MEKIY
3epHamu B Buae S—N—S, Torna kak 3HaueHus n npu 0.12 < x < 0.20 npaktuyecku
MIOCTOSTHHBI.

i1 00BsICHEHHUS MOJTyYeHHBIX Pe3yJIbTaTOB PacCMOTPUM BbIpaskeHHe Ais J,
KOTOPOE UMEET BUJ

2

J, ~(T,-T) \/(\/Eﬁ(T)/b)2+4—x/§§(T)/b 0,d, (1)

rae AT — mupuHa YHEPreTUYECKOH 1IN, b — «3KCTPanoasSUOHHAs JJIUHAY, d —
pa3mep 3epHa, T, — Temneparypa Hadaja Iepexoja B CBEpXIPOBOJISALIEE COCTOS-
HHUE, P, — OMHUYECKOE CONPOTHUBICHHE KOHTAaKTa MpHU JaHHOWU Temmeparype (p,
npu T < T, MOXeT ObITh ONpEIeNIeHO IyTeM MOAABICHHUS CBEPXIPOBOJAUMOCTH)
[8]. 13 Bepakenus (1) cneayer, uto B komno3utax Ne 1 u 2 peanusyroTcst Mex-
3epeHHbIe KOHTAKThl HECKOJIBKUX TUIIOB C Pa3IMYHBIMH 3HAUCHUSIMU \/EE_,(T )/b.
Jlerpaganus 3HaYeHUH KPUTHUYECKUX IUIOTHOCTEH TOokKa B KoMmmo3uTax Ne 1 o0y-
CJIOBJIEHA YMEHBILIEHUEM YHEPreTUUECKO IIe/IM Ha MEX3EePEHHbIX IpaHulax. Be-
pOsiTHEEe BCEro, MOJ0OHOE TOBEICHUE, CBA3aHHOE C HAPYLIEHUEM CTPYKTYpPbI
MEX3EPEHHBIX TpaHMll, OOYCIOBJIEHO HEPAaBHOBECHOCTBHIO YCIOBUN MOJIy4YEHHUS
muddy3uoHHbIx cioeB. YBa,CuszO7_5 oOpasyercss B YCIOBHSX MEPECHIIICHUS
cucrembl noHamMu Cu Ha ()a30BBIX TpaHHLAX. B CBSI3U ¢ 3TUM JIEPEKTHOCTH TO-
BepXHOCTHU 3epeH B YBa,Cu3O7_g peannzyercs 3a cuet pacTBopeHust HoHoB Cu B
KPUCTAUIMYECKON pEIIeTKE W JIOKAIM3allMU MX B MEXAOY3€lbHbIX MO3ULUAX
BONMIM3KM MeX3epeHHbIX rpaHull. [lomyueHHble TakuM oOpa3oM IU(QYy3HMOHHbIE
CJIOM HaXOMSTCS B METACTAOMIBHOM COCTOSHHH. J[OTIOJTHHUTENbHBIE OTXKUTH TPH-
BOJAT K A1 Py3un noHoB Cu Mo rpaHuIiaM 3epeH, Mpyu 3TOM TOJIIMHA HECBEPXIIPO-
BOJISIIIIEN MEX3EPEHHOMU MPOCIOWKY yBenuuuBaeTcsi. OTKUru KoMno3uroB Ne 2 npu
0.03 <x <0.07, npoBeIcHHBIE B OKUCIUTEIBbHON Cpeie, YACTUUHO YCTPAHSIOT XH-
MUYECKYI0 HEOJHOPOJHOCTh HAa MEXK3EPEHHbIX TIpaHHIaX, OOYCIOBIECHHYIO
o0eTHEeHHEeM HX KHUCIOPOAOM, yBEIMYMBAs 3HAYCHUS \/Eé(T )/b m cooTBeTcT-

BeHHO J.. Kpome Toro, ucnons3oBanue aasienus 1o 5 GPa npu npeccoBanun
KOMIIO3UTOB CIOCOOCTBYET YBEJIMYEHUIO 3HAUYCHUNW KPUTUYECKUX IUIOTHOCTEH
Toka. M3 Beipaxkenus J. ~ exp(—1/Ey) (rae / — Tommmua cnabout cBsizu, &y — M-
Ha KOTEPEHTHOCTU B caboi CBsI3M) CIENYET, 4TO J, pacTeT 3a CUET YMEHbBIICHUS
TOJIIIMHEI CJ1abo# cBsi3u [9].
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TakuMm 06pa3zom, BCIEICTBUE U3MEHEHUS CBOICTB TOBEPXHOCTHOTO CIIOSI 3€PEH
MIPOUCXOAUT YMEHBIIICHUE BEIIMYMHBI DHEPTEeTUYCCKON eI BOJU3M TPAHUIIBI
3€pHa, YBEJIMYEHHUE KOTOPOH BO3MOKHO IyTEM OKHCJICHHS KOMIIO3UTOB M HAJIO-
skeHust nasieHusa 10 5 GPa. HepaBHOBeCHBIE yCIOBUSI CHHTE3a KOMIIO3UTA CIIO-
COOCTBYIOT 3arpsi3HEHHUIO TOBEPXHOCTH 3epeH, Tuddy3un npumeceii B riryob 3ep-
Ha TPU UX OTKUTaxX M, KaK CJICJICTBUE, YMEHBIIICHUIO BETUYNH J,. 0€3 BO3ZMOXKHO-
CTH UX JaJbHEHIIEero BOCCTAHOBJICHHS.
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N.A. Kalanda, L.I. Gurskii, K.I. Janushkevich, N.A. Shishonok, I M. Kolesova

INFLUENCE OF PRESSURE ON THE CRITICAL DENSITIES OF
CURRENT IN COMPOSITES

The influence of structural heterogeneities near the intergranular boundaries on values of
the critical densities of current in the YBa;Cu30O7_s5 + xCuO composites obtained at high
pressures and by the method of diffusion couples has been investigated for the purpose of
an increase in the current carrying capacity of composite materials to be used in devices
of microelectronics. It is established that as a result of a change in the properties of the
surface layer of grains, the decrease of the value of energy gap near the grain boundary
occurs, and it can be increased by oxidizing the composites and application of pressure to
5 GPa. The nonequilibrium conditions of the synthesis of composite contribute to the sur-
face contamination of grains, the diffusion of admixtures into the depths of the grain with
their annealings and, as consequence, to the decrease of J. values without a possibility of
their further restoration.

Fig. 1. Microstructure of the YBa;CuszO7_s + 0.12CuO composite: a — obtained in the
system of {3BaCuO, + xCuO}/Y,BaCuOs diffusion couples, 6 — pressed under the pres-
sure of 4 GPa

Fig. 2. Temperature dependences of the standardized derivative of the specific resistance
of the composites Ne 1, annealed with 770 K and pO; = 10° Pa during 20 (7), 100 (2) and
200 (3)h
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PACS: 62.20.—x

K.A. lNoraes, B.C. Boponaes, [1.I". Bep6uno, KO.H. Noape3sos,
M.WN. aHnneHko

MPUMEHEHWE ACMMMETPUYHOW NPOKATKWM ONA YNPOYHEHUSA
KOMMAKTHOIO 1 NMOPUCTOIO TUTAHA

Wuctutyt npobnem matepuanosenexms nm. N.H. dparHuesnya HAH YkpaunHbl
yn. KpxmxkaHosckoro, 3, r. Kues, 03680, YkpavHa
E-mail: podrezov@materials.kiev.ua

Hccneoosanvl npoyeccobl ynpouHeHus mMamepuanos, npooehopmMupo8anHblx 8 YCI0GUX
HPOKAMKU CO COBUSOM, OCYWECMBIAEMOU MeHCcdy BAIKAMU pa3Ho2o Juamempa. M3yuen
npoyecc KOHCOMUOAYUY 8 NOPUCMBIX NOPOULIKOBBIX 3A20MOBKAX MUMAHA, NOOBEPSHYMbIX
00bIYHOU U ACUMMEMPUYHOLL NPOKAMKeE. YCMaH061eHo nogbluleHue npoYHOCmU NPOKama
KAK U3 KOMRAKMHOZ20, MAK U NOPUCIO20 MUMAHA NPU UCNOIb308AHUU ACUMMEMPUYHOTL
NPOKAMKU.

BBenenue

[Ipy WHTEHCUBHOM MIaCTUYECKON AehOpMaIMK METOJaMH paBHOKAHAIBHOTO-
HO YTJIOBOTO MIPECCOBAHUS, BHHTOBOM 3KCTPY3UH UM TOPCUOHHOTO CKPYYHUBAHUS
MPOLIECC TTOBTOPHOTO HAarpy>kKeHusi, U3MEHSIONNI cxeMy nedopMHupoBaHUs, OCY-
HIECTBIISIETCS TOJBKO MOCIJIE TMOJHOTO CHATHS MEPBUYHON Harpy3ku. B atom ciy-
yae MUKPOCTPYKTYpa, BOSHUKILIAS NIPU IEPBUYHOM Harpy>K€HUH, HAXOJIUTCS B pe-
JTAKCUPOBAHHOM COCTOSIHUH, a B JOPMHUPOBAHUU CTPYKTYPHI HA BTOPOM H TOCIIe-
OYIOIIKX MPOXOJAaX Y4YacTBYET JIUIIb Ta HEOOJbIIAs YacTh TUCIOKALUN, KOTOpas
COXpaHWJIACh B KPHUCTAJUIC TOCIE CHATHS HArpy3kd. TeOopeTUYecKHe U IKCIepH-
MEHTaJIbHbIE pa0OThI, MOCBAIICHHBIE 3aKOHOMEPHOCTSAM CTPYKTYPOOOpa30BaHUs B
CHIIbHOZIC(OPMHUPOBAHHBIX MaTepuaiax [1,2], cBUIETEIbCTBYIOT O Lienecoodpas-
HOCTH ¥ HEOOXOJIMMOCTH pa3pabOTKH HOBBIX METOJI0B MHTCHCUBHOM nedopmanun
MaTepUasoB, T Pa3INUHbIe CXeMbI JeOpMAIIUU COBMEIIAOTCS B OJJHOM TEXHO-
JIOTUYECKON ONEepalyi.

B.H. Beigpunbiv [3] ObUT peUI0KEeH HOBBIN TEXHOJIOTHYECKUI MPOLIECC MPOo-
KaTKW, aKTUBUPYIOUUH caABUTOBBIE aedopmanmu. CymHOCTh mporecca (puc. 1)
3aKII0YaeTcs B JAeopMamuy MoJIOCkl MEXIY BAJIKAMH OJMHAKOBOTO JAMAMETPA,
KOTOpBIC BPAIIAIOTCS C Pa3IUYHBIMHU CKOpocTsMu V, > V. K KOHIIaM MOOCHI
IpUKIaabIBaeTCa HaTshkeHue. [Ipu 3ToM CKOpOCTh 3aJIHETO KOHIIA MOJIOCHI aBTO-
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MAaTHUYECKH TOJIAEPKUBACTCS PABHOW OKPYKHOM CKOPOCTH
V1 Benomoro Bajika, a CKOPOCTh IIEPEIHEr0 KOHIIA — PAaBHOM
OKPYKHOW CKOPOCTU V) BeayIliero Bajika. ITO MPUBOIUT K
MOSIBJICHUIO TPOTHUBOIIOJIOKHO HAMNPABICHHBIX CHUJI KOH-
TaKTHOTO TPEHHUS, KOTOPHIC BHI3BIBAIOT B IJIACTHYECKON 00-
JaCTH JOTOJIHUTENbHBIE CIABUTOBBIE AedopMaruu, Oiaro-
Japsi YeMy 3HAYUTEIHHO CHUIYKAETCS YCHIIUE MTPOKATKU, 00-

h \/ JICC PABHOMCEPHO paCHpeacrsICTC JAaBJIICHUC 110 JJIMHEC O4Ya-
1 \
Vl

ra gedopmanuu, yJIydIaercs KauecTBO IpoKara.

Vlﬂ[ B nanHo#l pabore uccnenoBaHbl MPOLECCH YIIPOUHEHUS
P, MaTepHaJioB, MPoe(OPMUPOBAHHBIX B YCIOBHSIX IPOKATKH CO
CIIBUTOM MEX/y BaJIKAMU Pa3HOTo AuaMeTpa. ACUMMETpUYHast
MPOKaTKa COBMEIAET B OJHOW cXeMe Je(OpMUpPOBAHUS TIPO-
1IeCChl COOCTBEHHO MPOKATKU (OCYIIECTBIISIOIIMECS] B OCHOB-
HOM 32 CYeT TPAHCIIMOHHOTO MEXaHu3Ma JedopMmarmu) u
CIIBHTIa (3a CUET peasT3aliiy POTALMOHHOTO MEXaHU3Ma).

DKCIEpUMEHTHI BBINOIHIM HA KOMIIAKTHBIX (PEKPHUCTAUIN30BAHHBIX) 00pas3-
[ax TUTaHa TEXHUYECKOW 4UCTOTHI. KpoMme Toro, mockoibKy caBurosas neop-
Malusl aKTHBU3UPYET IMpoLecc 00pa30BaHUS KaueCTBEHHOTO MEXYaCTUYHOIO
KOHTaKTa B MOPOILKOBBIX MaTepuanax, UCCIEAOBAIM MPOIECC KOHCOMUAALUHU B
MOPUCTBIX TMOPOLIKOBBIX 3arOTOBKAX TUTAaHA, MOABEPIHYTHIX OOBIYHON M acuM-
METPUYHOM MTPOKATKE.

Puc. 1. Cxema mpo-
necca MpoKaTKa—Bo-
JIOYCHUE

Marepuaj 4 METOAUKA

B kauecTBe 00beKTa MCCIEOBaHNS HaMU OBLIM BBIOpaHbl 00pa3ibl PeKpH-
CTAJUTM30BAHHOTO TUTaHA TEXHUYECKOH YHCTOTHI, a TAK)KE MOPOIIKOBOTO THUTA-
Ha nopuctocTbio 30%, mpeaBapUTEIbHO CIIEYEHHOTO B BaKyyMe IIpH TeMIlepa-
type 1100°C. Hcxomnsie oOpa3ubl npokaTeiBanu Ha crane YO Tpanunnos-
HBIM CIIOCOOOM, KOTI'/Ia BAJKU OJHOTO JUaMeTpa BpaIlaloTCsA C OJHON U TOH ke
CKOPOCTBIO, U aCUMMETPUYHOM NTPOKATKOM. B ciydae TpaauMOHHON MPOKATKU
nraMeTp BaskoB & = 210 mm, a mpu acHMMETpPUYHOM mpokatke — J; = 190 mm
u Jy = 230 mm. Oba sKcriepuMeHTa OCYIIECTBIISIIA B HASHTUIHBIX YCIOBHSIX:
BEJIUYMHY HCXOJHOTO 3a30pa MEXJAy BaJKaMM MOAOHUpaIM OJUHAKOBOM, CKO-
pOCTh, CTENEHb M TEMIIEpaTypy AepopManuud — COMOCTaBUMBIMH. B o00omx
JKCIIEPUMEHTaX C MOMOIIbI0 MeC103 (PUKCUPOBAIU O0IIee yCHIINE MPOKATKH.
OO6pa3zupl MpoKaTHIBAIM MO YKa3aHHBIM cxemaM npu temnepatypax 20-300°C
C LIEJIbIO MOTYUYEHUs AUCIEPCHON CTPYKTYpPBl M peajau3aluy sBICHUS JUHAMU-
YECKOro BO3BparTa.

[TonmyuyeHHble mocie MpOKaTKU 0Opaslbl UCHBITHIBAIM HAa HU3THO C 3alMChIO
JMarpaMMBbl Harpy>keHusi. VccrenoBany BIMSHUE YCIOBUN MPOKATKU HA YIPyTHe
XapaKTepUCTUKH, MapaMeTpbl YIPOYHEHUs, HaNpsDKEHUEe U JeQOopMaLuio B MO-
MEHT pa3pyleHus. MeToAoM NpOCBEYMBAIOUIEH AIEKTPOHHOW MHMKPOCKOIIHH
aHAJTM3UPOBAIN CTPYKTYpPY MaTepuana B 1e(OpMUPOBAHHOM COCTOSHUH.
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Pe3yiabTaThl 3KCNIEPUMEHTOB

IIpoxamka komnakmmusix 06pa3yos. 3arOTOBKOMN IO MPOKATKY CIIyKHJIa IMO-
JI0ca TEXHUYECKH YUCTOIO THUTaHa pasmepamu 3 x 20 mm, npeaBapuTeabHO OTO-
sokeHHas npu 800°C Ha pasmep 3epHa 50 um. [Ipokatky ocymectBisiiiu 3a |
POX0JI, TOITOMY (PMHHIIHBIN pa3Mep (TONIIMHA) MOJIOCHI TIOCHIE MPOKATKU OIpe-
JEJISIICS. HE TOJIBKO YCTAHOBJIEHHBIM 3a30POM MEX]y BaJKaMH, HO U KECTKOCTBHIO
KJIETH ¥ YIPYTHUM MPOTUOOM BalIKOB. B Ta0uile MpuBEACHBI JaHHBIE O TEOMETPH-
YeCKUX pa3Mmepax moiockl (h; u hy — COOTBETCTBEHHO HadaidbHAas W KOHEUYHAS
TOJIIIMHA TIOJIOCHI), @ TAKXKE O TEXHHUECKUX MapaMeTpax Mpokatku (Tro — TemIe-
patypa, Pg — ycuiue npoKaTku, e — creneHsb aedopmaruu). Cienyer OTMETHTD
TOT (aKT, YTO MPAKTHUECKU MPHU PABHBIX YCHIUSAX MPOKATKU ACUMMETPHYHBIHI
Croco0 TPOKaTKHA 0OeCIIeunBaeT yBeIMYCHHE CTerneHn nedopmanuu Ha 15-17%
M0 CPaBHEHHIO C TPATUIIMOHHBIM, YTO CBUAETEILCTBYET O OoJee OiaronpusTHOM
cXeMe HaIpsKEHHO-1e(hOPMUPOBAHHOTO COCTOSTHHS B oyare aedopMariim.

Tabauma
IIapamMeTpbl NPOKATKYU MOJIOC TEXHUYECKH YMCTOT0 TUTAHA
Tron1, °C h hy Pp, kN e
AcumMeTpuyHas NpoKaTKa
20 2.95 1.7 520 0.551
100 3.1 1.8 520 0.545
200 3.0 1.7 480 0.568
300 3.05 1.8 480 0.527
TpanguuuoHHas DpokaTka
20 2.95 2.05 560 0.364
100 3.05 2.18 560 0.336
200 2.9 2.15 500 0.299
300 3.0 2.0 480 0.405

Pe3ynbraThl MEXaHMYECKMX HCHBITAHUN 00pa3loB Ha 4-TOYEUHBIH H3THUO,
npoie(hOPMUPOBAHHBIX MO O0CHM CXeMaM, MPEJCTAaBICHBI B BHJIEC KPHBBIX JIe-
(dopmanronHoro ynpouyHeHus (puc. 2). ConocraBieHUe MEXaHHMUECKUX CBOMCTB
MaTepuasoB, MpokaTaHHbIX Hpu Temreparypax 20-300°C, cBUAETEILCTBYIOT O
TOM, YTO YNPOYHEHHE MaTepuala, MOJBEPrHYTOr0 AaCMMMETPUYHON IpOKaTKe
(puc. 2,a), npumepHo Ha 25% BBIIIE, YeM y MaTepuana, IpoaehOpMHUPOBAHHOTO
TPaJULMOHHBIM criocoboM (puc. 2,6). Ocobo cieayer oOpaTUTh BHHUMAaHUE Ha
aHOMAJIFHO BBICOKOE YIpOYHEHHE 00pasia, mpoaehOpMHPOBAHHOTO CIIOCOOOM
acuMMeTpuyHoil npokatku npu 200°C. CpoiicTBa Takoro obpasua MpUMEpPHO B
1.6 pa3a BbIIIIe, YEM TIOCIIEC TPAAUIIMOHHON MTPOKATKU (Cp. KpUBBIe 3 HA pHC. 2a,0).

[Ipuumnna 3TOrO CBsI3aHa, NO-BUANMOMY, C 33JI€PXKKON MPOIIECCOB TUHAMHUYE-
CKOT'O BO3Bpara Ipu aCHMMETPUUYHON IpokaTke. B Hamumx nmpenpiaymmx padorax
[4,5] obpamanocs BHHMaHHE Ha 0c000€ MEXaHMYECKOE MOBEJCHHME CHUIIbHOE-
(dopMupOBaHHOTO TUTaHA Mpu TeMiieparypax Bbiiie 200°C. OHo nposBiIseTCs KakK
B aHOMAJIbHOM MOHMXEHUH TEeMIIepaTypHOIl 3aBUCUMOCTH Ipejesia TeKy4eCTH,
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Puc. 2. KpuBble MUKPOIUIACTHYHOCTH TUTAHA, IPoeOPMUPOBAHHOTO IO CXEMaM acuM-
METpUYHOH (@) U TpaIUIHUOHHOM (0) IPOKATKH MPU pa3HbIX Temrieparypax, °C: I — 20, 2 —
100, 3 —200, 4 —300

TaK U B CHIKCHHUH ITApaMETPOB HU3KOTEMIIEPATYPHOTO YIPOYHEHHUS 00pa3IloB,
npoieOpMUPOBAHHBIX MPU TAaKUX TeMIepaTypax. Mbl CBA3bIBAIIN 3TOT A3 (PEKT ¢
0COOCHHOCTSIMU (OPMHUPOBAHUS CTPYKTYPHI B CHIBHOAE(POPMHUPOBAHHBIX MaTe-
puanax ¥ CKIOHHOCTBIO 3TOW CTPYKTYpPHI K pelaKCaliid U YaCTHYHOMY pacmaiy
o[ ACMCTBUEM IMTPOLECCOB BO3BpATA.

OObeMHEHNE B OJTHOM TEXHOJIOTHYECKON OTEepari TPAHCISIITUOHHOW U PO-
TalMOHHON nedopmaiuii, MO-BUIUMOMY, CIOCOOCTBYET YAaCTHUYHOMY IO/aBlie-
HUIO TUX MPOIIECCOB, YTO MPHUBOJIUT KAaK K MOBBHIIICHUIO MApaMETPOB YIIPOUYHE-
HUA IIPU BCEX HUCCIICAOBAHHBIX TCMIICPATypax MPOKATKHU, TaK U CMCUICHUIO TCM-
nepaTypbl pa3ynpovYHEeHHs B 00J1acTh 00Jiee BHICOKMX 3HAUCHHUH. 3a/iepiKKa IMpo-
[IECCOB TEPMOMEXAHUYECKOTO BO3BpaTa Ne(hOpMalMOHHONW CTPYKTYPBI IPU TEM-
nepatypax 200-300°C MokeT crmocoOCTBOBAaTh aKTWBU3ALMM Ha TPAHMIAX Jie-
(OPMUPOBAHHEIX 3€PCH MPOILIECCOB HU3KOTEMITEPATYPHOU JHHAMHYECKON PEKPH-
cTaJIM3anuu, GOpMUPYIOLIEH CBEpXMENKOe 3€pHO C PaBHOBECHBIMU I'DaHUIIAMHU.
Hanmnume cBepXMenKuxX peKpUCTaTU30BAHHBIX 3epeH ObUIO 00OHAPYKEHO METOI0M
MIPOCBEYMBAIOIICH AJIEKTPOHHOW MHKPOCKONUHU B oOpasie, mpoaedopMHUpOBaH-
HOM B YCJIOBUSIX aCHMMETPUYHOM mpokaTku npu temreparype 200°C (puc. 3).

Puc. 3. CTpyKkTypa TUTAaHOBOTO CIUIaBa MOCJE TPATUIIMOHHON (@) U aCHMMETPUIHOH (0)
rpokatku mpu temnepatype 200°C
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IIpoxamxa nopucmuix 3a20mogok. Jljig ucciaen0BaHus BIUSHUS YCIOBUH MPO-
KaTKM Ha 3aKOHOMEPHOCTH YIPOYHEHHUS IOPHUCTHIX IMOPOIIKOBBIX MaTepUaOB
OBLT BBITIOJTHEH DS/l SKCIIEPUMEHTOB Ha MOPUCTOM CIICUEHHOM TUTAHE TEXHUYE-
CKOM 4HUCTOTHL. VICXOAHBIM MaTepHasoM CIYyXWJIA 3arOTOBKH CIIEYEHHOTO MpH
temneparype 1100°C nopomkoBoro turana pasmepoM 2 x 20 x 150 mm ¢ Hayasnb-
HOU mopuctocThio 0y = 30%. DTH 3aroTOBKM MPOKATHIBAIN MPH TEMIIEpaTypax
20-300°C 1o TeM ke cxemMaM, U4TO ¥ OIMCAHHBIM BBIIIC KOMIIAKTHBIN THTaH.

Pesynbratel uccnenoBanuit (puc. 4) mokas3bpIBatOT, YTO MOCJIE ACUMMETPUYHOU
MPOKATKHU MapaMeTpbl YIIPOUYHEHHs pe3ko Bo3pacTaroT. [Ipuuem oOpasibl, mpoka-
tannble ipu 200 u 300°C (kpuBsbie 3, 4), TPOSIBISIOT MAKCUMATIbHOE YIIPOUHEHHE,
COM3MEPUMOE C YITPOUYHEHHEM KOMITAKTHBIX 00pa3iioB (cM. puc. 2). O6pasiibl mocie
ACUMMETPHUYHOI MPOKAaTKH UMEIOT HAMHOTO 0oJiee BBICOKHE MOAYJIb YIPYTOCTH U
ypOBeHb AepOopMaluu 10 pa3pylIeHUs, YTO CBUJECTEILCTBYET O JYYIlIeM KauecTBE
KoHTakTa. [locie mpokaTky mOpUCTOCTh 00pa3ioB coctasnseT 8—10%, cymmapHas
cTeneHb Aedopmaru TBepaoi (aser mocturaet e = 0.5-0.6, 4TO0 comzmMepumo ¢
nedopMalueit KOMIIaKTHOTO MaTepuana (Tadiuma).

3 4
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Puc. 4. KpuBble MUKPOIUIACTHYHOCTH NMOPOIIKOBOTO THUTAaHA, MOBTOPHO MOJBEPTHYTOIO
ACUMMETPHYHOMN (a) U TpaAULMOHHOH (6) MpOKaTKe MPH pa3HBIX TeMreparypax, °C: [ —
20, 2-100, 3 —200, 4 — 300

XapakTepHo, 4To Mpu O6onblon nedopmannu 3hdeKT ynpouHeHHs 00pas1oB,
NOJBEPrHYTHIX ACUMMETPUYHOM IMPOKATKEe, 3aMETHO BbIIIE, YeM i1 00pas3loB,
npoe(hOpMUPOBAHHBIX MO TPAIUIMOHHOHN cxeme. IlepBbie 00pa3ibl UIMEIOT TakK-
e 3aMETHO 0o0Jiee BBICOKYIO INIACTUYHOCTD, JOCTUTAIOLIYI0 HECKOJIBKUX MPOLIEH-
TOB, XOTsI CJIEIYET BCE e OTMETUTbh, YTO UX IUIACTUYHOCTH BO MHOTO pa3 HUXKE,
YeM Y KOMIAKTHBIX PEKPUCTANIN30BAHHBIX 00pa310B, NPOJePOPMUPOBAHHBIX 10
TEX JKe CTereHel aedopmarium.

Pe3koe yBenmuueHne nmapaMeTpoB YIPOUYHEHHsS MOPOIIKOBBIX 00pa3lloB, Mpoje-
(OpPMHUPOBAHHBIX ACUMMETPHYHON MPOKATKOW 0 OONBIINX CTETICHEl TpH TemIepa-
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typax 200-300°C, oOBsiCHSETCS TPOTEKAaHHEM OJHOBPEMEHHO IBYX IPOIIECCOB:
dopmupoBanus AeOpMaIMOHHON CTPYKTYphl U aKTHMBHU3ALUK IMpOIlecca KOHTAKTO-
oOpazoBanusi. HecoMHEHHO, 4TO TMpPOILECCHl CTPYKTYPHOU IMEPECTPOWKU OCOOCHHO
aKTHBHO MPOTEKAIOT B 00JACTU MEXYACTUYHBIX TPaHeH, TIe MPOUCXOAUT HauboIIb-
masi KoHUeHTpausa aedopmarmu. HecMoTpss Ha HHM3KYIO TeMIlepaTypy HpOKATKH,
BBUJIy CHJIbHOM KOHIEHTpAIK J1ehOopMallii BOZMOXKHO MPOTEKaHUE MPOLIECCOB JIU-
HaMHYECKOI PCKpUCTAIIIN3alUU C ITOJIHBIM BOCCTAHOBJICHUCM CBOMCTB KOHTAKTA.

B nanHom ciyvae cauroBasi qedopMaliusi He TOJIBKO MO3BOJISIET Peaiu30BaTh
OoJiee CHIIbBHOE YIPOUYHEHHE MaTepualia (Kak 3TO HabJIr0AaI0Ch A1l KOMITAKTHOTO
Marepuana), HO U OKa3bIBaeT IMOJOKUTEIHLHOE BIWSHUE Ha OOpa3oBaHue Ooliee
COBCPHICHHOI'O KOHTAKTa. KocBeHHBIM MOATBCPIKACHUCM 3TOr0 NpPCAIIOJIOKCHUSA
ABJISIIOTCA PE3KOE BO3pacTaHWE MOAYJS YNPYrocTH MaTepHalioB, UMEIOIINX Hau-
60.]1]:1]_[66 YOPOUYHCHUC, U HATMIUC BA3ZKHUX YHACTKOB HAa U3JIOMAX 3TUX 06pa3u013.

BriBOaBI

1. YnpouHeHHe KOMIIAKTHOTO THUTaHA, MMOJABEPTHYTOTO aCUMMETPUYHOMN Tpo-
KaTKe, MpuMepHO Ha 25% BeIllIe, YeM y MaTepuaia, npoaedopMUPOBAHHOTO Tpa-
JUIHUOHHBIM criocoOoM. IlpuymHa Takoro moBepeHus, MO-BUAMMOMY, CBs3aHa C
3aJIepKKON IPOLIECCOB JUHAMUYECKOIO BO3BpaTa B IIEPBOM CIIyUae.

2. Ilocne nedopmanuu MOPUCTHIX 0OPa3IOB, MOABEPTHYTHIX ACUMMETPUYHOM
IPOKaTKe, apaMeTpbl YIPOUYHEHHsI Pe3KO Bo3pacTaroT. [Ipu 3Tom 0Opasisl, mpo-
karanHble nipu 200 u 300°C, nposBIAIOT MaKCUMaJIbHOE YIPOUHEHHUE, COU3MEPH-
MO€ C YIPOYHEHHEM KOMITAKTHBIX 00pa31oB.

3. AxTUBHU3aIMs MpoLecca TUHAMUYECKONH PEKPUCTAIUIN3ALUHN TP aCUMMET-
PUYHON NMPOKATKE HE TOJBKO CIIOCOOCTBYET MOBBILICHHUIO MMapaMETPOB yIPOUHE-
HUSI, HO TaKXkKe BeIeT K YJIYUIICHHIO KauecTBAa MEXYaCTUYHOIO KOHTAKTa MpHU
IPOKATKE MOPOIIKOBBIX 3arOTOBOK.

4. CpaBHUTENBHBIN aHAJIN3 MPOLIECCOB YIPOUYHEHHS] KOMITAKTHOTO M IOPHCTO-
ro THTaHa MO3BOJIAET CHENATh 3aKJIIOYEHUE, YTO B MOPOILIKOBBIX M3JENHUAX HC-
N0JIb30BaHNE aCUMMETPUYHOM mpokaTtku 6ojee 3((HEeKTUBHO, TOCKOJIBKY B 3TOM
cilydae HapsAy € yJydlleHueM Ae(opManoHHON CyOCTpYKTypbl MaTpHIbl ya-
€TCs CYIIECTBEHHO YJYUIIUTh KAYeCTBO MEKYACTUYHBIX KOHTAKTOB.
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K.A. Gogayev, V.S. Voropayev, D.G. Verbilo, Yu.N. Podrezov, M.I. Danilenko

USAGE OF ASYMMETRICAL ROLLING FOR STRENGTHENING
COMPACT AND POROUS TITANIUM

Strengthening of materials deformed by rolling with shear between rolls of different di-
ameters has been investigated. The strengthening of compact and porous titanium de-
formed by traditional and asymmetric rolling was analysed. The increasing of strength
and plasticity of compact titanium after asymmetrical rolling was observed. The im-
provement of compact quality with sharp increasing strength and plasticity for porous
titanium deformed by asymmetrical rolling was observed.

Fig. 1. Scheme of the rolling-drawing process

Fig. 2. Curves for titanium deformation by asymmetrical (@) and traditional (6) rolling
under different temperatures, °C: / — 20, 2 — 100, 3 — 200, 4 — 300

Fig. 3. Structure of titanium alloy after traditional (¢) and asymmetrical (6) rolling at a
temperature of 200°C

Fig. 4. Microplasticity curves for powder titanium after repeated asymmetric (@) and tra-
ditional (6) rolling at different temperatures, °C: I — 20, 2 — 100, 3 — 200, 4 — 300
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PACS: 81.40.—z

P.K. cnamranues, O.B. Kynsicosa, J1.P. KypmaHaesa

CTPYKTYPHbIE OCOBEEHHOCTW N MEXAHUYECKWVE CBOMCTBA
MAIHMEBbBIX CII1ABOB, NMOABEPIHYTbIX PABHOKAHAJIIBHOMY
YIrnoBomy NMPECCOBAHNIO

NMHCTUTYT nsnkn nepcnekTuBHbIX MaTepuanos,

YduMCcKMi rocyaapCTBEHHbIN aBUaLMOHHbIA TEXHUYECKUA YHUBEPCUTET
yn. K. Mapkca, 12, r. Yd¢a, 450000, Poccus

E-mail: saturn@mail.rb.ru

Memooom pasnokananvrozo yenoeozo npeccosanus (PKYII) nonyuenvt ynompamenxo-
seprucmoie (YM3) obpasyvt macnuesvix cniasos AM60 u AZ91D. Memodamu npoceeuu-
saroujell S1eKMpPOHHOU MUKPOCKONUY, ONMUYECKOU Memaiiocpapuu u sHepeooucnepcu-
OHMHO20 aHau3a usyyeHvl cmpykmypmvle ocobennocmu YM3-obpasyos. Ocoboe snuma-
HUe YOelleHO CPABHUMENbHbIM UCCIe008AHUAM MEXAHUYECKUX CBOUCMS, 8 YACMHOCMU,
npeoenos npoYHOCMU U BbIHOCIUBOCTIUL.

BBenenue

N3BeCTHO, YTO JIETKME MAarHWEBBIE CIUIaBbl BCIEICTBUE BBICOKOW YIIEIbHOU
MPOYHOCTH SIBJISIFOTCS MEPCIIEKTUBHBIMU ISl MPUMEHEHHSI B KaueCTBE KOHCTPYK-
IIMOHHBIX MaTepuaios [1]. BMecTe ¢ TeM OOJIBIIMHCTBO U3ACIIUNA U3 ITHX CIIJIABOB
MOJIy4aloT METOJJaMU JIUThS TOJT IaBJICHUEM, TIOCKOJIbKY OHM OTHOCSTCA K KJaccy
TPy AHOAEHOPMHUPYEMBIX MaTepraaoB. B To jke BpeMs JJIsi U3TOTOBJICHHS U3IETHI
CJIOKHOM (pOpMBI BCce Harie npuOeraT K MeToJaM IulacTHyeckoro (Gpopmoodpa-
30BaHUs MPHU MOBBIIMICHHBIX TeMIlepaTypax Ha Y M3-marepuanax.

OnHuM M3 MEepPCHEKTUBHBIX METOJOB MoyydeHus: Y M3-MarepuanoB siBIsSETCA
PKYVTII, koTopoe BEAET K 3HAUUTEIHbHOMY HU3MEIbUYCHUIO 3€PEHHON CTPYKTYPBI 10
CpPEIHEro pa3Mepa 3epeH MeHee | um M COOTBETCTBEHHO K MOBBIIIEHUIO POYHO-
CTU pa3IMYHBIX METa/uIoB M ciaBoB [l]. 3HaueHuss mnnactuuHoct YM3-
METAJIJIOB BO MHOT'OM OIPENEIAIOTCS TeMuneparypHbiMu pexxumamu PKVII [2].
OTH 3Ha4YeHUsT OOBIYHO OKAa3bIBAIOT CYIIECTBEHHOE BIIMSHHE HA XapaKTEPUCTHUKU
YCTaJIOCTH, BayKHBIE JIs1 MHOTMX KOHCTPYKLIMOHHBIX IPUMEHEHN Y M3-maTepranos.

enpto HacTosmel pabOTHl SABUIOCH M3YYCHHE CTPYKTYPbl M MEXaHMUECKHX
cBoiictB YM3-maruueBsix cruiaBoB AM60 u AZ91D, nonydeHHBIX METOJIaMU
PKVII. B cooTBeTcCTBMU C MOCTaBICHHOW LEIbIO MPOEKTa PEIIAIUCH 3aJa4u 110
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ontuMusauuu temneparypsl PKVYII B MaraueBsIx cruiaBax, U3y4eHHUIO OJHOPO-
HOCTH CTPYKTYDBI, ONIPEAEICHUIO CPEHErO pa3Mepa 3€pPEeH U pa3Mepa 4acTull Bbl-
JIeJICHUH, a TaK)KE UCCIIEIOBAHUIO IIJIACTUYHOCTH, IIPEJEIIOB IIPOYHOCTH U BBIHOC-
JIMBOCTH.

MarepuaJibl 1 METOAMKHU MCCJIeI0BAHUI

B kauecTBe MCXOIHBIX MaTepHaIOB ObUIM HCIOJIb30BaHbI JIUThIE MarHUEBbIE
crutaBel AM60 (Mg—6 wt.% Al-0.13 wt.% Mn) u AZ91D (Mg-8.7 wt.% Al-0.65
wt.% Zn—0.25 wt.% Mn), 06pa3ipl KOTOPBIX MPEIBAPUTEIHLHO FOMOT€HU3UPOBA-
HbI ipu Temmeparype 410°C B Teuenue 6 h. s popmupoBanust Y M3-CTpyKTypbI
ucnoab3oBanu meton PKVII [1] ¢ yrimom nepecedyeHus: kaHainoB, paBHbIM 120°C
o mapupyry Be.

Hcxonnbie obpasipl u3 crutaBa AM60 quamerpom 20 mm u amuHOM 100 mm
nozasepramu 10 mpoxomam. B cooTBeTcTBUM € AuarpamMmoil ¢a3oBOro paBHOBECHS
HCCIIeyeMOTo CIutaBa OblH BeIOpaHbl Tpu TemnepaTypsl PKYII: 350°C — crutaB Ha-
xoautcs B onHodazHoi obnactu; 210°C — cmaB B aByxdazHoi obnactu; 150°C —
CIUIaB TaKke B IByX(a3HOM 001acTH, HO C OOJIBIINM 00BEMOM BTOPOi (ha3bl.

Hcxonnbie o0pasusl u3 crwiaBa AZ91D nmonsepranu 2 mpoxoaam npu 400°C,
3ateM 2 poxoaaM npu 350°C u, HakoHel, 2 npoxoaam mpu 300°C.

CrpykTypy 00pa3ioB M3ydalid B MPOCBEUYHBAIOIINX AJIEKTPOHHBIX MUKPOCKO-
nax Philips EM-430 u JEM-100B mipu yCKOpSIOIIUX HAMPSHKEHUSIX COOTBETCTBECH-
HO 300 u 100 kV. dns nzrorosnenust ponsr u3 PKYII-00pa3uoB Obutn BbIpe3aHb
TucKy auamerpoM 2.3 mm u ToimmHoN 0.15 mm, KoTopble 3aTeM OBLIN JJIEKTPO-
MOJIMPOBAHBI Ha ycTaHOBKe Tenupol-5 ¢ ucmonb3oBanueM snektponuta: 1% mep-
XJIOpHOU KHUCIOTHI U 99% sTaHona. XUMHUYecKuil cocTaB BTOPBIX (a3 B (osbrax
PKVYII-00pa3uoB uccinenoBain METOIOM SHEPrOAUCIEPCHOHHOTO aHAIH3A.

MexaHndeckre CBOWMCTBA M3yYaJIM Ha CIEIUAIM3UPOBAHHON MallMHE, pa3pa-
OOTaHHOW AJI1 UCTBITAHUN Ha PACTSIKEHHE HAHOCTPYKTYPHBIX OOpa3IlOB MaJbIX
pa3MepoB [3] U OCHAIIEHHOW KOMIBIOTEPHON MpOrpaMMOM JIsl KOHTPOJIA Tapa-
MeTpoB. McnbITanusl IPOBOJUIIN MPU MOCTOSIHHOM CKOPOCTU MEPEMEILEHUs Tpa-
Bepchl. [Ipu aTom pabodast yacte 00pa3ioB umena pasmepsl 0.5 x 1.0 x 4.0 mm.

YcTanocTHRIE WCTBITAaHUS TPOBOJIMIM Ha CTaHAAPTHBIX IUIOCKUX 00pasmax
tonmuHoM 1 mm npu yactore 20 Hz, npuMeHssi aCHMMETPUYHBINA ITUKII HAIpsi-
JKEHUU IIPU TIOCTOSIHHOM aMILIUTY JIE.

Pe3yabTathl n 00CyxkaeHNE

IIpn m3yuenun ctpykrypsl crmmaBa AM60 nocie PKVII npu temmepatype
350°C 6b110 OOHAPYKEHO, YTO ATa 00padOTKa BEAET K HEOAHOPOJTHOMY COCTOS-
HUIO. B uyacTHOCTH, B CTpyKType HaOJIOAady PaBHOOCHBIE 3€pHA C pa3MepoM
5-10 pm Ha ~ 60-70% npocmoTpeHHOU momaau ¢oasru. OcTaabHyIO IIONIAAb
3aHMMaJIM BBITAHYTHIE 3€pHa ¢ pazMepoM 0.3—1.5 pm B mumpuny u 5-15 pum B
nuHy (puc. 1,a), HEKOTOphIe U3 HUX OBLIM JTBOMHMKaMU. BHyTpu 3epeH HaOIro-
JIaTM MEJIKOJIUCTIEPCHBIE YacTULIbl pazMepoMm 10 30 nm.
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Puc. 1. TunmaHpie MUKPOCTPYKTYPHI MarHUEBOTO CILIA-
Ba AM60 nocne PKVII mpu Temneparype, °C: a — 350;
6, 6 — 210 (c pazMepamu 4acTHIl COOTBETCTBEHHO 30 nm
n 0.5 um); 2 — 150

B o6pazuax nocne PKVYII npu temnepatype 210°C oGHapyskeHa Oosee oaHO-
poIHas CTPYKTypa C PaBHOOCHBIMH 3€pHAMH II0 BCE€Hl TOBEPXHOCTH 0O0pa3ia
(cpennwuii pazmep 3epen 2 um) (puc. 1,6). Habmoganu nBa tuma BTopsix ¢as: 1)
MeJIKOAUCIIEpCHbIEe yacTulsl pazmepom 30 nm (puc. 1,0), kak U B mpeapiaymeit
obpaboTtke (puc. 1,a); 2) wactunsl co cpeaaum pasmepom 0.5 um (puc. 1,8), He-

o0
<
ge

(@)}
1

Intensity, 10° arb. units
i

ol Hal ]
i Mn
(J—— - A
0 2 4 6

Energy, 10° keV

Puc. 2. DHeproaucnepcHOHHBIN aHaIN3
yactuy B PKVII-o6pa3uax AM60: ---- —
0.5 um, — - 30 nm
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PaBHOMEPHO paclpeieieHHbIe KaK B Te-
JIe 3epeH, TaK M M0 UX IPaHULaM.
DHEProAUCIePCUOHHBIN aHaIu3 TO-
Ka3ajl pa3inyie B XUMHUUYECKOM COCTaBE
MEXJly YacTUIAMU TEpBOTrO U BTOPOTO
TUMOB YacTul (pUC. 2): YacCTUIBI C
OonpIIMM pazmMepoM coaepxar Mg u Al
U 1o jauvarpamme paBHoBecuss Mg—Al
COOTBETCTBYIOT (aze y-Mgi7Al1x [4];
YacTUIBl C MEHBUIMM pPa3MepoM JOIOJI-
HUTEIBHO cojiepkat Mn.
MukpocTpykTypa 00pa3loB Mmocie
PKVII npu Temmeparype 150°C Onuia
Haubojee OJHOPOIHA CO CPEIHHUM pas-
MepoM 3epHa ~ 1 um (puc. 1,2). B Hux
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Tak)Ke HaOJIOAany JBa TUIA YaCTHII, OJTHAKO B 3TUX 00Opaslax oObeMHas MO
YaCcTHIl BTOPOTO TUMa ObUIa OOJNbIIE M YaCTHUIIBI OBLIN pacrpeneieHsl 0oee of-
HOPOJTHO, YeM B 00pa3iax, mpeccoBaHHBIX mpu Temmepatype 210°C.

Bo Bcex ob6pasuax (mocine PKYII npu pa3nuyHbIXx TeMnepaTypax) HaOIoamm
BBICOKYIO IIJIOTHOCTb JUCIIOKALIHI.

Jlnst cpaBHeHUsi Ha puc. 3 TpPEICTaBlIeHa CTPYKTypa APYTroro MarHUeBOTrO
cmaBa AZ91D no u nocne PKVII. Tlociie romorenn3anuu cTpykTypa cIiaBa xa-
paKkTepu30Baiach CPeAHUM pa3MepoM 3epeH cBbiie 100 um U HaTU4YMeM Kpyli-
HBIX YacTUIl BbieneHuit tuna Mg 7Al ;. [Ipumenenne PKYII npu temmneparype
300°C BBI3BAJIO B JAHHOM CIUIABE CYIIECTBEHHOE M3MEJIbUCHUE 3€PEHHOM CTPYK-
TYpBbI 10 CPEAHETO pa3Mepa OKOJIo 3 pm.

Puc. 3. Mukpoctpykrypa cruiaBa AZ91D: a — nocne romorenuzanuu npu 7' = 460°C B
teuenue 6 h; 6 — mocime PKVYII mpu Temneparype 300°C

Tabnuua uurocTpupyeT MEXaHH4eCKHe CBOWCTBA HA PACTSXKECHHE MCXOJIHOTO
autoro craBa, a Takke PKVYII-00pa3iioB, moigydeHHBIX TPH TPEX Pa3TUIHBIX
temneparypax (150, 210 u 350°C). OueBumHO, YTO, YeM HHUXKE TeMIlepaTrypa
PKVII, tem Bbilie ipegen npoyHoctu. B yactHoctu, nocne PKYII npu temnepa-
type 150°C cmaB AM60 He TONBKO AEMOHCTPHUPYET HauOoJee BBICOKHE 3Haue-
HUS mpenesia npoyHocTH, nocturaronme 310 MPa, HO Takke COXpaHSIET MOBBI-
HICHHYIO IJIACTUYHOCTb, XapaKTEPHYIO NJisi 3TOTO CIUIaBa B JIUTOM COCTOSIHHH.
[Tobrmienrne npounoctd B PKVYII-o06pa3iiax Xopomio KoppenupyeT ¢ u3Menbyie-
HUEM 3€pPEHHOM CTPYKTYphI, B UaCTHOCTH, YEM MEHBIIIE CPEIHUM pa3Mep 3€epeH,
TEM BBIIIE HAOMIOMAeMBbI TIpenen mpouHOoCTH. COXpaHEHHE TOBBINICHHOH IIja-
CTUYHOCTH MOXET OBITh CJIEICTBUEM IBYX NPHUYUH, BO-TIEPBBIX, YMEHBIICHUS
KOHIICHTpAIlMU aJIOMUHUS B MAaTpHUIlE B Pe3yJIbTaTe BbIAEIEHUS OOJIBIIOrO KOJIH-
yecTBa yacTull ¢azsl Mg 7Al ), a, BO-BTOPBIX, pa3BUTHSI 36pHOTPAHUYHOTO TIPO-
CKaJIb3bIBaHUS MPHU KOMHATHOM Temnepartype [5]. B monb3y mepBoro mpenmnoio-
JKEHHUSI CBUJCTENHCTBYET MEHbINAs MIACTUYHOCTh B 00paslax, MOJIBEPTHYTHIX
PKVYII npu temneparype 350°C, B KOTOpBIX HaOIIOAaNach HAUMEHbBINAS 00HEM-
Hasl TOJiA BBIICICHUMN, TOT/Ia KaK BTOPOE MPEINOI0KEHUE TPeOyeT JOMOIHUTEb-
HOTO KCIIEPUMEHTAIILHOTO TTOATBEPKICHHUS.
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Tabnuma
Mexanndeckne cBOiCTBa MarHHeBbIX cIIaBoB AM60 u AZ91D
Cpennuii pasmep| [Ipenen Teky- | [Ipenen npou- | OTHOCHTETBEHOE
Cmnas
3€peH, 1m gect, MPa | Hoctm, MPa | ymmaenwue, %
AM60
JUTON > 100 30 115 16
PKVTI, 350°C 18 105 225 13
210°C 2 130 250 15
150°C 1 235 310 15
AZ91D
TOMOT€HU3UPOBAHHBIN > 100 110 170 3
PKVII, 300°C 3 130 240 6

Cnenyet oTMeTuTh, uTO B cruiaBe AZ91D, noasepruytom PKVYII, Habmonanu
MOBBIIIEHUE HE TOJIBKO mpenena npoyHoctd oT 170 no 240 MPa, HO U noBbIIIe-
HUE TUIACTHYHOCTHU OT 3 110 6% (Tabnuiia), 9To JOHKHO OJIArOMPHUSATHO CKa3aThCs
Ha MOBBIIIEHUH YCTAJIOCTHBIX CBOICTB Y M3-00pa3ios.

Ha puc. 4,a npencraBieHsl pe3yabTaThl YCTaIOCTHBIX UCIIBITAHUI MarHueBOro
crutaBa AM60, nogseprayroro PKVYII npu paznuuHbIX Temneparypax. Y cTaHOB-
JIeHo, YTO Ha 0asze 5 10° IIUKJIOB TPeZIeNl BBIHOCIMBOCTH 00pa3LoB, MPECCOBAHHBIX
npu temnepatype 350°C, cocraBui npumepHo 90 MPa. Co cHmxeHuem temmnepa-
typsl PKVII 1o 210 u 150°C naGnromanu yBenuueHHE Hpezesia BHIHOCIUBOCTU
cootBeTcTBEHHO 110 110 1 120 MPa. /{5 cpaBHEHUS B KPYITHO3EPHUCTOM COCTOSTHUM
B ciuiaBe AM60 HaOmofaercst mpeaen BHIHOCIMBOCTH, paBHbIA nmpumepHo 45 MPa
[6]. B apyrom maraueBoM cruiaBe AZ91D u3MenbueHHE 3€pEeHHON CTPYKTYpPBI
metonoM PKVII ¢ pasmepa > 100 pm 10 ~ 3 pm Tak»e OpUBEIO K CYIIECTBEHHO-
My pocTy mpenena BeiHOCTUBOCTH OT 50 10 140 MPa (puc. 4,6). To ectb 1o pe-
3yJbTaTaM HCCJIEJOBAaHUM yCTAJIOCTHBIX CBOMCTB MO>KHO Cl€laTh BBIBOJ, YTO B
YM3-cocroaauu MaraveBbie ciuiaBbl AM60 u AZ91D neMOHCTpUPYIOT TOBBI-
HIEHHBIE OoJiee YeM B 2 pasa Mpeieibl BBIHOCIUBOCTH 110 CPABHEHHUIO C OOBIYHBIM

250

= Coarse-grained [6] 250

< 200 ® ECAP for 350°C s = AZ91D after ECAP
& for 210°C L A after homogenization
= 150 -‘?ﬁi-z:\\‘:ﬁ\ : fgz 150°C Ea 200 after homogenization [6]
é ook e TSI gisor :
©n . E A /
= = 100+
= g
g ~ 2 ~
5 50} — A
s e N

10 100 10° 100 10° 10 ot 10° 10° 100 10® 10°

Cycles to fracture, N Cycles to fracture, N
a o

Puc. 4. I'paduxy 3aBUCIMOCTH MaKCHMaJIbHOTO HAIPSHKEHHS OT KOJIMYECTBA ITUKIIOB: d —
AM60, 6 — AZ91D
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KpPYNHO3EpHUCTBIM cocTosiHueM. [Ipu 3ToM B ciaywae criaBa AM60 cHuxeHue
temnepatypsl PKVYII ¢ 350 go 150°C conpoBokaaercst JadbHEUIINM HU3METbYe-
HHUEM 3€peHHOIl cTpyKTypsl ¢ 5—10 um 10 ~ 1 pm, 4To crnocoOCTBYET MOBHIIIIE-
HUIO Tipezena BeiHocauBoctu ¢ 90 go 120 MPa.

BriBoabI

[Tpumenenne PKVYII npuBeno Kk yMEHbBIIEHUIO CPEIHETO pa3mMepa 3epHa A0 1 u
3 wm B MarHMUeBBIX CIUIaBax coOTBEeTCTBEHHO AMO0 u AZ91D. Ilpu stom cpen-
HUH pa3Mep 3epeH U OJJHOPOIHOCTH 3€PEHHOM CTPYKTYPHI CYIIECTBEHHO 3aBUCENH
ot temneparypsl PKVII.

YM3-o00pa3upl maraueBoro criaBa AM60, noaseprayteie PKYII npu temme-
parype 150°C, npoaemMoHCTpHpOBaIu NMpUMEpPHO B 2.5 pa3a Oojiee BHICOKUE 3Ha-
YeHHs Ipejiesia MPOYHOCTH MO0 CPABHEHUIO C UCXOJHBIM KPYITHO3EPHUCTHIM MaTe-
pHaoM IIPU COXPaHEHUHU UCXOAHOM IutacTudHocTy 15%. M3menbueHue 3epeHHON
ctpykrypsl metogoMm PKVII B crimaBe AZ91D npuBeno He TOABKO K CyIIECTBEH-
HOMY poOCTy mnpejena npoyHoctd oT 170 no 240 MPa, HO U K yBEJIMYEHHUIO TUIa-
CTUYHOCTH ¢ 3 110 6%.

[Ipumenenne PKVYII cioco6cTBOBaNIO Takke 3HAUYUTEIbHOMY (Oosee ueM B 2
paza) MOBBILIICHUIO TPE/ENa BHIHOCIMBOCTH YJIbTPAMEIKO3EPHUCTHIX MAarHUEBBIX
criaBoB AM60 u AZ91D cootBerctBenHo 10 120 u 140 MPa.
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R.K. Islamgaliev, O.B. Kulyasova, L.R. Kurmanayeva

FEATURES OF STRUCTURE AND MECHANICAL PROPERTIES OF
MAGNESIUM ALLOYS SUBJECTED TO THE EQUAL-CHANNEL
ANGULAR PRESSING

The method of equal-channel angular pressing (ECAP) has been used to prepare ultra-
fine-grained (UFG) samples of magnesium alloys AM60 and AZ91D. Features of the
UFG samples structure have been studied by methods of transmission electron micros-
copy, optical metallography and energy-dispersion analysis. Special attention is paid to
comparative investigations of mechanical properties including ultimate strength, plastic
limit and fatigue range.
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Fig. 1. Typical microstructures of magnesium alloy AM60 after ECAP at temperatures,
°C: a —350; 6, ¢ — 210 (with the particle size of 30 nm and 0.5um, respectively); 2 — 150

Fig. 2. Energy-dispersion analysis of particles for ECAP-samples of AM60: ---- — 0.5 um,
— =30 nm

Fig. 3. Microstructure of alloy AZ91D: a — after homogenization at 7= 460°C for 6 h; 6 —
after ECAP at a temperature of 300°C

Fig. 4. Maximum stress as a function of the number of cycles: a — AM60, 6 — AZ91D
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THREE-DIMENSIONAL NUMERICAL ANALYSIS OF TWIST
EXTRUSION PROCESS FOR ANNEALED COPPER
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Nowadays in order to achieve the materials with superior strength and appropriate form-
ability, severe plastic deformation (SPD) methods are used in which the available coarse-
grained materials are processed to produce substantial grain refinement and a nanos-
tructure. A new SPD method based on direct extrusion process, proposed recently, is the
«Twist Extrusion processy». The process is capable of industrial usage and has the ad-
vantage of producing a finer structure as compared with other SPD methods. In this in-
vestigation, in order to help in determining the effective process variables and in under-
standing the die manufacturing process, the simulation of the twist extrusion process is
presented by using explicit analysis procedure, and the von-Misses and equivalent
plastic, strain distributions are considered. The effects of friction coefficient and speed of
deformation on the maximum values of von-Misses stress and equivalent plastic strain for
the annealed copper material are investigated, they are validated and compared with the
corresponding theoretical and experimental values obtained from researchers. The
simulation results show that the maximum and minimum equivalent plastic strains are
produced at the corner and at the center of the billet, respectively. The maximum and
minimum equivalent plastic strains predicted by the simulations are found to be 1.3 and
0.3, respectively. Serrated diagrams of instantaneous stress versus strain and applicable
flow stress were observed and recalculated. Simulation results placed next to experi-
mental results are indicative of an acceptable level of compatibility.

1. Introduction

The severe plastic deformation process is the most effective method to obtain
ultrafine grained materials. The known SPD processes are: equal channel angular
extrusion (ECAE), accumulative roll bonding (ARB), high-pressure torsion (HPT)
and multiple forging [1-3].

A new SPD method proposed recently is the twist extrusion process [4]. In this
method, a square section billet is pressed into a 90-deg twisted channel of
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extrusion die. Twist extrusion product during the proc-
ess is schematically shown in Fig. 1. Moreover, the
cross-section of the billet during the 90-deg rotation is
constant. The geometry of the cross-section of billet is
chosen arbitrarily but not circular. A very high magni-
tude of strain is produced during deformation. Since in
this process the cross-section is constant, it is possible
Fig. 1. Schematic of the to perform th.is process in more than one pass agd ac-
fwist extrusion process cumulate strains in order to prgduce the finer grains in
[10] thef bulk strl.lcture [4-T7]. For .mstance,. th.ree passes of
twist extrusion on pure titanium, achieving less than
1 um grain [7]; it is also possible to produce pure cop-
per with 100 nm grain size [8]. Different technological
schemes can be used to exert high pressure on the
specimen. The mechanical cold type scheme modeled
in this study is shown in Fig. 2.

A detailed analysis and understanding of the
mechanism of the process are not possible on the basis
of conventional observations because the twist extru-
sion process is very complicated. Hence, for the
mechanism of twist extrusion to be more perceptive,
the finite element analysis was performed by using the
Fig. 2. Photo of me- explicit analysis procedure. Till now, the efficiency of
chanical twist extrusion FEM analyses in prediction and optimization of this
process in the cold state  process has not been approved [4].
condition [9] In this investigation, simulations of twist extru-

sion process in cold state condition for annealed copper
(T =500°C, 4 h) is presented. The effective strain and von-Misses stress distribu-
tion are considered by using ABAQUS 6.4-PR11 software. In addition, the maxi-
mum values of effective strain obtained during deformation are compared and
validated with the corresponding experimental values of Refs. [8,10]. In addition,
the effective strain distribution along 4 different paths of the sample is considered.

2. Simulation of the twist extrusion process

In this study, two types of the annealed copper samples with the cross-section
of 18 x 28 mm and lengths of 30 and 55 mm are used. For the 55 mm sample, a
guide is required to avoid bulging during the process. Ram speed used is 5 mm/s
and friction coefficient between the die and sample surfaces is chosen to be 0.1.
The maximum applied pressure is 400 MPa. The die and ram are modeled as rigid
solid type. The die, punch and data specifications are chosen as in Refs. [§-10].

The Hollowman elastic-plastic equation is used to describe the behavior of
billet (i.e. o = ce”", where o is stress, € is strain and n is the strain-hardening con-
stant, ¢ and » are material constants). The material constants used are ¢ = 525 MPa,
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n = 0.38 [3]. All the simulations are carried out with an-
nealed copper (p = 8900 kg/m3, E =124 GPa, v = 0.34,
o, = 50 MPa, k = 160 MPa). Frictional shear stress t
for all of the contact surfaces is defined as: © = mk,
where m is a friction factor and k is a shear flow of
material. A friction factor of m = 0.1 is considered for
all contact surfaces. Mechanical properties of annealed
copper are the same as those reported in Refs. [8—10].
Fig. 3. Schematic of the Explicit method is selected to solve equations in or-
twist extrusion process du- der to consider large deformations. The billet and die
ring deformation (simu- contact is modeled with friction surface to surface fi-
lation results) nite sliding contact pair algorithm. The frictional form
of this algorithm was also used to model the ram con-
tact with billet. Die and billet contact surface is chosen to be separable and ram
and billet contact is chosen to be not separable.
Boundary conditions were chosen to be like experimental ones; therefore the
six degree of freedom of die is foreclosed and ram could move only in direction
normal to billet during the deformation. The billet mesh size is chosen to be 1 mm.

I
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3. Simulation results and discussion

Fig. 3 shows schematic of the setup used for simulation. Figs. 4,a and 5,a
show the longitudinal and end view cross-section of simulated sample after de-
formation, respectively. Figs. 4,b and 5,b show the longitudinal and end view
cross-section of experimental sample after deformation from Ref. [9]. Comparing
these figures shows a close conformity between simulation results and experi-
mental observations. The simulation results are capable of predicting the defects
in the longitudinal direction and corners of the twist end cross-section.

Fig. 4. Schematic (simulation results) Fig. 5. Schematic (simulation results)
(a) and photo (experimental results (a) and photo (experimental results
[9]) (b) of twist sample after one-pass [9]) (b) of end view cross-section of
deformation sample after deformation
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3.1. The von-Misses stress profiles

Figs. 6,a—d show the von-Misses stress profiles along the central line axis of
the sample at the end of 1/4, 1/2, 3/4 and 1 total deformation time, respectively.
The figures show that only one maximum stress occurred at a particular position
along the central line of the specimen. The maximum stress achieved is found to
be 400 MPa. In addition, the position of the maximum stress along the 55 mm
billet is changing towards the end of the billet. It should be noted that in these fig-
ures, the die entrance is at the right-hand side of the diagram.

— T . . — = 400
350 7 350
300 — 300 |
% 200 _ 2 200
2 150 1 2150
“ 100 [ 1 100
50 . 50
0 Ot |
0 10 20 30 40 50 0O 10 20 30 40 50
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360
< e 320+~
=) = i
P 280 |
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Z s 240 |- .
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160 |- -
120 .
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Distance Z coordinate along path "axial" Distance Z coordinate along path "axial"
c d

Fig. 6. The von-Misses stress profiles along the central line axis of the sample at the end
of 1/4 (a), 1/2 (b), 3/4 (c) and 1 total (d) deformation time

Fig. 7 illustrates variation of von-Misses stress versus time for the middle point
of axial path in one-pass deformation. The figure shows that during the process,
stress increases to a maximum value and then decreases. The maximum value of the
von-Misses stress is found to be about 400 MPa. The trend of diagram and the
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& 400} maximum magnitude are in a close com-
i 300 [ patibility with the corresponding experi-
5 I mental value reported in Ref. [9] when
@ 2001 the back pressure is not applied.

g 100 The maximum stress profiles required
b= : for deformation of two simultaneous
§ OO 02 04 06 08 10  Dassesareshown in Fig. 8. The simulated

Time fraction product after two consecutive passes is
depicted in Fig. 9. The simulation results
predicted a maximum stress of 500 MPa
required for deformation. This maximum
value is greater than that needed for one-
pass deformation (400 MPa). The maximum stress value is comparable to experi-
mental stress reported in Ref. [8]. The figure also shows a periodicity of the stress due
to strain accumulation and grain refinement and relaxation of internal stress.

Fig. 7. Variation of von-Misses stress
against time for the middle point of axial
path during one-pass deformation

wn
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Fig. 8. Instantaneous maximum stress in whole body of the sample in two passes of de-
formation vs strain

Fig. 9. Schematic of product after two simultaneous passes

As noted in previous diagrams of the article, the maximum resistant stress
against deformation in one pass is estimated to be about 400 MPa. This value can be
substituted as o in the equation derived from kinematically admissible velocity fields
from Ref. [9]:

20, fh

4o,
! 4+9sJ
\/gcosBmaxR

P= m tg Bmax (D
where P — flow stress (press applicable power), 6 — resistant stress of material against
deformation, B,x — maximum magnitude of inclination of twisted line against axes of
extrusion, f— friction coefficient, /R — specific ratio dependent on die geometry.

By substituting o, = 400 MPa in this formula, the applicable working pressure
is found to be equal to 1200 MPa. By inclusion of back pressure, the maximum

working pressure obtained is 1800 MPa, in close agreement with that reported in
Ref. [8] e.g. 2000 MPa.
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3.2. The equivalent strain distributions

The equivalent strain contours at the end of 1/4, 1/2, 3/4 and 1 total deforma-
tion time are shown in Figs. 10,a—d, respectively. The maximum effective strain
obtained from the simulation at the end of the one pass is 1.5 which is compatible
with experimental results of Ref. [8]. This validates the simulations.

PEEQ PEEQ

(Ave. Crit.: 75%) (Awve . Crit.: 7E5%)
+5.498e-01 +5_ 4d0e-01
+5.040e-01 +3_657e-01
+4_E8Z2e-01 +7.873e-01
+4.1242-01 +7.030e-01
+3.667e-01 t&.307e-01
+3.209e-01 +E.E23e-01
+Z.751e-01 +4. 740e-01
+2.293e-01 +3.957e-01
+1.835e-01 +3.173e-01
+1.377e-01 +2.330e-01
+9.194e-02 +1.&07e-01
+4.615e-02 +3.235e-0Z
+3.620e-04 +4.022e-03
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+6. 75801 +2. F59e=-01
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+4. 645e-01 +5. 77 7e-01
+3.593e-01 +4_530e-01
+Z.538e-01 +3.234e-01
+1. 484e-01 +2.038e-01
+4. 288e-0z2 +7.919e-07

Fig. 10. The equivalent strain contours at the end of 1/4 (a), 1/2 (b), 3/4 (¢) and 1 total (d)
deformation time

It was noted in the literature that the grain size is dependent upon the magni-
tude of effective strain imposed on the sample. Therefore, further study is con-
ducted to consider the variation of strains in the sample during the deformation.
The change of induced strain during deformation results in mechanical anisotropy
and grain size differences in experimental data.

Figs. 11,a—d show the effective strain profiles along the corner axis of the
sample at the end of 1/4, 1/2, 3/4 and 1 total deformation time, respectively. The
figures show that only one maximum strain occurred at a particular position along
the central line of the specimen. The maximum strain achieved is found to be 0.3
in the center line, 0.45 in the mid-length (28 mm), 1 in the mid-width (18 mm)
and 1.3 at the corners. In addition, the position of the maximum strain along the
55 mm billet is changing towards the end of the billet. It should be noted that the
die entrance is at the right-hand side of the figures.

3.3. Effects of ram speed on the effective strain profiles

Further study is conducted to consider the effect of ram speed on the magni-
tude of maximum plastic strain induced during the process. The simulation results
show that increasing the punch speed from 5 mm/s to 10 mm/s results in increas-
ing the magnitudes of the effective strain from 1.3 to 1.5 (see Fig. 12).
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Fig. 11. The effective strain profiles along the corner axis of the sample at the end of 1/4
(a), 1/2 (b), 3/4 (¢) and 1 total (d) deformation time
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3.4. Effect of friction coefficient on the effective strain profiles

Simulation results show that the von-Misses stress distributions change by in-
creasing the friction coefficient (see Figs. 13 and 14). In addition, the simulation
results show that the positions of maximum and minimum stresses move further
along the sample toward the exit. Moreover, the minimum stress obtained for the
friction coefficient of 0.2 is less than that of 0.1 (see Figs. 14 and 6,d).

150 = .

PR I S R P
0 10 20 30 40 50
Distance Z coordinate along path "side"
a b

Fig. 13. Schematic of von-Misses stress contour type of sample (friction coefficient of
0.2) (a) and the von-Misses stress profiles along the corner axis of the sample at the end
of total deformation time (friction coefficient of 0.2) (b) (compared with Fig. 6,d)

4. Conclusion

The deformed shape and the end view cross-section of sample achieved from
the simulation are in complete agreement with those of experiments.

The simulations results predicted that the maximum values of plastic strain
reach 1.3. The data is compatible with values of 1.2—1.5 obtained from the ex-
perimental data of Refs. [8—10]. This matter validates the simulation results.

The results show that the maximum and minimum effective strains are
achieved at the corner and at the center of the specimen, respectively.

The results show that the effective strain increases with the ram speed.

The maximum working pressure obtained from the numerical analyses is in
reasonable agreement with that obtained from the upper band analyses of refer-
ence [8,9].

The position of maximum and minimum flow stress moves toward the exit by
increasing the friction coefficient.
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PACS: 62.50.+p, 91.60.Gf, 91.60.—x

B.B. |V|I/IJ'IF|BCKI/II7I1, J1.B. CaSOHOBaZ, U.B. BeJ'IFITl/IHCKaFIZ, T.WN. 50po,u,v|Ha1,
O.M. )KepHOKJ'IeTOB1, C.H. Cokornos', A.3. >Ky|<1

YOAPHBI METAMOP®V3M MMAFMOKITA3A 1 AMOUBONA
MNP CTYNEHYATOM YOAPHO-BOJIHOBOM HAIPYXEHNA
FOPHbIX MOPONA

1l/IHCTwTyT Tennogur3nKkn aKCTpemMarbHbIX COCTOSIHUA OB beaNHEHHOTO HCTUTYTa BbICOKNX
Temnepatyp PAH
yn. WMhxopckasi, 13/19, r. Mockea, 125412, Poccus

2 . .
MockoBckuI rocyaapcTBeHHbIN yHuBepcuteT umM. M.B. JlomoHocoBa
r. Mockea, 119899, Poccusa

IIposedeno sxcnepumenmanvHoe UCCIe008aHUe XAPAKMEPA YOAPHO20 Memamopdhusma nia-
euoxnas (Pl)-amgpubdonosozo (Amf) cnanya c epanamom (FOoxucuwiit Ypan) u kaunonupoxcen-
Amf-Pl-cnanya (Anabapckuii wum) npu yOapHO-80JHOBOM HASPYHCEHUU 8 AMNYIAX COXPAHE-
HUst NIOCKoU eeomempuy. Maxcumanvroe yoaproe 0agienue 6 oopasyax 8apbuposaIocs 8
OJuanaszone 26-52 GPa. Ycmanosneno, umo nosviuternue cooepocanus F, Ti u K 6 cocmage
Amf, kax u nonudsxcenue cooepacanus Ca ¢ cocmage Pl, denaem smu munepanvt 6oiee yc-
MOUUUBLIMU K 6030€licmeuto yoapHwlx 6onH. Mzomponusayus Pl 6 sxcnepumenmax no cmy-
NEeHUAMoMy YOaPHO-BOTHOBOMY CHCAMUIO NOTUMUHEPATLHBIX 20PHBIX NOPOO HAYUHAEMCs
npu Oonee HUKUX 0AGIEHUSX, YeM 8 AHANOSUUHBIX IKCNEPUMEHMAX C MOHOMUHEPATLHLIMU
oopasyamu. Ilpu omnocumenvno HusKux oaenenusx usomponusayust Pl obycioenena opoo-
JIEHUeM 8euecmed Ha MUKPOYPOGHE U CONPOBOIICOaemcs 00paz08anuem MACKeTUHUmMa — mu-
NUYHOLO MUHEPATIA Memeopumos u nopoo acmpobaem. llpu 6onee 8vicoxkux 0agnenusx uso-
mponuzayus Pl ceszana ¢ amopuzayueil sewjecmsa 6 pezynomame niagneHus.

BBenenne

[Iponieccsl yaapHoro Meramopdusma, CBsA3aHHBIE C COYAApEHHEM KOCMMYe-
CKUX TeJl C IUIaHETaMH, B 3HAUUTEIbHON CTENEHU OMPEIENIAIOT COCTaB KOPbI U
CTPOEHHME MOBEPXHOCTHU 3TUX IIaHeT. 1lo mmpoko pacpocTpaHEHHBIM B HACTOSI-
ee BpeMsl MpeCTaBIECHUSIM, 00pa30BaHMIO IJIAHET COMYTCTBOBAJIM HWHTEHCHUB-
HbI€ MMIIAKTHBIE SIBICHUS, COMPOBOXKIaBIIME akkpeunuto [1]. MHorouucieHHbie
NPU3HAKA UMITAKTHOTO ¥ TEPMAIBHOTO MeTaMop(du3Ma, MpUCYTCTBYIOIIHNE B pa3-
JUYHBIX METEOPUTaX, YKa3bIBalOT HA UHTCHCUBHBIM UMITAKTOT€HE3 POJUTEIbCKIX
TN 3TUX MeTeopuToB [2]. 3yueHue acTpoOaeM U rOpHBIX MOPOJ — UMIAKTUTOB,
BO3HUKAIOIUX TPU COYJAPEHUU KPYIHBIX METEOPUTOB M aCTEPOUJOB C IOBEPX-
HOCTBIO 3€MJIM, BHOCUT BayKHBINM BKJIaJ B IIPEICTABICHHS O CTPOCHUU U Pa3BUTHH
ee nmutocdepsl. B HacTosmee BpeMs B IICHTPEe BHUMaHUS MCCIIe0BaTeIeid MIaK-
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TOTEHEe3a HaXOJUTCS JACTaTbHOC U3YUCHHE XUMUIECKUX, CTPYKTYPHBIX U (Pa30BBIX
MpEeBpalleHUI MUHEPATIOB TOPHBIX MOPOJ B yAapHBIX BOJIHAX. MeXaHU3MBbI U Ta-
paMeTphl TaKUX MPEBPAIIEHUN W3YUYalOTCSI C TIOMOIIBI0 (PU3UUECKOTO0 MOJIETUPO-
BaHMsI UMIIAKTHBIX MIPOIIECCOB B TaOOPAaTOPHBIX ycIoBUAX [3—6].

B nanHo# paboTe MpoBeIeHO CPaBHUTEIFHOE MCCIIEIOBAaHUE XapaKTepa YAapHOTO
Meramopdusma MuHepaioB Tpym Pl m Amf npu ymapHO-BOJTHOBOM Harpy»KCHUH B
obnactu nasnenuit 26—52 GPa. OcHoBHOM 3a/1aueii SBJsIeTCsl CpaBHEHHUE TIOBES/ICHUS B
yIApHBIX BOJIHAX MHHEPAIOB OJHUX M TEX K€ TPy, T.€. 00JIagaronmx OIM3KUMU
KPHUCTALTHISCKUMH CTPYKTypaMH, HO UMEIOIIHUX Pa3HbIC XUMHUYECKUE COCTABBI.

Hcxoanbie 00pa3ubl

O6pasubl Pl-Amf-cnanna ¢ rpanaToM Ui MCClenOBaHUM ObLITM OTOOpaHBI Ha
IOxxHom Vpane B oOHaxeHun nopoy DUPCOBCKOM TONIIM, BIOJIb TPaCCh
Ypa—Yenabunck, B 5 km or Muacca B cropony Uensiouncka (obpazer; IH-31/1).
O06pa3upl knuHOnUpokceH-Amf-Pl-cnanna otOupanuchk u3 nopoa AHaGapcKoro
NIUTA, SIBJISIONINXCS MUTICHBIO JI71s acTpobiemsl [Tommrait (oOpasern 73-509a-1).

Obpaszen IH-31/1 umen miotHocTs p = 3.06 + 0.02 g/cmg. CpenHue no mstu
MU3MEpPEeHMsIM B Pa3HBIX TOYKax oOpasma Ha dactore 2.5 MHz 3naueHus mpo-
nonpHOU C; 1 mortepeuHoit C; ckopocTeit 3Byka coctapisum: C; = 5.31 £ 0.10 km/s,
C, = 3.30 £ 0.05 km/s. I'maBHBIe TIOpOOOOpa3yroIIKie MUHEpaIbl obpasma JIH-
31/1 — Amf (60 vol.%) u P1 (30 vol.%), BTOpocTeneHHble — TpaHaT ¥ KBapI] (Kax-
Il 110 5 vol.%), akiieccopHbIif MUHEpasl — MarHETHT.

I'maBHBIe MOpog00Opa3yomue MuHepanssl oopasna 73-509a-1 (p = 3.07 £
+0.02 g/cm3, C;=5.07£0.20 km/s, C,=3.02 + 0.10 km/s) — P1 (50 vol.%), Amf
(30 vol.%) u xnmuaonupokceH (20 vol.%). B xauecTBe BTOpOCTETIEHHOTO MUHEpa-
Ja B BUJIE OTJIEIbHBIX MEJIKHX 3€pEeH MPHUCYTCTBOBAJ KBapil. AKIIECCOPHbBII MUHE-
paJl — MarHeTHT.

[Topoasr obpazua JIH-31/1 obOpa3oBanuck B yciaoBusx ampuOoIuToBOM (ha-
1, obpasma 73-509a-1 — B yCioBUsAX TpaHyJIMTOBOM (aruu.

Inaruokaas. I[lo nanusiM pentreHodaszooro ananuza (P®A), Pl oboux 06-
pa3IoB UMEIOT TPUKIMHHBIE KPUCTANTNYECKUE PEIIETKU C OJIM3KUMU MapameTpa-
MU (B CKOOKax yKa3aHbl 3Hau€HHUs, COOTBETCTBYIOmUE odpasiy 73-509a-1): a =
=0.8165 (0.8165) nm, b = 1.2874 (1.2863) nm, ¢ = 0.7109 (0.7102) nm, a =
=93.38° (93.34°), B = 116.23° (116.15°), v = 90.51° (90.32°). Pa3zmep obnacteit
korepeHTHoro paccesausi (OKP) — ne menee 100 nm. Ilo maHHBIM MUKPO30HIO-
BOro ananmsa, Pl oboux oOpasio sBisirores anaesnaamu. Pl o6pasma JJH-31/1 co-

otBercTBYeT Xumudeckast (opmyna (Nages—0.71Ca030-032Ko.01)[Al} 28-13165h682.71], @
PI o6pasua 73-509a-1 — (Nag 51-0.55Ca0.46-0.49K0.01-0.02)[Al1.43-1.46512 532 55]. Kak
BunHO, Pl oOpasma 73-509a-1 comepkut OoJibllie KaJbIMsI ¥ MEHBIIE HATPHUS
(anoptuToBas cocrapisiromas An ~ 45-48), yem Pl o6pasma JIH-31/1 (An ~ 30-31).
MuKpO30HI0BbIE MPOMUIIH, BBHITIOJHEHHBIC TONEPEK 3€PEH, HE BBISBUINA KaKOM-
100 3aKOHOMEPHOM 30HATBHOCTH.

AM¢puooa. ITo nanueiv POA, Amf 0o6oux 06pa3iioB UMEIOT MOHOKIMHHYIO
KPUCTAUTUYECKYIO PEIIETKY ¢ OJU3KUMU MapaMeTpaMu (B CKOOKaX yKas3aHbl 3Ha-
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YeHUs, COOTBeTCTBYMOMmME obpasmy 73-509a-1): a = 0.9850 (0.9854) nm, b =
=1.8034 (1.8066) nm, ¢ = 0.5276 (0.5270) nm, B = 105.43° (105.43°). Pa3mep
OKP — ne menee 100 nm.

[To manHBIM MHKPO30HAOBOTO aHanu3a, Amf 060ux oOpa3loB BXOIAT B MOJ-
rpymniy KaiblueBbix am¢puooaoB. Amf o6pasna JIH-31/1 cooTBeTcTBYeT XuMHYe-
ckas popmyna

+2 +2 :
(Nay 14-0.16K0.05)Nag 13-0.14Cay 7121 75F€ “0.12-0.14(M&2.16-2.21F€ "1 37-1.45T10.11) ¥

x (A1 .81-0.0F€ " 0.41-0.46)[Si6.45-6.57A11 47-1 55]1022(0H| 03 2.00F0_0.08)-

a Amf o6pasma 73-509a-1 —

+2 +2 .
(Nag23-028K0.19-020)Nag 02-0.07Ca1 83-1.96F€ “0.020-0.06(M8&2.28-2.65F€ “123-1.66 [1022-0.23) X

x (A1) 45-0.65F€ 0.10-043)[Si6 24-6.38A11 54-1.76]022(OH1 41 71F0.10-0.44Clo.08-0.11)-

CornacHO COBpPEMEHHON MEXIYHApOJHON CTPYKTYpPHO-XUMHUYECKOW KIIACCH-
¢uxammu [7] Amf o6pasua /IH-31/1 oTHOCHTCS K psAdy MarHe3HaJbHBIX POTOBBIX
obmaHok, a Amf oOpasna 73-509a-1 — K psily 4epMaKUTOBBIX POTOBBIX OOMaHOK.
Taxkum o6pazom, Amf obpasma 73-509a-1 ornuuaercss ot Amf obpasma JIH-31/1
6onee BricokuM coaepkanuem F, Tiu K.

MeToanka 3KCIepuMeHTa

OO6pa3upl nopoJbl B BUAE JUCKOB C TUAMETPOM 25 mm IMOMEINaId MEXIY
JIBYMsI METHBIMU JUCKaMH (TommuHOW 1 1 2 mm) B ctanbHble (40X13) ammysbt
COXpaHEHHMs IJIOCKOM TeOMETPUHU C Hapy>KHBIM JuamMeTpoM 62 mm. DKcrepuMeH-
TaJIbHBIe COOPKH (pHC. 1), cocTosIIIME U3 aMITyJIbl COXPAaHEHHS, CTAIbHOTO OXPaH-
HOT'O KOJIbIIA C Hapy>KHbIM AuaMeTpoM 150 mm ¥ MacCHUBHOTO CTaJbHOTO OCHO-
BaHMsI, HATPYKaJIM TUIOCKUM yaapoM amomMuHueBbIX ([[16T) mmactur quamerpoM
90 mm, pa3roHsemMbIX MPU MOMOILU B3pbIBHBIX METATENbHbBIX yCTpoiicTB (BMY).

1

2
| Puc. 1. DkcnepumenTansHast coopka: [ —
3 JIETOHATOP; 2 — reHepaTop IJIOCKOU yaap-
HOU BOJHBI; 3 — B3pBIBYATOE BEIIECTBO; 4 —
p HaIpaBJISAIoNIee KOJbIO; J — yAapHUK; 6 —
> CTOJIOMKH, 3aJafolliie TOIJICTHYIO 0a3y
6 (25 mm); 7 — ImIacTHHA-0CIa0UTEeIb
(IIMMA); 8 — ammyna coxpanenusi; 9 —

7 OXpaHHOE KOJIbII0; /() — OCHOBaHUE
==L
8
10
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Tab6muma 1
I[MapameTpsl y1apHO-BOJTHOBOT0 HATPYKEHHUS

MaxkcumainbHnoe gaBinenue, GPa 26 36 52
TonmuHa yapHuka, mm 10 10 5
CkopocTts yaapHuka, km/s 2.5 2.5 3.35
TommyHa nIaCTUHBI-0CIa0MTES, Mm 9 - -
TommuHa 06pa3ma, mm 1 2

h*, mm 8 10 8

*
h — paccrosiHEe OT BepxHEl (0OpalleHHON K yIapHHKY) MOBEPXHOCTH o0pasia o
BEpXHEH MOBEPXHOCTH aMITYJIbl COXPaHEHHS.

MakcuManbHOE yAapHOE JaBJIECHUE JOCTUTAIOCh B TEUEHHE HECKOJIBKUX LIUPKYIIS-
Ui BOJIH B 0Opasiie (CTyneHYaToe yAapHO-BOJIHOBOE CXKaTHE) U COCTaBIsLIO 26, 36 n
52 GPa. XapakrepHble 17151 UCTIONB30BaHHBIX B JaHHOW paboTe cOOPOK COXpaHEHHUs
u BMYV 3aBucuMocTH AaBieHHs B MCCIIEIyEMOM MaTepualie OT BPEMEHU Harpyxe-
HUS IPUBENICHBI B paboTe [8], a KOHKPETHBIE MapaMeTphl HArpyKeHus1 — B TaoII. 1.

W3ydenne MUHEpasioB, UCTIBITABIINX YAApHbIE HATPY3KH, IPOBOJMIN METOIa-
MU ONTHYECKOM M CKaHUPYIOIIEH 3JIEKTPOHHOW MHKPOCKOIIMM HA 3JIEKTPOHHOM
mukpockorne CamScan-4DV. XuMmudeckue cOCTaBbl MUHEPAJIOB OINpPENENsIn Ha
Mukpo3onae SX 100. ®@a3oBbie cocTaBbl 00pa3oB UccienoBaiu metogamu POA
Ha ycraHoBke [IPOH-3M. Hcnoas3zoBanu Cu K,-uznydenue. KoamuecTBeHHBIN
(a30BbIil aHANIM3 TPOBOJWIM METOJOM BHYTPEHHErO cTaHaapTa. B kaudecTBe
CTaHJAPTHOT'O BEIECTBA UCIOIb30BAIH aJIMa3.

[TnoTHOCTH 0OPA3LOB ONMPEESUIA METOAOM THIPOCTAaTHYECKOTO B3BEIIIMBAHUS
Ha Becax OHAUS Analytical Plus AP210. IIpogonpHyt0 1 MOTIEPEUHY0 CKOPOCTH
3ByKa B oOpasuax ompenensuid Ha ycraHoBke «Y3UC-I'DTY», papaboraHHoil Ha
Kadenpe 3MeKTpoakyCTUKU U yibTpa3BykoBoil TexHuku CIIOIDTY «JIDTWN», me-
TOJIOM WM3MEpPEHHsS] BPEMEHHU OJHOKPATHOI'O IMPOXOXKIEHUS YJIbTPa3ByKOBOI'O HM-
nyJjbca yepe3 oopaszen. Heo6XoaumMo OTMETHTh, YTO B UCCIEJOBAaHHOM JHMaIa30He
yactoT (1.25-5 MHz) pe3yabTaTsl ©3MEpEHUI CKOPOCTH 3BYKa B 00pa3Iiax Mmopo/Ibl
3HAUUTEIBHO 3aBUCEIN OT YaCTOThI, HA KOTOPOW IPOBOAMINCH U3MEPEHMUSL.

Pe3syabTarsl

Inarunokaa3. OCcoOCHHOCTH yaapHO-MeTaMophudecKux mpeodpazoBanuii Pl
obpasztos J[H-31/1 u 73-509a-1 cymmupoBansl B Tabi. 2. [lpu ynapHoii Harpy3ke
26 GPa mnarnokmna3 obpazma JIH-31/1 (An ~ 30-31) ucnbITBIBAET MPEUMYIIECT-
BEHHO MEXaHW4YecKue nedopmaniu (BOJIHUCTOE M OJIOKOBOE IMOracaHue), U30Tpo-
NU3UpOBaHa JIUIIL HeOobIIas YacTh 3epeH. B To jxe Bpems Oombllias 4acTh 3€peH
PI o6pazma 73-509a-1 (An ~ 45—48) MHTEHCUBHO U30TPOIU3UPYETCS yKE TIPU ITOM
JaBJIeHUU. PEHTreHOCTPYKTYpHBIE MCCIeNoBaHus moka3ainu, 4to pasmep OKP He-
u3otponuzupoBaHHoro Pl o6oux o6pasios cocrasnser ~ 40 nm (OKP PI no skcme-
pumenTa — 6osee 100 nm). Octanbhas yactb Pl-da3bl B 060ux oOpasiiax mpeumy-
IIECTBEHHO HAXOIUTCS B MEJIKOAUCIIEPCHOM cocTosiHUM ¢ pazmepoM OKP 1-2 nm.

129



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

Tab6muma 2
Oco0eHHOCTH yAapHO-MeTaMopduiyeckux npeodpasosanuii Pl
JaBnenue, W3otponusanus CocTosiHUE Briaoc Na
GPa JIH-31/1 | 73-509a-1 | JH-31/1 [ 73-509a-1 | JH-31/1 [ 73-509a-1
26 + ++ MenkoucrepcHoe 0
36 36 9
+++

52 Anmopdroe 14.5 3.8

I[Ipumeganue. OcobennocTn ucxomusix Pl obpasmos JIH-31/1 m 73-509a-1: An co-
craBisieT coorBercTBeHHO 30-31 u 45-48; comepkanue B mopoxae (vol.%) — cooTBeTcT-
Be"Ho 30 u 50.

ITpu Harpy3kax 36 u 52 GPa nnaruokinasel 06eux MOpo MPaKTUYECKH MOTHO-
cThio u3oTponusupyrotes. [locne narpysku 36 GPa B o6oux oOpasiiax KOIU4YecT-
BO Kpuctayumnyeckoro Pl ve mpessimaer 2 wt.%, a octanpHas yacTthb Pl-dassl npe-
UMYIIECTBEHHO HaxoauTcs B amopHoM coctosiuuu. Pazmep OKP kpucrammmue-
ckoro Pl cocraBnser 20 u 40 nm (s o6pasuoB IH-31/1 u 73-509a-1 cooTBeTcT-
BeHHO). [locne Harpyxenus 1o maeneHust 52 GPa npakruaecku 100% Pl-da3sr B
oboux oOpasiax sBisseTcss aMop(HOM, 94TO, BUANMO, CBSI3aHO C ITOJIHBIM ILIaBJIC-
HueMm Pl mpu ykasaHHBIX naBieHHsX. Takoil BBIBOJ MOATBEPKAACTCS NaHHBIMHU
COM: Pl-¢aza npu 3TUX NaBICHUSIX YaCTO MUMEET My3bIPUCTYIO (TTOPHUCTYIO) TEK-
cTypy (puc. 2) u Mmectamu 00J1aaeT MEPIIUTOBON OTACIBHOCTBIO, UTO XapaKTEPHO
JUTSL CTEKOJI, 00pa3yIoIMXCs IPU 3aCThIBAHUH JKUIKOTO pacIuiaBa.

HccnenoBanuss XUMHUYECKHUX COCTAaBOB YJapHO-MeTamopdu3oBaHHbIX Pl-da3
Ha MUKPO30HJIe MOKa3alu, 4yTo yxe HaunHasg ¢ 26 GPa B 3epnax Pl oboux o6pas-
1oB 3aukcupoBana murpanus Ca u Na B mpenenax oTAenbHbIX 3epeH. [Ipu 36 u
52 GPa na one nmpomosmKaromerocs: yBeJanueHUst HHTeHCUBHOCTU Murpauuu Ca B
npenenax OTAENbHBIX 3epeH Na BBIHOCUTCS 3a MpEIEeITbl 3epEeH B 3HAUUMBbIX KOJIHYe-
CTBaxX B pacIljiaB, BO3HUKAIOUIMN O Tpe-
[IMHAM ¥ B MEK3€PHOBOM ITPOCTPAHCTBE.

Takum o00pa3oM, B IPOBEIEHHBIX
SKCIEPUMEHTAX BBISBICHO JBa MeXa-
HU3Ma u3oTponusanuu Pl: npu Harpyske
26 GPa — menkomgucnepcHoe npolaeHue
MaTepuajga Ha MHUKPOYPOBHE, COIPOBO-
XKaaromieecss 00pa3oBaHUEM MAaCKEIMHU-
Ta, pu 36 u 52 GPa — amop¢u3anus,
CBSI3aHHAS C TUIABIICHUEM.

Pe3ynbraThl IpOBENEHHBIX SKCIIEPH-
MEHTOB XOpOILIO COTJAacyIOTCsl C MpH-
pOIHBIMU TaHHBIMH. Kak MOKa3bIBalOT
UCCIICIOBAHHUS  YAapHO-MeTaMop(hu30-
Puc. 2. YuacTku nopuctoro mMarepuana B PL - BaHHBIX THEHCOB U3 acTpoOiemsbl [lomnu-
oOpasma /IH-31/1, ncneitaBimero ynapuyto  raii [9], Pl annesnHoBoro cocraBa (An ~
Harpysky 52 GPa ~ 31-37) npu yaapHBIX Harpy3kax OKO-

CamScan MY
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70 20 GPa ucnbIThIBaeT TOJIBKO MEXaHMUECKHE TpaHCPOpMaIUK; MPU HArPy3Kax
okos10 30 GPa no Pl mpenmymiectBeHHO 00pa3yeTcst AMAIIEKTOBOE CTEKJIO (Mac-
KEJICHUT), T.€. MPOUCXOAUT u3oTponu3anus Pl Ge3 mnaBieHws; mpu Harpyskax
45-55 GPa o Pl oOpasyercs yaapHOe CTEKJIO IUIaBICHHUS.

37| O O

36— [ [
35+
34—
33—
32— e)
31+
30—
29
28 ©
27—
26 0© m ©
25+ Completely crystalline

Completely
isotropic 00 o

o Partially
isotropic

Shock pressure, GPa

l | | | | | | | |
Ab 10 20 30 40 50 60 70 8 90 An

Anortite content, wt.%

Puc. 3. 3aBucuMocThb creneHu u3orponusanuu Pl oT ero cocrasa (comepskanus An) [10]:
O — 3KcIeprUMeHTanbHble qaHubie [10]; O, (I, @ — COOTBETCTBEHHO HEN3OTPONHM3UPOBAH-
HBIN, YaCTUYHO W3OTPOMHU3UPOBAHHEIN ¥ TOJTHOCTHIO W30TPONM3UPOBaHHEIN Pl (pe3ynb-
TaThl HACTOSIIEH pabOTHI)

ComnocraBneHre MOJYYEHHBIX AAHHBIX C Pe3yJbTaTaMH SKCIEPUMEHTOB IO
yIapHO-BOJIHOBOMY Harpy>K€HHIO MOHOMHUHEpaJIbHBIX 00pasioB Pl monreepxmaer
oOHapyx)eHHYI0 paHee TeHaeHIuIo [10]: yem Boiie An B coctae Pl, Tem meHbIe
yAapHOE JaBlIeHUE, IPU KOTOPOM OH M3oTponusupyercs (puc. 3). B o xe Bpems
OpU YJapHO-BOJIHOBOM Harpy:keHuu uzorponuszanus Pl u3 noammuHepasbHOR
noponbl obpasna 73-509a-1 duxcupyercss npu Oojiee HU3KUX HABJICHUSAX, YeM
u30Tponu3anys B skcrepuMenTax [10] ¢ MOHOMUHepabHBIMU 00pa3aMu OJIu3-
KOTO COCTaBa, YTO MOJKET SIBISTHCA CIIEACTBUEM OCOOCHHOCTEH IMPOXOXKICHUS
yZIapHOil BOJIHBI B MOHO- U TIOJIMMUHEPAIbHBIX OPOAAX.

Ampuoo. OcobernocTr yaapHo-MeTamopduueckux npeodpazosanuii Amf 00-
pasuoB JIH-31/1 u 73-509a-1 cymmupoBansl B Tabma. 3. [lpu ammmuryne ynapHbIX
Harpy3ok 26, 36 u 52 GPa xapakrtepHo nosiBiienrne B Amf o0erx mopo;1 TpelmHOBa-
TocTH (puc. 4). TpelIMHbI B OCHOBHOM OTKPBITHIE, YAaCTh U3 HUX MOAYMHAETCA KpH-
crajiorpagpuyeckuM HampasieHusM. [Ipu HapacTaHUM CWIIBI yQpHOTO JIABJICHUS
KOJIMYECTBO TPELIMH Ha €UHUILY IUIOIAau yBenuuuBaeTcs. [Ipu ynapHoi Harpyske
52 GPa B Amf o6pa3sma 73-509a-1 B10Jb OTAEIBHBIX TPEUIUH Pa3BUBAETCS HECKOIb-
KO OTJIMYHBIA IO OKpacKe MaTepuall, 1o cocTaBy aHajgormuHblii Amf. Bepostho,
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BJIOJIb TPEIIMH MPOUCXOIUT YacTuuHas amopousauust Amf (puc. 4,0). Hukakue npy-
THe yIapHO-MeTaMophHYecKre TpaHC(HOPMALIUH, a TAKKE MUTPALIU SJIEMEHTOB IS
Amf o6pa3na 73-509a-1 B nuccneqoBaHHOM JTMaIia30HE JABICHUN HE OOHAPYIKEHBI.

Tabnuua 3
Oco0enHoctu ynapHo-Meramopguieckux npeodopazosanuii Amf
MexaHuue-
Murpauus Pazmep OKP, 3
JaBne- | ckue TpaHc- | AMopdu3zanus V, nm
3JIEMEHTOB nm
HUE, dhopmarn

GPa | OH- | 73- | AH- | 73- | AH- | 73- | AH- | 73- | JH- | 73-
31/1 |509a-1| 31/1 |509a-1| 31/1 [509a-1] 31/1 |509a-1] 31/1 |509a-1

26 - R > 100 903.85(904.49
36 ++ B - 50 |>100 |901.44/906.76
52 - ++ [Cnegst| ++ 45 30 [910.79]915.64

I[Ipumeganme. Ocobennoctn ucxomapx Amf o6pazmo JIH-31/1 u 73-509a-1: comep-
skanue B mopoge (wol.%) cocraBnser coorBerctBeHHO 60 1 30, pasmep OKP (nm) — mis
o0oux > 100; 00beM AIIEMEHTAPHOU SYCHKU V(nm3) — cootBeTrcTBeHHO 903.36 1 904.31.

B Amf o6pasua JIH-31/1 npu ammmtyzae yaapHoit Harpysku 52 GPa ¢ukcupyer-
csl aMop(uzalys B pe3ysbTare IUIaBiIeHHs BIOJIb MHOTOUMCIICHHBIX TpemuH. K kpasm
3epeH TPELIMHBI CTAHOBSITCSI IIMPE, CeTh UX CTyIIaeTcs, PparMeHThl HepacIlIaBIeHHO-
ro am¢udoIa OKpPYIJISIIOTCS, TPHOOPETAIOT U3bEICHHbBIE, KOPPOJUPOBAHHBIE (OPMBEI.
Mectamu 10 Kpasm 3epeH Amf MOSBISIFOTCS YYacTKH, HACHIIICHHBIE TyCTOTAMH —
cienpl yxona (rmoumnoi das3el. IMeHHO Takue yuacTku Amf sSBISFOTCS TOKa3aTellb-
CTBOM TOTO, YTO MBI UMEEM JIENIO C TUIABJICHUEM («BCKUIIAHUEM)) 3TOTO0 MHHepasa
(puc. 4,e). XMMHYECKHIA COCTaB CTEKJIA B TPEIIMHAX U IO KpasiM 3epeH OJIM30K K Co-
craBy Amf. 3T0 MO3BOJISET MPEATIONOKHTE, YTO COOTBETCTBYIOIIME YUaCTKU pacrijiaBa
no Amf 3acTeIBaJIi MPAaKTHUECKW MTHOBEHHO, 0€3 IMepeMelleHHss U CMEUIMBaHUS C
PAacCIUIaBOM IO JpyruM MuHepanam (B yactHocTH, Pl). MHorna B1omb TpemyH mosiBis-
€TCsl MeNbYaiiIias OChIIb PYAHOTO MUHEpana (MPearnoNoKUTeNIbHO, MaraeTuTa). I1o
nmaHHbBIM PDA, kormmdaecTBo moseprimerocs: amopdusaru Amf cocrasisiet ~ 20 wt.%.

Conepxanune FeO B Amf o6pazna JIH-31/1 cratuctudecku 3Ha4MMO YMEHBIIIA-
€Tcs TI0 CPABHEHUIO C UCXOIHBIM KaK B 3epHAaX TPEIIMHOBATHIX Amf, HCTIBITaBIINX
yaapHble Harpy3ku 26, 36 u 52 GPa, Tak u B cTexie, oOpazoBanHoM o Amf npu
52 GPa, HO B mocTieTHEM ATO YMEHbIIIEHHE 00JIee MHTCHCUBHOE. Y MEHBIIICHUE KO-
JMYECTBA JAHHOTO DJIEMEHTA CBSI3aHO C BBIHOCOM (MHrpanmei) ero u3 Amf-gassl.
[Tpu sTOM yacTh xene3a yxoaut B Pl-¢asy, a yactb, OKUCIAACH, BXOAUT B HOBOOO-
pa3oBaHHYIO a3y — OKCH, KOTOPBII HHOTIa 00pa3yeT MeIbYailIyto OChINb BIOJb
tpeuH B Amf. Conepxanne MgO, HanpoTHB, CTATUCTUYECKH 3HAUUMO YBEJIUYH-
BaeTCs M0 CPABHEHUIO C UCXOAHBIM B aM(prOoax, UCIIBITABIIMX YapHble HArPy3KH
26, 36 u 52 GPa. Ho B my3bipuaTom crekiie, oOpazoBanHoM 1o Amf npu 52 GPa,
ero cojiepxkanue pesko magaer. Kpome toro, B Amf o6pasma JIH-31/1 otmeuaercs
YBEIIMUCHNE TUCTIEPCUN MACCOBBIX COJIEPKAHUI MHOTHX XUMHYECKUX JJIEMEHTOB,
BO3pAaCTaloIIee C pOCTOM ynapHoro gasieHusi oT 36 k 52 GPa, yto yka3piBaeT Ha
MUTPALIUIO AJIEMEHTOB BHYTPH OTICIBHBIX 3€PEH.
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CamScan MIY 31002 SO0 PN —

Puc. 4. Am¢pudon B o0pasuax kpucramnueckux cuannes: JIH-31/1: a — ucxonuslii; 0, 6,
2 — UCTIBITaBIINE yaapHyto Harpy3ky (GPa) coorBerctBenHo 26, 36 u 52; 73-509a-1: 0, e —
ucnsiTaBiuye Harpy3ky (GPa) coorBeTcTBeHHO 36 1 52

133



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

Pe3ynbTaTel peHTTEeHOCTPYKTYPHBIX HMCCIIEOBAHUH YAapHO-MeTaMOP(QU30BaHHbBIX
¢da3 BeBIAOT Anss Amf obpasua 73-509a-1 MOHOTOHHOE yBenudyeHHe oObeMa
3JIEeMEHTAPHON SYEUKH C POCTOM YJApHOTO JaBleHUs (CM. Tabi. 3), 4To, BEPOST-
HO, CBSI3aHO C YBEJIIMYCHHEM KOJIMUYECTBA 1e(DEKTOB B KPUCTAJUIMYECKON pelleTKe
Amf B pe3ynbTare IpOoX0KACHUS yIapHOU BOJIHEL B TO ke BpeMsi 00beM 31eMeH-
TapHO# stueiiku Amf obpasna JIH-31/1, ucneirasiiero ynapuyto Harpysky 36 GPa,
yMeHblnaercs npuMepHo Ha 0.2% 1o cpaBHEHMIO ¢ UCXOJHBbIM, a ipu 52 GPa —
yYBENIMYUBACTCS. MOXKHO TIPEATIONIOKUTh, YTO HEMOHOTOHHBIN XapakTep M3MEeHe-
HUs o0bema V anemeHTapHoM siueiiku Amf B JTaHHOM cliydae CBsI3aH C KOHKYPEH-
el JIByX IPOLECCOB: POCTOM Je(EKTHOCTH KPHCTAIIMUECKOW PEIIeTKH, YTO
OPUBOJUT K YBEIMUYEHUIO V, WU U3MEHEHHUEM XHMHUYECKOro COCTaBa YyAapHO-
meramopduzoBanHbix Amf o6paszna IH-31/1, aro mpuBoauT Kk ymeHsbIeHuo V (B
MEepBYI0 oUepep 3a cueT o0e3BokuBaHusI Amf).

B cpaBHeHHMH ¢ JApYTMMHU TJIaBHBIMH MOPOAO0OPA3YIONIMMH MUHEpaIaMu
yaapHo-MeTamopdudeckue TpaHchopmanuu aMmduOona H3yueHbl 3HAYUTEIHHO
xyxe [1]. Ilpu ammnutyne yaapHsix Harpy3ok no 20 GPa B Amf u3 ynapHo-
MeTaMOp(U30BaHHBIX IMOPOJ acTpoOsieM (UKCUPYIOTCS TOJBKO MEXaHHUYECKHUE
nedopMauu ¥ 00pa3oBaHHE IUIAHAPHBIX AIEMEHTOB. llpu Oonee BBICOKHX Ha-
rpy3Kax JHIIb Ui POroBOM OOMAaHKH W3 MMIIAKTHPOBAHHBIX aM(UOOIHUTOB U
ruiarnoraeiicoB [lyuex-KaryHkckoit acTpoOiemsl, mo coctaBy Omu3koil k. Amf
obpasma J1H-31/1, 3adukcupoBano yaapHO-TEpMUIECKOE pasiokeHue ¢ oOpa3o-
BaHMEM HOBBIX (a3 [11].

B cratnuecknx ycrnoBusx Ha cTaOMILHOCTH Amf BIHMSIOT caMble pa3HOOOpas-
HbIe TIPUYMHBI. B wacTHOCTH, OBUIO MOKa3aHO, 4TO CTaOMIbHOCTH Amf 1Mo oTHO-
HIEHUIO K CTaTUYECKOMY C)KAaTHUIO BO3PACTaeT MPHU YBEIWYCHUM COJAEPIKAHUA
Al,O3 u AI(IV) [12,13].

TemnepaTypa cTaOMIBHOCTH POTOBBIX OOMaHOK 3aBHCHT OT MHOTHX (haKTo-
POB, B TOM YHCJIE OT MX XMMHUYECKOro cocraBa. Hampumep, yBenuueHue copaep-
xaHus Fe cHmkaert, a yBenmuenue cojepxkanus K u Ti moBeImaer 3Ty Temrepa-
Typy [14]. Taxxe uzBectHo, 4To yBenuueHue cogepxanus F B poroBoil ooOmanke
MOBBILIAET TeMIEPaTypy ee cradmibHocTH [ 15—-17]. MccnenoBanus ctabuiIbHOCTH
napracura (MarHe3MaJbHOW BBICOKOTJIMHO3EMHUCTON POrOBOM OOMaHKH) B CTAaTH-
YECKUX AKCIEPUMEHTAaX MOKa3alu, YTo PTOPCOAEpKAIINi mapracuT cTabuiIeH 110
1100°C npu 0.5 GPa [18] u go 1300°C npu 3.5 GPa [19]. B 10 ke Bpems s
OecroprcToro mapracuta BEpXHUW TMpefen CTaOWUIBHOCTH OIEHUBACTCS HE
6ombire, uem B 1050°C [20,21].

Kak crnemyer u3 mony4eHHbIX B JaHHOH padoTe SKCIePUMEHTAIBHBIX TaHHBIX,
poroBasi oOMaHKa, KOoTopast ABisieTca 0osee GTopucToil, conepxur 6omnbme Ti u
K (B Hamewm ciydae 3to Amf obpasma 73-509a-1) npu yaapHO-BOTHOBOM Harpy-
KEHHH, TaK )K€ KaK U B CTATHUECKUX YCIOBHUSX, OKa3bIBaeTcsi Ooiee CTaOMIIbHOM.
B TO Xe BpeMs HEOOXOIMMO y4YMTHIBAaTh, YTO cojepkanue Amf B mopomae 73-
509a-1 B nBa pa3a Hmxe, geM B iopone JIH-31/1, 9To MOXKET OKa3bIBaTh BIIHSHHUC
Ha XapakTep yAapHO-BOJIHOBOTO CxkaTst Amf u, Kak ciieacTBue, Ha 0COOEHHOCTH
ero yaapHo-metamopuaeckux Tpanchopmaui.
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BriBoabI

[IpoBeneHo cpaBHHUTENBHOE HCCIENOBAaHUE XapakKTepa yIapHOTO MeTaMop-
¢u3ma Pl u Amf pa3Horo xumMmueckoro cocraBa B obnactu aasineHuii 26—52 GPa.
[TokazaHo, uTo yxe Ha TBepaoda3Hoii ctaauu npeodpa3zoBanuii B Pl u Amf Haum-
HAETCSI MUTPAIsl HEKOTOPBIX XUMUYECKUX JJIEMEHTOB, YCUIUBAIOMIASACS HA CTa-
JTUY TUTABJICHMUS.

YcranoBneHo, 4To u3oTponusanus Pl ¢ 6onee HuskuM comepkanueM Na (1
COOTBETCTBEHHO 0o0Jiee BHICOKUM cojiepkanreM Ca) MPOUCXOAUT MpH 0oJiee HU3-
KHUX YJapHBIX JTaBICHUAX. AHAJOTUYHAS TEHACHIMS paHee Obuia 3a)MKCHpOBAHA
B YJapHO-BOJHOBBIX 3KCIIEPUMEHTaX ¢ MOHOMHHEPAJIbHBIMU o0pa3uamu. B To xe
Bpems u3oTponm3anus Pl B skcmepuMeHTax ¢ MOJMMHUHEPATBLHBIME 00pa3aMu
HabmoaeTes mpu 0oJiee HU3KKUX JaBICHUSX, YEM B IKCIIEPUMEHTaX C MOHOMHUHe-
paJIbHBIMU 00pa3laMu.

OO6napy:xeHo, 4to wu3zorpomnuzanus Pl B ycloBuSIX CTyNeHYaToro yJIapHO-
BOJIHOBOTO CXKATHSI IPOUCXOINUT IO ABYM PA3IMYHBIM MEXaHU3MaM: IIPU OTHOCH-
TEJIbHO HU3KHUX JABJICHUAX U30TPOMH3aAIUs 00yCIIOBIEHA OpOOJIEHHEM BellecTBa
Ha MHUKPOYPOBHE, COMPOBOXKIAIOIEMCsl 0Opa3oBaHueM MackenuHuTa. [lpu Oomnee
BBICOKHX JIaBJICHUSX M30TPONM3alusl CBsi3aHa ¢ aMopdusalueil BemiecTsa B pe-
3yJbTaTe TIABJICHUS.

YcTaHoBIeHO, U4TO TpW TMOBBIMIEHHH B coctaBe Amf comepxkanust F, Ti u K
amopduzarst Amf mporcxoaut mpu 0oJiee BEICOKUX AaBICHUSX. AHATOTUYHAS TCH-
JISHIUS paHee OblTa 0OHApYXeHa NpU UcciienoBaH Amf B CTaTHUECKUX yCIOBHSIX.
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THE IMPACT METAMORPHISM OF PLAGIOCLASE AND AMPHIBOLE
IN CONDITIONS OF STEPWISE SHOCK-WAVE COMPRESSION OF
POLYMINERAL ROCKS

The impact transformations of plagioclase (Pl)-amphibole (Amf) schist with garnet
(Southern Urals) and clinopyroxene-Amf-Pl schist (Anabar Shield) have been studied
with use of recovery assemblies of planar geometry. In the specimens, shock pressures
were ranged from 26 to 52 GPa. It was found that an increase of content of F, Ti, and K in
a composition of Amf, as well as a decrease of content of Ca in a composition of P1, make
these minerals more resistant to action of shock waves. In experiments with the stepwise
shock compression of polymineralic rocks the isotropization of Pl begins at lower pres-
sures than in analogous experiments with monomineralic specimens. Under relatively low
pressures, Pl isotropization is caused by its fragmentation on a microscopic scale and is
associated with the origin of maskelynite — a typical mineral of meteorites and as-
troblemes. At higher pressures, Pl isotropization is related to amorphization by means of
melting.

Fig. 1. An experimental assembly: / — detonator; 2 — plane shock wave generator; 3 —
explosives; 4 — focusing ring; 5 — flyer; 6 — supports (with a height of 25 mm); 7 —
damping plate (PMMA); § — recovery ampoule; 9 — momentum trap; /0 — baseplate

Fig. 2. Sites of a porous material in P1 of DN-31/1 specimen shocked up to 52 GPa

Fig. 3. A degree of isotropization of PI versus its composition (the content of An) [10]: o —
experimental data [10]; o, o, m — non-isotropic, partially isotropic and completely iso-
tropic Pl, accordingly (the results of the present paper)

Fig. 4. Amphibole in the specimens of crystalline schists: DN-31/1: a — starting; 6, 8, 2 —
shock tested (GPa, respectively 26, 36 and 52; 73-509a-1: o0, e — shock tested (GPa), re-
spectively 36 and 52
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PACS: 61.50.Ks

B.M. PbikkoBckun, B.N. Mutiok

BNMAHNE TEPMOBAPWUYECKOW OBPABOTKM HA CTPYKTYPHOE
COCTOAHME NHTEPMETAJTIMYECKOIO COEOANHEHNA CuMnSb

O6beanHEHHbIN NHCTUTYT (hbr3nkm TBEPOOro Tena un nonynposogHukos HAH Benapycu
yn. IN. Bpoeku, 19, r. MuHck, 220072, benapycb

Hccnedosano enusmue mepmobapuueckoti oopabomku (P = 7 GPa, T = 1900 K) na
CMpYKmMypHoe cocmosinue unmepmemannuieckozo coeounenuss CuMnSb. Iloxasano, umo
P-T-obpabomka npusooum x peanuzayuu mMHo2ogaznozo cocmosanus. Pazvl 8blCOKO2O
0ae1eHUs ABNAIOMCA MeMACMAOUTLHLIMU NPU KOMHAMHOU meMnepamype u paspyuaron-
cs npu Haepesanuu (> 600 K).

HccnenoBanne MarepuanoB pPas3MYHBIX KJIAcCOB B YCIOBHAX BO3JEHCTBUSA
BBICOKUX JJaBJICHUI BBI3bIBACT IOBBIIICHHBIM HAYYHBINH U IIPAKTUYECKUNA UHTEPEC,
TaK KaK MO3BOJISIET peain30BaTh MX HOBBIE CTPYKTYPHBIE U MarHUTHBIE COCTOS-
HUs. B yacTHOCTH, B mOciieiHee BpeMsl C pa3BUTHEM TEXHHUKH BBICOKUX JaBJICHUH
aKTUBHO HayaJM NMPUMEHATHCS B (GU3MKE U XMMHUHU TBEPAOIO Teja Kak TepMoOa-
pUYECKUI CHHTE3 HOBBIX MaTEpHUajloB, TaKk M TepMoOapuueckas oOpaboTka H3-
BECTHBIX C IICJIBI0 TPUOOPETCHHS] MMM HOBBIX OCOOEHHOCTEH (PU3MUECKHUX
cBOMCTB. [IpuMepoM 3TOMY MOTYT CIyHTh PaOOTHI IO BIUSHHUIO TepMOOapuye-
CKHMX BO3JICHCTBUI Ha MapraHencoiepxanue aHTUMOHUABI [ 1,2].

B nacrosimeit pabore mpuBOIATCS pe3yibTaThl UCCICIOBAHUS BIMSHUS TEp-
MoOapuyeckord 0OpabOTKM Ha CTPYKTYPHOE COCTOSIHUE WHTEPMETALTHYECKOTO
coequnenuss MnCuSb. UzBectHo [3], 4TO HECMOTpPSI HA U30CTPYKTYPHOCTD U KpH-
CTANIOXUMHUYECKYI0 OJIN30CTh KpaiHuX coenuHeHuit CuySb m Mn,Sb (Terparo-
HanpHas cTpykrypa tuna Cu,Sb, npoctpancTBeHHas rpynna P4/nmm), B cucreme
He 00pa3yroTCsl HEMpPePhIBHBIE M30CTPYKTYPHBIC TBEpbIe pacTBOpsl Mny_,Cu,Sb
(B3aMMHasi pacCTBOPUMOCTh OTPaHUYEHA CO CTOPOHBI Kak Mn;Sb, Tak n Cu,Sb B
10-15%). Ognako mpu 3TOM B cucTeMe o0pa3zyeTcsi COeTMHEHUE YKBHATOMHOTO
coctaBa CuMnSb ¢ kyOudeckoil CTpyKkTypo# (mpocTpaHCTBeHHas rpynna F4-3m)
[4], 4TO HpPEnATCTBYET M30CTPYKTYPHOW pacTBOPUMOCTU B paxy MnySb—Cu,Sb.
3nmeck 1enecoobpazHoO paccMmarpuBaTh ABE mojacucteMbl (Mnp;Sb—CuMnSb u
CuMnSb—Cu,Sb), kpuctasuMyeckie CTpyKTyphbl KpallHUX KOMIIOHEHTOB B KOTO-
pBIX pas3nuyHbl. B 3TOW CBSI3W BO3ACUCTBHE TEpMOOApHUYECKON 00pabOTKM Ha
CIUIaBBI TPE/ICTABIAET UHTEPEC KaK C TOUKH 3PEHUS BOSMOXKHOM MEePEeCTPORKU UX
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KPUCTATMYECKON CTPYKTYPBI, TaK U PaCIIUPEHUS 00JaCTH U30CTPYKTYpPHOU B3a-
MMHOW pacTBOPUMOCTH.

Hcxonubie 00pasiibl CIJIaBOB MOMYyYEHbl METOAOM MPSIMOTO CILJIABICHUS B3f-
THIX B HEOOXOAMMBIX PACUETHBIX KOJIMYECTBAX KOMIIOHEHTOB B BaKyyMHpPOBaH-

HBIX JI0 OCTaTOYHOI'O JaBJICHUS = 107 Pa KBapLEBbIX aMITyJIax MO TEXHOJOTHUH,
arpoOupoBaHHOM panee [3].

Tepmobapuueckyto 00pabOTKy MPOBOAMIN C MCTOIB30BAaHUEM O0OPYIOBAHUS
u MetouK, paspadotanueix B OMDTTII HAHB. [l co3ganust BEICOKOTO JaBiie-
Hus npumensuin npecc J10-137A. Tepmobapuueckuil CHHTE3 OCYIIECTBIISUIN C UC-
MOJIb30BaHUEM KOHTEWHEPOB U3 JUTOrpad)cKoro KamHs U rpaduTOBBIX HarpeBa-
TEJbHBIX 3JIEMEHTOB B KAMEPE BBICOKOTO JIABJICHUS C BOJSHBIM OXJIXKICHUEM [T
o0ecrieyeHHs: BOBMOKHOCTH 3aKaJKu 00pa3lioB, MO3BOJISIONIEH MOIyYaTh JaBiie-
Hus 10 10 GPa u temnepatypsr g0 2300 K. Temneparypy BHYTpu HarpeBaTellb-
HOT'O 3JIEMEHTa OMPEAEISIN M0 TPaAyUPOBOYHON KPUBOM, ITOCTPOEHHOM IO TOY-
KaM TUIaBJICHUS HUKENs, MJIaTHHBI, POAMs, MOTUOIEHA U TaHTaja, AJs KOTOPHIX
U3BECTHHI KPUBBIC IJIABJICHUS KaK (YHKIMU JaBieHus. McxomaHble oOpasibl mo-
Beprayin BozaeucTBuio Beicokoro (7 GPa) masnenust mpu temmneparype 1900 K B
TEeYEHHUE 5 min C MOCIEAYIOICH 3aKaJIKO B KaMepe.

PentrenoBckue nudpakivoHHbIC JaHHBIE MOTYyYEHbI MPU KOMHATHOM TeMIie-
paType ¥ HOpPMaJIbHOM JaBJIEHHU HA IOPOIIKOBOM AaBTOMAaTH3UPOBAHHOM JIH-
dpakromerpe JJPOH-3 ¢ ucnonb3oBanueM Cu K -u3mydeHHsi, MOHOXPOMATHU3H-
POBAaHHOTO TIOCKUM T'pa)UTOBEIM MOHOXPOMATOPOM Ha MaJIAl0NIeM ITy4Ke, B WH-
tepBaiie yriaoB 20 = 20—90° ¢ marom 0.01° u sxcno3urueii 3 s.

Pentrenorpaduueckass arrectanus oOOpa3lOB MOKas3ala, 4YTO COEIAWHEHHUE
CuMnSb, nonmyyeHHOE TPU HOPMAJBHBIX YCJIOBHUSX, ONMUCHIBAETCS B paMKax Ky-
OMYeCKOi CTPYKTYpHI (IPOCTpaHCTBEHHAs Tpymma F4-3m) ¢ mapaMeTpoM perieT-
ki a = 6.095 A (puc. 1,q).

TepmoGapuueckas 00paboTKa MpHU yKa3aHHBIX BHIIIE YCIOBUSAX KapAMHATBHO
U3MEHSIET CTPYKTYpHOE COCTOSIHHE COeAuMHEeHMs. PeHTreHorpaduueckue TaHHBIC
(puc. 1,0) CBHAETENBCTBYIOT O TOM, YTO TPOUCXOIUT PacIiaj] UCXOTHON KyOude-
CKOM (pa3bl, B pe3ysbTaTe uero peaiausyercs MHOrogasHoe coctosiuue. dasbl BbICO-
KOTO JaBIICHUs yIOBIIETBOPUTEIHHO ommchiBaroTcst kak Cu,Sb, MnSb, Mn. ®op-
MaJIbHO Tpoliece pacnaaa MoxKeT ObITh npencraBieH: 2CuMnSb — Cu,Sb + MnSb +
+ Mn, mpu 3TOM Ha PEHTreHOrpaMMe MPHUCYTCTBYIOT CPaBHUTEIBHO HEOObIINE
pedrexchl UCXOAHOM KyOM4ecKoi (as3bl, KOTOpBIE MBI CBSI3BIBAEM C HE3aBEpIICH-
HOCTBIO TIpoliecca ee pacraja Mo NpUYMHE HeI0CTaTOYHOIO BPEMEHHU TepMobapu-
yeckoil 00paboTku. MHoroasHoe CTPYKTYpHOE COCTOSHUE SIBIISIETCS MeTacTa-
OWIBHBIM TIpH KOMHaTHOW Temmeparype. [locienyrommii HarpeB oOpasia HIpUBO-
mut ripu 7 > 550 K k paspymieHnto MetacTabWibHBIX (a3 ¥ BO3BpaTy K HCXOIHOU
KyOM4YeCKON KpHCTAUIMUECKON cTpykType (puc. 1,6). Pacmag mpu BHEmIHUX BO3-
NIecTBUAX (HaBieHue, Temreparypa) coeauneHus CuMnSb ¢ kyOuueckol CTpyk-
Typo# Ha MHOro(asHoe 0Opa3oBaHHE €CTh MPOSBICHUE €r0 XUMHUYECKOH HEYCTOM-
YUBOCTH, YTO, C APYrOM CTOPOHBI, KOCBEHHO CBMJETEJILCTBYET O €r0 OrpaHUYH-
BAIOIICH POJIM MPHU pPeal3aIlii B3aUMHOM pacTBOPUMOCTH B psimy MnySb—Cu,Sb.
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Puc. 1. PentrenorpamMmel coequHeHust CuMnSb aist o0pasioB: ¢ — MOIYYEHHOTO MPH

HOPMAJTBHBIX YCIIOBHSIX; 6 — IOCIIE TEPMOOAPUIECKON 00pabOTKH; 6 — OTOXIKEHHOTO MPU
650 K nocne Tepmobapudeckoit 00padboTKu
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[To manubM [4], ucxonHnoe coequHernre CuMnSb ¢ kyOuueckoit CTpyKTypoit
npencTaBisier coooi anTudeppomarneTuk ¢ 7y = 55 K. OgHako npu NOBBIICHAN
temmneparypsl 10 850 K B 3TOM CO€IMHEHHH OTMEUYAETCs MOSABJICHUE M KOJIMYECT-
BEHHOE yBEJIMUYCHUE PUMECHOH (peppOMarHUTHOM HUKENb-apCEHUTHOM (a3bl THUIIA
MnSb (e-daza), uto PurcupyeTcs Ha peHTreHorpaMMax. 3a cueT 3Toi (pas3bl COOT-
BETCTBYIOIIHE 00pa3Ibl UMEIOT OCTaTOYHYIO HaMarHW4eHHOCTh 7—12 Gs-cm3-g_1
npu 100 K. Cnegyer oTMETUTB, YTO MOSBICHUE B CIUIABaX HA OCHOBE aHTUMOHH]IA
Mn,Sb gononHuTenbHON €-ha3bl U ee KOIMYECTBEHHOE MepepacrlpesiefieHue B
3aBUCUMOCTH OT TEeMIIEpaTyphl YCTaHOBIIEHO paHee B [S]. bbln caeman BbIBOM, UTO
TaKOW XapakTep KPUCTAIOXMMUYECKOrO MOBEACHHUS B KAYECTBEHHOM ILIAHE SIB-
JISIeTCsT OOIIMM JJI BCeX MHUKTUI0B Mny(A)Sb, roe A — 3d-3nemenTsl. BoisiBieH-
HBIC TEMIIEpaTypHbIC M3MEHEHUsS cocTaBa coenuHeHuss CuMnSb COOTBETCTBYIOT
TaKUM IPEICTABICHUSIM.

PaGora moanepxkana benopycckum pecnyOnukaHckuM (oHAOM (yHIaMEH-
TanbHBIX uccaeaoBanuil (mpoexkt GOSK-052).
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V.M. Ryzhkovskii, V.I. Mitiuk

TEMPERATURE AND PRESSURE INFLUENCE ON THE STRUCTURE
OF CuMnSb INTERMETALLIC COMPOUND

The thermobaric treatment (P = 7 GPa, T = 1900 K) influence on the structure of
CuMnSb intermetallic compound has been investigated. It was shown that P-T-
processing leads to realization of a multiphase state. The high-pressure phases are me-
tastable at room temperature and fail at 600 K.

Fig. 1. X-ray diffractogram of CuMnSb compound for samples: a — obtained at normal
conditions; 6 — after thermobaric processing; ¢ — annealed at 650 K after thermobaric
processing
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PACS: 81.40.—z, 81.40.Ef, 81.40.Gh

H.B. 3dpoc, J1.B. Nonaase, T.I. 3avka, H.B. Wnwkosa, B.C. TioTeHkKo,
B5.M. 3dpoc, B.H. BaptoxuH

CTPYKTYPA U MEXAHU3MbI YINPOYHEHNA BEICOKOA3OTUCTbIX
AYCTEHWUTHbIX CTAIEN

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

Ionyyennvie pe3ynomamol NO360IUNU YCIMAHOBUMb ONMUMAIbHbIE KOHYEHMPAayuu azoma
U PAYUOHATIbHBIE pedcuMbl mepmomexanuieckou oopabomxu (TMO), komopwie obecne-
YUarOM B8bICOKUE NPOUHOCHHbBIE ceolicmea azomcodepacauyux I I{K-meepdvix pacmeo-
P08 3aMeleHuUs.

BBenenne

Pa3BuTHe COBpeMEHHOW TEXHUKH CBSI3aHO C MCIIOJIb30BAHHEM HOBBIX BBICOKO-
MPOYHBIX MaTEPUAJIOB CO CHEIHAILHBIMU CBOMCTBaMH. BhICOKOA30THCThIE ayCTe-
HutHbIe ctanu (BAC) 6marogapss yHUKaJIBHOCTH WX CBOMCTB (BBICOKOMY YPOBHIO
MPOYHOCTH, MJIACTUYHOCTH U BA3KOCTU Pa3pyLICHHs], MOBBIIIEHHOW KOPPO3HUOH-
HOW CTOWKOCTH, HEMAarHUTHOCTH U JIp.) SIBJSIOTCS MaTepUalaMu, TEPCIECKTUBHBI-
MU JUTSI UCTIOJB30BAHMS B PA3JIMUHBIX 00JacTax mpoMbinuieHHocTy [1,2]. I[TosTo-
My TIOMCK OINTHUMAJIbHBIX KOHIIGHTpAIMii a30Ta U paIlMOHATIBHBIX TapaMeTpoB
TepMmorutactTuueckoir o0padotkn BAC, obecreunBaommx TpeOyeMbIii KOMILIEKC
(U3UKO-MEXaHUYECKUX U DKCIUTYaTAI[MOHHBIX CBOWMCTB, MPEICTABISICT OONBIION
UHTEpeC.

MaTepnanm U ME€TOAbI UCCTICI0BAHUA

OObeKkTaMH HCCIIEeIOBAaHUS CIIY>KUJIM ayCTEHUTHbIE HEp)KaBEIOLIUE CTalu Ha
ocHoBe Fe—Cr—Mn-TBepaoro pactsopa, UMEIOIINE KpUTHUECKHUE TOUKU Mg u Mp
HI)KE KOMHATHOM TeMIEpaTypbl, B KOTOPHIX KOHLIEHTpauus a3ota CN BapbUpOBa-
nacsk 110 0.8 mass%.

B kauecTtBe crioco60B racTuyeckoil nedopMany UCHOIb30BaIN OJHOOCHOE
pacTsHKEHHE U CIIOCO0 BBIJABIMBAHUS JKUIKOCTHIO BHICOKOTO JABICHUS METOJIOM
ruaposkctpysun (I'D) co crenensmu nedopmanuu e = 0-0.7 (e = InR, Tie R —
BBHITsDKKA dKCTpyaara). O6pasust BAC nocne I'D moasepranu crapeHUI0 B HHTEP-
Bajie Temreparyp Tae = 400-800°C ¢ BBIIEPIKKOM Tae 10 10 h.

141



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

0.0
Puc. 1. BiusHue KOHIIEHTpaLUU a30-
01 ta CN Ha TBEpAOPACTBOPHYIO KOM-
Q° MOHEHTY AGg Tpenena TeKy4ecTH
Go.2 (1), npeaena npoyHocTH G (2) u
0.2 BEJIMYUHY KpPUTHUECKOH nedopma-

uu e, (3) cramu X18I'18

L L

00 02 04 06 08

C

o /0

Mexannueckue cBoiicTBa 00pazunoB BAC onpeznensu 1o pe3ynbraTaM CTaTH-
yeckux ucnbiTanuit Ha pactspkerne (I'OCT 1497—-84) na ynuBepcaabHOM MalliHE
yeunueM 98 kN co cpenHeit CKOpoCThIO 107%™ Jlns aHanu3a KpUBBIX IJIacTHYE-
CKOro Te4yeHusa S—e u xapakrepa ynpouHeHuss BAC B mHTepBajie paBHOMEPHOM
nedopMaIuu UCToIb30BaIM Moienu XosuioMona u JIroasurcona [3].

Crpyktypy BAC wnccnenoBaim METOIOM ONTHYECKOW MUKPOCKONWU Ha MPHU-
6ope «Neophot-32».

Pe3ynbTaThl 3KCIIEPUMEHTA B 00Cy KAeHHe

[Tonyuenue Bricokonpounbix coctosuuil B I'LIK-TBepabIx pacTBopax 3amerie-
HUs M BHeapeHus thna BAC BO3MOXKHO € MOMOIIBIO peaii3allii CJIEeAYIOIIUX
MEXaHU3MOB YNPOYHEHUS: TBEPJOPACTBOPHOTO, 3€PHOIPAHUYHOTO, TUCIIEPCUOH-
HOTO M JIUCIIOKAIIMOHHOTO (7e(hOpMAIIIOHHOTO).

Tseepoopacmeoproe ynpounenue. BKita TBep0pacTBOPHON KOMIOHEHTHI AGgg
B YIPOUYHEHHUE YKA3aHHBIX PACTBOPOB B 3HAUUTEIILHOM CTENEHH CBSI3aH C BETMUUHOM
Cy [1]. Hamm skcniepumeHTanbHble pe3ynbraTsl Ha npumepe ctanu X18I'18 (puc. 1)
MOKAa3bIBAIOT, YTO 3aBUCUMOCTh AGs—CyN B uHTEepBasie CN = 0—0.8 mass% MoxHO
anmpOKCUMHUPOBATH CIEAYIONINM JTUHEHHBIM COOTHOIICHUEM:

Acg = oo + KsCn,

I7ie G — MPOYHOCTH CIuiaBa 6e3 a3ora; Kg —
KOHIIEHTPALMOHHBIA KO3 (UIIMEHT MpoY-
HocTH; CN — KOHIIEHTpanus a3oTta (mass%o).
OreHka 3THX MapaMeTpoB Jaja CIeAyrolue
3HaUYeHHS: G = 255 MPa, K5 = 495 MPa/%
7151 60 ¥ 69 = 525 MPa, K5 = 785 MPa/%
VIS Gp.

OnHa W3 TPUYHMH BBICOKOH 3¢ (eKTuB-
HOCTHM KOMIIOHEHTbI ~TBEPJOPACTBOPHOTO
ynpounenuss BAC [2,3] moxer ObITh CBS-
3aHa C 0OCOOEHHOCTSIMH JIBM)KEHUS pacllen-
JCHHOW JHCIOKAlMM — JIBOMHHKYIOUIAS

Puc. 2. JlormoaHUTEILHBIH MEXaHHU3M
TBEpAOpPacTBOpHOro ynpouneHus: BAC

142



du3uKka U TeXHUKA BbICOKHX aaBjaenuii 2007, tom 17, Ne 1

mucnokanus oxmu a/6(211) nepeBoAUT aTOMBI BHEAPEHHS U3 OKTadIPUUECKHX
MEXI0Y3JIuid B TeTpasapuueckue (puc. 2). [Tockonbky paauyc TeTpasapudecKon
IIOpHI B ~ 2 pa3za MEHbIIE paanyca OKTa3pUYECKOl, aTOMBbI a30Ta, M0Maasi B TET-
pasapuuecKoe MeXI0y3/1e, CO3AAt0T OOJIBIINE YIIPYTUE UCKAKEHUS KpUCTAITYe-
CKOM pEIIETKH, KOTOPBIE JOJKHBI MPEOI0IEBAThCS CUIIOBBIM 00pa3oM MM C TIOMO-
IIBI0 TEPMHUUECKHX (PITYKTyaIIuii.

3epHozpanuunoe ynpounenue. 3aBUCUMOCTHU TIpefiesia TEKYYECTH G OT pas-
Mepa 3epHa dy i pasnuuHblXx CN M 3€pHOrpaHUYHOro Kodddumuenta Ky ot
KoHUeHTpauuu CN B ayCTEHHMTHBIX CIuIaBax Ha npumepe cranu X18I'18 mpen-
CTaBJIEHBI Ha pUC. 3. BUIHO, YTO 3aBUCHMOCTD G —dg COTNIACYETCS C COOTHOLIE-
HueM Xomta—llerya:

602 = 0; + Ao, Acgb :Kng—l/Z, KY :KS'FKCN.

OrneHka mapamMeTpoB B JAHHBIX COOTHOILICHUSX MTOKa3aja CIEAYIONINE 3HAYCHHUS: TSI
Cn = 0.3 mass% conporusnenue aepopmanuu 6; = 230 MPa (d; — ), 3epHorpa-

HUYHBI K03 dunuent Ky = 25 MPa-mml/z; mag Cy = 0.7 mass% o; = 410 MPa

(dg — ©), Ky =32 MPa-mmm; B oTcyTcTBUE a3ota K )(,) =25 MPa-mml/z; KOH-

LEHTpalUOHHbIN K03 dunuent K = 11.7 MPa-mm'*/%. BunHo, 4To BenMuuHa
3epHOrpaHMyHOro kosdpdunuenta Ky ¢ ysenuueHneM CN BO3pacTaeT B ayCTEHUT-
HBIX cTaisx. OIHAaKo BKJaJ 3€pHOIPAHUYHOrO YNPOUHEHUS B HCCIEIOBAaHHOM
MHTEpBANE do 11 paccMOTpeHHBIX BAC MeHbIle, 4eM BKIIaJ B HANPSKEHHE Te-
YEeHUs OT TBEPIOPACTBOPHOIO YIIPOYHEHUS.

-12 -1/
d 7, mm
g

Puc. 3. Bnusaue pazmepa 3epHa
dy Ha N3MEHEHHE NpeJiena TeKy-
vyecTH 0o, cranun X18A0.3I'18
(/) u X18A0.7T'18 (2) u koH-
neHTpanun azora CN Ha 3epHO-
rpaHnyHelii  koadduuuent Ky
(3) cramu X18I'18

0.2 0.4 0.6 0.8
C.,%

N°

Jlucnepcuonnoe ynpounenue. JIns ayCTEHUTHBIX CTaJIel C BHICOKMM COJEpKa-
HHUEM a30Ta YIIPOYHEHUE, 00YCIOBIEHHOE MEXaHU3MOM JUCIIEPCUOHHOTO TBEpIe-
HUs B pe3yibrare BblaeneHus yactull ¢a3pl CroN, MOKeT ObITh CYIIECTBEHHBIM
[1,3]. Ilomyuennsle pesynbTarhl u3mepenus tBepaoctu HV BAC Ha mpumepe
crami X14A0.45I'10C® B 3aBUCUMOCTH OT NAPAMETPOB CTAPEHUS Tag U Tag HO-
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CAT DKCTPEMATBHBIA XapakTep. ITo 00y-

Lor CIIOBJICHO HaJM4YMeM CJeIyIOIINX CTa-
o 12T IUi:  3apoKAeHUs (BOCXOZSIIAs BETBb
& 081 kpuBoii HV-1,), BbIIeTeHMs u pocTa
0.0 (KoaryJsuu) 4acTul H30BLITOYHOM (asbl
04r (rutato ¥ HUCXOJAIIAs BETBh KPUBOU
02} HV-1,,). MakcumanbHoe 3Ha4YeHHE

5 ! tBepaoct HV = 3200 MPa gns cranu

10* 10° 107 10" X14A0.45T10CD JOCTUraeTCs MPH CJie-
¢ AYIOIMX TIapaMeTpax crapeHus: T, =
=500-550°C u 15 = 1.5-2.5 h (npm
HHE S—HMCTHHHAasA ):[C(bOpMa].[I/Iﬂ e CTajlnu oToMm BenuauHa AHV ~ 410 MPa)
X18I'18: [ — CN =03 mass%; 2 CN — ﬂ€¢0pMal/ﬂl0HHO€ YnpodHeHue. Amna-
— 0.7 mass% U3 KPUBBIX JAePOPMAIMOHHOTO YIPOU-
HEHUSI ayCTEHUTHBIX CTaJedl TpH OJIHO-
OCHOM pacTsDKeHUH B 3aBUcHMMOCTH OT Cy (puc. 4) MOKa3bIBaeT HAJIMYHE TOJOXKHU-
TEJILHOTO OTKJIOHEHHSI A OT KPUBOW S—e, ONMChIBAEMON COOTHOIIEHHEM XOJUIOMOHA
NpY HU3KKUX YPOBHSIX Jieopmarui (e < e.). ITO OTKIOHEHHE CBSA3aHO C HATMIUEM BbI-
COKOI'0 3HAU€HHs KOMITOHEHTHI TUIAHAPHOCTU B JIUCIIOKAIIMOHHOM CKOJIbXEHUU (MO-

nens Jlronsurcona) [4]. BumHo, uto poct CN YBENIMYMBACT CTAIMIO TUIAHAPHOTO

Puc. 4. BrnusHue KOHIIGHTpAaIlMU a30Ta
CN Ha 3aBHCHMOCTh UCTHHHOE HaIlpshKe-

CKOJIBKEHUSI 10 OoJiee BHICOKUX CTeTieHe nedopmarmu e = e, (cM. puc. 1 u 4). Oquoit
U3 OCHOBHBIX MPUYMH JAHHOTO 3(PdeKTa MOXKET ObITh CHUKEHUE BEIWYMHBI SHEPTHU
ne(eKTOB YIaKOBKU ayCTeHUTA Ygf [1]. DKcneprMeHTalIbHbIe UCCleJOBaHMS MTOKa3aIn
Hajuue OoJiee BHICOKOro 3HaueHus ko3 duienta ynpounenuss BAC npu nepopma-
U 110 CXEME€ OJHOOCHOTO PacTsDKEHHs (BBILIE KPUTUUECKOW CTereHH AeopMalin
€c) TI0 CpaBHEHUIO C AedopMalyeil o cxeme 0OHOOCHOTO cxkatusl. JlaHHbIN 3(dexT,
NO-BUJIIMOMY, CBSI3aH C MHIYIIMPOBAHHUEM BHEIITHUM IT0JIEM HANPSHKEHUIH U JTOTIOHH-
TeNbHBIM paciiervieHreM aucnokarmii (3ddext Komm—Kepa) (puc. 5). BoamoxHOCTh
nposiBrenus 3¢ ¢pexra Korum—Kepa B nomikpucramnax BAC cBszana ¢ m3MeHeHuEM
MHTEHCUBHOCTH TEKCTYpPHBIX MAaKCHUMyMOB H, CJIEI0BATEIIbHO, 00Jiee aKTUBHBIM pa3-
BUTHEM IDIaHAPHOTO CKONBKEHUSI M MEXaHMYECKOTO JIBOWHHMKOBAHMS TP TIIACTHYE-
ckoit neopmartyu [3.,4].

113 :

N \

\=—SFE, < SFE,—|

SFE,> SFE,

SFE, > SFE, | . SFE, < SFE, 4
I { Pt

100 120 110 100 120 110
a o

Puc. 5. Dddexr Komm—Kepa B 'IK-nonukpucramiax B 3aBUCHMOCTH OT CXEMBI Jie-
dbopManuu: a — pacTsHKEHHE, O — CKaTHE
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Tepmomexanuueckoe ynpounenue. JlanbHeWlee MOBBIILEHUE MPOYHOCTHBIX
cBoiicTB BAC MOXeT ObITh TOCTUTHYTO MyTEM CYIIEPIO3UIINN PA3IUIHBIX MeXa-
HU3MOB YIIPOUYHEHUS, HapuMep Ae(pOpMarMOHHOTO (IUCIOKAIIMOHHOTO) U JIHC-
nepcuoHHOro [2]. BeIOOp ONTUMAaNbHBIX PEXKUMOB cTapeHus skcTpyaaroB BAC
CYILIECTBEHHO YIPOIIAETCS, €CJIM U3BECTHBI 3aKOHOMEPHOCTH M3MEHEHUS MAKCH-
MalbHbIX 3HaueHud HV B 3aBuCHMOCTH OT e, The U Tae. Hamu Gb1I0 moka3saHo,
4To onTuManbHas T,e Haxoautcs B obnactu 500°C, a onTMMaibHas BETUYUHA Tag
IPU TAaHHOMU Ty 32BUCHT OT CTENEHH nedopmaruu ['9: mis 0.2 < e < 0.7 Benu4u-
Ha Tae ~ 1 h. C 1enpro KONMMYECTBEHHOM OLEHKH 3P (eKTa CTapeHus SKCTPYAaTOB
BAC, a takxe 3¢(eKTUBHOCTH BIUSHUS KOMOMHUPOBAHHOIO Bo3jeicTeud [0 u
crapenus MerogamMu TMO Ha M3MeHEHUE NPOYHOCTHBIX CBOMCTB, HaXOJWJIH Be-
JUYMHY MaKCUMaJbHOrO mpupauieHus tBepaoctu AHV  skerpynatoB cramu
X14A0.5I'10C® mnocne crapeHus. AHaIW3 JaHHBIX 3aBUCHMOCTEH MOKa3al, uTo
BJIIMSIHUE CTapeHus (II0 ONTHMAIbHBIM pekuMaM) Ha nosbimieHune HV skctpyna-
toB BAC nHeagmutuHO. C pocToM e mipu ['D HaOmomaeTcss My IbTUTUTMKATHBHBIN
s¢dekT: npupamieHre MakcumaabHol TBeprocti HV Bozpacraer ot 9% mist e = 0.1
1m0 17.5% nns e =0.7.

BriBoaBI

OmnpeneneH BKIIAJ TBEPAOPACTBOPHOTO U 3EPHOTPAHUYHOTO (PaKTOPOB B YII-
pounenne BAC. OueHeHa posib MEXaHU3MOB AMCIEPCHUOHHOTO TBEPICHUS U Je-
($bopMaIMOHHOTO (AMCIOKAIMOHHOTO) YIIPOUYHEHUSI B TOBBIIICHUH MPOYHOCTHBIX
xapaktepuctuk BAC. YcraHoBieHbl ontuMaibHble pexumbl TMO, mno3Bosisio-
e 00eCIIeYnTh MOBLIIIEHHBIM KOMILIEKC MeXaHn4uecKux cBorcts BAC.
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V.N. Varyukhin

STRUCTURE AND MECHANISMS OF HIGH-NITROGEN AUSTENITIC
STEELS HARDENING

Optimal nitrogen concentrations and rational regimes of thermomechanical treatment en-
suring high strength properties of nitrogen-containing fcc substitutional solid solutions
have been determined.
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Fig. 1. Influence of nitrogen concentration Cy on solid-solution component Aoy, of the
yield strength o> (), ultimate strength o (2) and value of critical deformation e, (3) of
steel X18I'18

Fig. 2. Additional mechanism of the high-nitrogen steel strain hardening

Fig. 3. Grain size d, effect on changes in ultimate strength ¢ of steel X18A0.3I'18 (/)
and X18A0.7I'18 (2) and influence of nitrogen concentration Cy on grain-boundary coef-
ficient Ky (3) of steel X18T'18

Fig. 4. Influence of nitrogen concentration Cy on true stress S—true strain e relationship
for steel X18I'18: I — Cn = 0.3 mass%; 2 — Cn = 0.7 mass%

Fig. 5. Copley-Kear effect in fcc polycrystals as a function of deformation scheme: a —
tension, b — compression
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PACS: 81.20.Hy

JILA. Pabuuesa, [1.A. YcaTiok

MOBbIWEHME FEEOMETPUYECKON TOYHOCTW
OCECUMMETPWYHbIX NMOKOBOK HA OCHOBE
METOJA ®YHKLM NANYHOBA

BocTo4HOykpanHckunin HaumMoHarnbHbIM YHUBepcuTeT um. B. Jansa
kB. MonogexHbin, 20a, r. JlyraHck, 91034, YkpauHa
E-mail: material@snu.edu.ua

Paspabomana nosas memoouxa nosvliieHuss 2e0Mempuyeckoll MOYHOCHU HOKOBOK Oisl
2opAdell WmamMnoeKl, 8 OCHO8e KOMOPOU JeHCUM MUHUMUZAYUSL YeneBol YHKYUU 6 sude
RO3UHOMA, CEA3BIBAIOWE0 2COMEMPULECKYIO0 MOYHOCMb C BETUMUHAMU UHMEHCUBHOCMEN
HANPSICEHULl HA NOBEPXHOCIISX U 8 «HCECHKUXY» 30Hax nokosku. Memoo @yuxyuil Jlany-
HOBA NpUMeHeH 05l UCCIe008aHUSL YCMOUYUBOCTNU NAACHUYECKO20 PABHOBECUSl 8 30HAX
KOHYEHMPayuy HANPANCEHULl Nocie NOGbIUEHUS 2e0MeMPUYEeCKOl MOYHOCTHI NOKOGKU.
Boinonnen ananuz mennogozo u cunogoeo pejicumos pabomol wmamna. Buisignen npeoo-
aa0arowuil 810 U3HOCA 071 KaXCOOU U3 NOBEPXHOCMEU PYUbsl.

BBenenne

OpHMM U3 BaKHBIX HAIPaBJICHUN COBEPIIEHCTBOBAHUS TEXHOJIOTMH MaIIMHO-
CTPOEHUS SBJISETCS MOJyYEeHUE 3aroTOBOK, (hopMa M pa3Mepbl KOTOPBIX MpUOIIHU-
KAFOTCSA K TOTOBBIM U3ENUsAM. Tako# Moaxo ] MPUHOCUT SKOHOMUYECKHN Y PeKT
Onarosapsi CHH)KEHHUIO 3aTpaT Ha oOpaOOTKy pe3aHHueM U YMEHbBILEHHUIO MOTeph
metaina [1]. [Ipu ropsueit o0bemHol mramnoBke (I'OL) nmoBelIeHHE TOUHOCTH
IIOKOBOK Ha OJUH KJIACC HEPEJKO NMPUBOAUT K CHWIKEHUIO CTOMKOCTH IUTaMIIOB B
HECKOJIBKO Pa3 BCIEACTBHE TOTO, YTO YMEHBUICHHE PAJNYCOB 3aKPYyTJIECHHUH B CO-
YETAHUHM C YMEHBIICHHUEM HITAMIIOBOYHBIX YKJIOHOB 3HAUUTEIIBHO YBEJINYMBACT
K02(pPHUIIMEHT KOHIIEHTpAaUY HanpsHKeHUH. B 30HaX KOHIIEHTpanuy HanpsHKeHUH
ckopoctu JedopMmanuy B 2—3 pasa BbILIE, YEM B OCTAJILHOM 00bEeMe MOKOBKHU.
3T0 00yCIIOBIMBAET BOZHUKHOBEHUE YIIPYTHX HATPSHKCHUN MPH JTaHHBIX YCIOBU-
ax aedopMupoBaHus U 00pa30BaHUE (OKECTKUX» 30H B TOKOBKE. YBEJIWYECHHE
pa3MEpPOB 3TUX 30H 3aTPYAHSET JOCTYN METAJIA B ITOJIOCTU PYUbsl, YTO MOBBIIIAET
HEpaBHOMEPHOCTh HamnpsbkeHHo-aedopmupoBanHoro cocrostausa (HAC). Onpene-
JAIOIIEE BIMSHHE HA pa3Mepbl <GKECTKUX» 30H OKa3bIBAKOT TEMIIEpaTypHO-
CKOpPOCTHBIE YCIIOBUS J€(OPMUPOBAHUS, 3aBUCSIINE OT COOTHOLLIEHUH pa3MepoB
MOBEPXHOCTEH, MPUMBIKAIOIIUX K 00JIACTH KOHIICHTPAIUU HAINPSDKEHHUH, a TakKe
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BEJIMYMH IITAMIOBOYHBIX YKJIOHOB U paguycoB 3akpyrieHuil [2,3]. Benencreue
3TOr0 NpPH IITAMIIOBKE Ha MOJIOTE Macca MOKOBKHU 3adactyro Ha 40—-60% mnpeBbl-
mraeT Maccy jaeranud. B paGore mpuBeseHa MeTOIMKa MOBBIIICHUS T'e€OMETpHYe-
ckorl TouHocTH MOKOBOK it ['OILIl ¢ BeICOKMMU CKOpOCTSIMHU AehOpPMHPOBAHMUS,
KOTOpasi 00ECHEeYUT COXpPAHEHUE CTOMKOCTH IITAMIIOB 32 CYET ONTHMAJIBHOTO
pacnpeneneHus HanpsbkeHui, nedopmannii U TemmnepaTtyp B Telle HOKOBKH.

MeTtoauka uccjae10BaHuK

Jlnst mocTpoeHms 1eneBor (DYHKIIMH, XapaKTEepPU3YIOMeH T'€OMETPUUYECKYIO
TOYHOCTb MOKOBKH, MUCIOJIb3yEM METO/bl FT€OMETPUUECKOr0 MPOrpaMMHUPOBAHMUS,
B KOTOPBIX KPUTEPUHM ONTUMAIBHOCTH M OTPAaHUYEHUS 3aJal0TCsi (PYHKIHUIMU
CIELUAJIBLHOTO BHUJIa — MO3UHOMaMU [4]. OyHKIMH, ONKUCHIBAIOIINE COCTOSIHUE Me-
Tajyla B «KECTKUX» 30HAaX, SIBJISIFOTCS 3aBUCUMOCTSAMU WHTEHCHUBHOCTH HarpsiKe-
HUH OT COOTHOIICHHS Pa3MEPOB MPUMBIKAIOIINX MOBEPXHOCTEH MOKOBKHU ((PyHK-
uK pasMepoB mokoBku ®7), a Takke BENMYMH INTAMIOBOYHBIX YKIOHOB U pa-
1ycoB 3akpyrcHuii (pyrxmmn gopmer O u @™Y):

q
7 = ‘% , o' =cl(a"), @™ =0/(r), (1)
2

r7i¢ 67 — HHTEHCHBHOCTb HANPSDKEHUH B 30HE 1101 HOMepoM ¢; & ,&3 — pasmepsr

NEPBOIl ¥ BTOPOI IOBEPXHOCTEH, MPUMBIKAIOIINX K 30HE ¢; /1 — IOPAIKOBBIA HOMED
IIOBEPXHOCTHU MOKOBKHU; G; — 3aBUCHUMOCTb HauOOJIbIlIEHl HHTEHCUBHOCTH Hampsi-

JKEHUW Ha 00pa3yroliei MOBEPXHOCTH C HOMEPOM /i OT BETMYUHBI IITAMIIOBOYHO-
ro YKJIOHA; o/ — BenMuMHA WITAMIIOBOYHOTO YKJIOHA Ha MOBEPXHOCTU HOMEp /1;

rad — MOPSKOBBIN HOMEP 3aKPYTJICHUS; 7 — BEIMYMHA PaJIiyca 3aKpyTIICHHUS; cﬁad -

3aBUCUMOCTh MHTEHCUBHOCTHU HANpPsHKEHUI Ha IOBEPXHOCTH 3aKPYTJICHHUS.
Oynkiun (1) 06pa3yroT MO3WHOM T'€OMETPHUECKON TOUHOCTH MTOKOBKH:

R A C
D= 7 +Y 0"+ > o™, (2)
g=1 h=1 rad=1

re R — 9uCI0 «KECTKUX» 30H B MOKOBKE; 4 — YHCIIO MOBEPXHOCTEH MOKOBKH C
HITAMIOBOYHBIMU YKJIOHaMU; C — YHCIIO PaJNyCOB 3aKpPYTJICHUS.

MeTtoanka OBBIIIEHHS] TEOMETPUIECKON TOYHOCTH MOKOBOK BKIJIFOUAET OTIpe-
JIeTICHNE

— MHTEHCUBHOCTEH HANPsHKCHUH Ha TMOBEPXHOCTSIX W BHYTPH IIOKOBKH IO Me-
TOJly KOHEUHBIX 3neMeHToB (MKD);

— KOH(UTYpauy oyara 1eOopMann ¢ y9eTOM «KECTKUX» 30H B IIOKOBKE MO
pe3yJbTaTaM KOHEYHO-3JIEeMEHTHOTO aHaJIN3a;

— TIOBEPXHOCTEH, MPUMBIKAIOIINX K <OKECTKUM) 30HAM;

— ¢ynkuuit (1) (koTopeie 11t yA0OCTBa TaOyIUPYIOTCS);

— OITaMITOBOYHBIX YKJIOHOB M PAJMyCOB 3aKPYTICHHUN, IPU KOTOPBIX TTO3HHOM
(2) npuHMMaeT MHHUMaJIbHOE 3HAUYCHHE.
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Puc. 1. Dcku3 NoKoBKHU

n

Puc. 2. Koneyno-aneMeHTHass MOJIENIb: HOMEpa B OBAIBHBIX OKOIIEYKAaX COOTBETCTBYIOT
pannycaM 3aKpyTIeHHH, a B IPSIMOYTOJIbHBIX — IITAMIIOBOYHBIM YKIOHAM

Tab6muma 1
Pa3mepnl (B mm) 1 Macca 6a30B0ii MOKOBKH
n hy h3 di d> d t l; Macca IOKOBKH, kg
100 80 50 180 120 77 20 140 9.6

[ToBbllIeHNE reOMeTPUYECKON TOYHOCTH MTOKOBKH M CTOMKOCTH ILITaMIIa MokKa-
3aHO Ha IpHUMEpE MOKOBKHU JAETalu «Kpblmka» (puc. 1). Marepuan mOKOBKU —
crasp 40X, Temneparypa Havana mraMmnoBku 1150°C, macca BblmyckaeMo# Io-
koBkH 9.6 kg. Marepuan mrammna — crans SXHM, Temmneparypa npeaBapuTeb-
Horo nogorpesa mramna 400°C. KoHedHO-371eMeHTHasE MOJIENIb CUCTEMBI ITOKOB-
Ka—1ITaMI C HyMepaluuel 30H KOHUEHTPAluu HanpsyKeHUH, ITaMIOBOYHBIX YK-
JIOHOB U paJlnycoB 3aKpyTJeHUH MoKa3zaHa Ha puc. 2. Pa3mepsl 1 Macca MOKOBKU
no 0a30BOMY BapuaHTy MpeACTaBIeHBI B Ta0. 1. HapykHble mTaMmoBoYHbIE YK-
JIOHBI paBHBI 7°, a BHyTpeHHue — 10°.

Pe3yabTarsl 3KCIIEpUMEHTA

[Ipoananu3upyemM TeOMETPUUYECKYI0 TOYHOCTh MOKOBKH C HCIOJb30BAaHUEM
no3uHoMa (2) u meTona ¢pysakuit JismyHoBa [5]. s 3TOr0 onpenenuM 3HaYCHUS
bynkuii (1) 11 pa3nuYHbIX MITAMIOBOYHBIX YKIIOHOB M PAJANYCOB 3aKPYTICHHIA.
Crnenaem 3T0 Ha IpUMEpPE MITAMIOBOYHBIX YKIOHOB / U 3, paJlyCcoB 3aKpyTIeHUM
1 u 2 (puc. 2).

OYHKIMM Pa3MEPOB U3MEHSIOTCS TOJBKO 32 CUET M3MEHEHMS MPUJIETaroIInX
YKJIOHOB M PaJlyCOB, TIOSTOMY OCHOBHOE BJIHSHHE HA BEIWYMHY MO3MHOMA (2)

OKa3bIBAIOT (DYHKIIUU T€OMETPUICCKOW TOUYHOCTH. 3aBHCHMOCTH ISl PAIUyCcoB [

U 2 1 yKIOHOB / U 3 mpuBeaeHsl Ha puc. 3. BunHo, 4ro @rad JIOCTUTaeT MUHU-

MyMa TipH paguyce 8 mm (puc. 3,a), a o - npu ykione 7° (puc. 3,0). BenwmauHs
OCTQJIbHBIX YKIIOHOB M PaJHyCOB, IPU KOTOPBIX MO3MHOM (2) MPUHUMAET MHHU-
MaJIbHOE 3HAYCHUE, OMPEICISIFOTCS aHAJIOTMYHO W MPUBEICHBI B Ta0m. 2. biaro-
Japsi ONTUMH3AIMUA T€OMETPHUYECKOW TOYHOCTH MO HOBOW METOJIMKE Macca Mo-
KOBKHM yMeHbInmitach Ha 1.1 kg.
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Puc. 3. ®ynknuu hopmsl 1t paauycoB / u 2 (a); nis yKioHoB [ u 3 (6)

Tab6muma 2
BeuuuHbI IITAMIOBOYHBIX YKJIOHOB H PAaIUYCOB 3aKpYIJIEHHIi, onpeaeieHHbIE U3
yCJIOBHSI MI/IHI/IMyMa IMO3UHOMA FeOMeTpH‘leCKOﬁ TOYHOCTH

Ne n/m 1 2 3 4 5 6 7 8
VYkiioH, deg 7 7 3 5 5 — — —
Pagmnyc, mm 8 6 3 3 3 3 3 3

I[Ipumeuanue. Macca nokoBku 8.5 kg.

CpaBHEHHE MHTEHCUBHOCTU HANPSLKEHUH G; C BEIMYMHAMU G7 M Gp COIJIACHO
METOJUKE [6] MO3BOJSIET ONPENEIUTh MPEACIBbHO JONYCTHUMYI0 MHTEHCHUBHOCTD
HaIpsHKEHUN C YYETOM TeMIEepaTypPHO-CKOPOCTHBIX YCJIOBUHN B JIFOOOW TOYKE TIO-
KOBKHM. [[7151 3TOrO MCClleyeM IUIacTUYECKOE PaBHOBECUE TOUYEK ITOKOBKU B 30HAX
Ky3HEYHBIX HAITyCKOB C UCTIOJIb30BaHUEM MeToaa PpyHkiuit JIsmyHoBa [5].

Pesynbrarel aHanu3a yCTOMYMBOCTH INIACTUYECKOIO paBHOBECHs 10 JIAmyHo-
By JUIS BCEX paJuyCOB 3aKpyIVICHWHA M IITAMIIOBOYHBIX YKJIOHOB IPHBEJICHBI B
Tabin. 3. HeTpyHO 3aMeTUTh, UTO B YIIIy PY4bs C PauycoM 6, B cliydae, €clid yK-
JOH 3 paBeH 3°, MPOMCXOAUT HApyUIEHHE IIACTHUYECKOIO0 PAaBHOBECUS H3-3a
YXYIUIEHUSI YCJIOBUM 3alOJIHEHUSI HTOTO yTiia, XOTS €ro pajuyC U COCTABIISIET
3 mm no 'OCT 7505—-89. Ha npakTuke 3TO 03HA4YaeT MOBBIIIEHUE BEPOSTHOCTU
3aKJIMHUBAHUS TIOKOBKH B pyube. [t penieHus 3Toi nmpo0iaemMbl HEOOX0AUMO, HE
MEHSISI palnyC 3aKpyIJICHHS 6, YBeTW4YUTh YKIOH 3 m0 5°. B Tabmn. 4 yka3zaHbl
HITAMIOBOYHBIE YKJIOHBI U PAAUYChl 3aKPYTJICHUN MOKOBKH, OIPEICICHHbIE C
Y4ETOM aHaJIM3a IIACTUYECKOro paBHoBecus 1o JIsmyHoBy. B TakoMm cirydae mac-
ca MoKoBKkH yBenuuutcs ¢ 8.5 o 8.6 kg (Bcero Ha 0.1 kg).

[Ipoananu3upyeM TEIIOBOM M CHIIOBOM PEXUMBI paOOTHI IITaMIIA C YUYETOM I10-
BBILLIEHNS] TEOMETPUUECKONW TOUHOCTH MOKOBKH. /{115 3TOr0o mocTpouM teMmeparyp-
HBIE MOJISl ¥ MOJIs HANPsDKEHUH B TIOKOBKE U IITAMIIE HA TIpUMeEpe ceueHur A—A u
B—B, npoxoasumx yepe3 Kputuyeckue oonactu /, 2 u 3 (cM. puc. 1, 2), a Taxxke
st oceBoro ceuenuss C—C (puc. 4). BumHo, 4To BHYTpH ITOKOBKH TEMITEpATypa OcC-
TAeTCs MPAKTUYECKU HEM3MEHHOM, a B 1leHTpe — Bhile Ha 5—10°C. OgHako B 30HaX
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KOHLEHTPALMU HAIPSDKEHUN TEMIEpaTypa MOBEPXHOCTHBIX CIIOEB CHUXKAETCSA 10
800°C nHa BHyTpeHHUX U A0 650°C Ha HapyKHBIX TOBEpXHOCTAX. Pacuersl mo MKD
MOKa3ajd, 4YTO TEMIIEpATypa MeTalllla BBIXOIUT 3a IIPENEIIbl TEMIIEPATypHOIO HH-
TepBaja MITaMIIOBKH TOJBKO B 30HaX KOHLEHTpAIMK HaNpsKeHUH. DTO crocoocT-
BYET YCKOPEHHOMY ()OPMHUPOBAHUIO «OKECTKHX» 30H MOKOBKH.

Tao0muma 3

HccaenoBanue ycTOMYHBOCTH MJIACTHYECKOT0 PaBHOBecHUs N0 JIAMyHOBY
nocJjie ONTHMM3ALMH PA3MEPHON TOYHOCTH

Ne i/ 1 2 3 4 5 6 7 8
VYknoH + + + + +
Pa;[p[yc + + + + + — + +

[IpuMmedanue. «+» — paBHOBECHE YCTOMYHUBO, «—» — HEYCTOMYMBO.

Tabmua 4

BeinunHbI IITAMIOBOYHBIX YKJIOHOB H PAJUYCOB 3aKPYIJIeHUH IOKOBKH
NOBBLINIEHHOH TOYHOCTH

No i/ 1 2 ] 3] 4] 5] 6 | 7 | 8
VYkiioH, deg 7 7 5 5 5 - - -
Pannyc, mm 8 6 3 3 3 3 3 3
6 s otrobpakenus: napamerpos HJIC
T sunnys — d-T—-t-15 W TeMmmeparyp Ha paboYMX MOBEPXHO-
Z CTSIX LITAMIIOB HCIIOJIb30BaHBI JIEMIECT-
O 9 / / \ KOBBIE JUarpaMMbl B KpPHUBOJMHEHHON
< =/ , CHCTEME KoopamHaT (puc. 5,a). B mo-
P N3 BEPXHOCTHOM CJOe Pydbsl TOMIIMHOMN
~ Y \ 2> 0.5-1 mm B nporecce aepOPMUPOBAHUS
5 ! temmeparypa TOKOBKM MOBBINIAETCS Ha

0 4 8 12 16 20
S, mm

Puc. 4. TemnepaTypHbl€ MOJSI B CEUECHU-
SIX TIOKOBKH: | — ceyenne A—A; 2 — cede-
uue B—B; 3 — ceuenue C—C; 4, 6 — HUXK-
HSIS U BEPXHSSA TPAHUIIBI TEMIIEPaTypHO-
ro WHTEpBajia IITAMIIOBKU; 5 — TeMIIepa-
Typa Ha4daya MTaMIOBKU

COTHH TrpaaycoB. BosHukaronme npu
OTOM TCPMHUYCCKUC HAIIPSKCHUA B OI-
HUX TOYKaX yBEIMYHMBAIOT, & B IPYTHX —
YMCHbBIIAIOT HWHTCHCHBHOCTL HAIIPSAKE-
Huil. Haubosee BBICOKHE TeMIIEpaTyphl
AOCTUTAIOTCA Ha BBICTYHNAIOIIHUX YaCTAX
pyubsi, B JAaHHOM CJy4yae Ha CTEp)KHE,
dbopMupYIOIIEM IICHTPAIBHOE OTBEp-
ctue. Clenyromuii MaKCUMyM TeMIlepa-

TYpbl HaXOJUTCS Y BX0OJa B 00JIONHBIN MocTUK. JKupHOH JIMHUEN HaHECeHa TeM-
nepatypa Hayana ¢aszoBbix mnpeBpamenuit ctaiu SXHM (touka Acy), paBHas
730°C. B 0OKpecTHOCTSAX paanycOB 3aKpyTJIEHHWM, NPUJIETralomux K 30HaM [ u 2
IIOKOBKH, TeMIlepaTypa npuoamkaercs kK kputuueckoil u gocruraer 700 u 670°C.
VY Bxona B 00J101HBIM MOcTHK Temmnepatypa paBHa 580°C.

151



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

t,°C 6
800 5
700
e S=s B
e 400 & 1
o oo
Q S 188888
o) ! — 0 OF R
" bN
% :
00,
i X T 400
.~\..!!!_'_'_'_' "’! ‘5‘88 | 600
600 ] 890,
700 I
y 400 1200
t,°C G, MPa
a o

Puc. 5. TemnepatypHbie T0Js (@) 1 MHTEHCUBHOCTh HANPsDKEHHUH (6) Ha TIOBEPXHOCTAX
pyubsi: I — oOpa3yromas pydss ITamna; 2 — TeMIieparypa Ha MOBepXHOCTIX pydbs; 3 —
TeMIepaTypa IpeBapUTEIIbHOTO TO0rpeBa mTama; 4 — Touka Aci; 5 — MHTGHCUBHOCTh
HaIpsKEHU; 6 — TMHAMUYECKUI TIpeiesl TeKy4eCcTH

Ha puc. 5,6 npencraBieHbl HHTEHCUBHOCTH HaNPsDKEHUH U IMHAMUYECKHUHN TIpe-
JIeNT TEKy4eCTH IITaMIIOBOM CTalld B 3aBUCHMOCTH OT YCJIOBHUIl Ne(pOpMUPOBAHUS.
Haubonbieit Bemmuunbl 1120 MPa HanpspkeHUs: JOCTUTAIOT y BXOJa B OOJIOWHBIN
MOCTHK, B TO BpeMs KaK B OKPECTHOCTSIX 30H / U 2 oHu He npeBbimaT 800 MPa.

JlemecTKOBBIE TUArpaMMbl OOJIETYAIOT BHISBICHHUE MPe0OIaIaroiero Buaa u3-
HOCa JIUIA KaXJIOTO y4acTKa pyubs. Hanpumep, B 30Hax / u 2 mpeobiaaer pasrap.
TemmepaTypa MOBEpXHOCTHOI'O CJIOSI B 3TUX 30HAX TOJIIMIMHON (0.5 mm MoBbIIIAET-
Csl IO TeMIIepaTyp, ONM3KUX K TOUYKE Acj. DTO SABISIETCS MPUYUHON BOSHHUKHOBE-
HUSl 3HAYUTENbHBIX TPAJUEHTOB TEMIEPATyp, BEAyIIUX K YCKOPEHHOMY o0pa3o-
BAaHHIO pasrapHbIX TpeUuIrH. B To e Bpemst B 00J0HHOM MOCTHKE OyaeT mpeoO-
JaaTh UCTUPAHUE, TOCKOJBKY TemIiieparypa He mnpesbimaetr 580°C, a MHTEHCHUB-
HOCTh HaIlpsDKEHUH Oin3ka k npenenshoit (1200 MPa).

Ha awxHel yactu pyubs IITaMmna KapTHHA CKIIaAbIBaeTcs apyras. Pacnpene-
JICHHE TEMIIEpaTyp IO MOBEPXHOCTU OoJjiee paBHOMEPHOE C JUAla30HOM H3MEHe-
Husa 450-570°C. Tlpu sToM muKoBbIe 3Ha4YeHHS Temmeparypsl 570°C Habmoma-
IOTCS. B OKPECTHOCTSIX 30HBI 3 U OOJIOMHOrO MOCTHKa (CM. puc. 5,a). [IpuunHoii
3TOrO SIBISIETCS] ropa3fo Oojee JUIMTENbHBIM KOHTAKT HMKHEW 4acTH IITaMIia C
MMOKOBKOM, MPU KOTOPOM MOBEPXHOCTU PyUbsi, C OJHOW CTOPOHBI, IPOrPEBAIOTCA
Ha OonpiIyto (70 2 mm) TIyOuHY, a ¢ APYrol — Mporpes 0ojiee paBHOMEPHBIH, a
YCIIOBHS TEIJI00TBOAA OnaronpusTHee. IHTEHCUBHOCTH HANpsDKEHUH B HUKHEH
YacTH mTamia u3MeHsroTcs B npeaenax ot 400 mo 800 MPa, ¢ nukom B 1100 MPa
B 30HE OO0JIOHOrO MOCTHKAa (puC. 5,0). DTO O3Ha4aeT, 4YTO B HWKHEW YacTH
HITaMIia npeodaaaroliuM BUIOM HM3HOCA SIBISIETCS pas3rap, XOTsl CKOpOCTh o0pa-
30BaHUs pPa3TapHBIX TPEIIUH OylIeT HWXKe, YeM Ha BEpXHEW dYacTu, Omaromaps
MEHBIINM I'PAJUEHTAM TEMIIEPATYP.
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OueBuaHO, Oonee TshKeNble YCIOBUS PAaOOTHI CKJIAIBIBAIOTCS JJISI BEpXHEU
YacTH IITamIa. B To e BpeMs HHTEHCHBHOCTH HANpPSDKEHUH M TEMIIEpaTyphl He
NPEBBIIAIOT JOMYCTUMBIX 3HAYEHHUH, MOATOMY YBEIMYCHHE TI'C€OMETPUUECKOM
TOYHOCTH TTOKOBKH HE NPUBENET K YMEHBIICHUIO CTOMKOCTH IITaMIIa.

3akJaroueHue

Pa3zpaborana MeTouKa MOBBIIEHUS T'€OMETPUUYECKOW TOYHOCTH IOKOBOK 3a
CYET CHM)KEHHUS BEJIMYMHBI IITAMIIOBOYHBIX YKJIOHOB U PAJUNYyCOB 3aKpyTJIEHHI.
[ToBbIIEHNE TE€OMETPUUECKON TOYHOCTH 00ECTIEUMBAET CHUKEHNE MACChl TIOKOB-
ki Ha 10% npu coxpaHEHUH CTOMKOCTH IITaMIla. BBINOIHEH aHAIN3 TEMJIOBOIO U
CHJIOBOT'O PEKMMOB paboThI MITamMna. BeIsiBieH npeobiaaaonmii Bua U3Hoca A
Ka)XJ10M U3 IIOBEPXHOCTEU pyUbs.

1. UM. Bonooun, A.A. Pomawos, A.B. Ilepesepmos, B.C. Mapmiwoeun, KIIII Ne 10, 3
(2004).

2. E.U. Benvcxuii, CTOMKOCTh Ky3HEUHBIX MITaMITOB, Hayka u Texauka, Munck (1975).

3. B.A. Eecmpamos, YIOCKOHAJIGHHS TPOIECIB Ta OOJaJHAHHA OOpPOOKM TUCKOM B
MeTayprii 1 MammmHOOyayBanHi, Kpamaropcsk (2006), c. 256.

4. AT Tpughonos, IlocTaHOBKA 3a1a4l ONITHUMH3AITIN U YHCICHHBIC METOIBI €€ pellie-
Husi, MI'Y, Mockaa (2003).

5. JLA. Pabuuesa, /].A. Ycamiok, Te3ucwsl moxmnanos Il EBpasuiickoil HaydHO-TEXHU-
geckoil koH(pepeHnnn «lIpodHOCT, HEOTHOPOAHBIX CTPYKTYp», MUCHC, MockBa
(2006).

6. JLA. Pabuuesa, /[.A. Ycamwox, Bicauk CHY im. B. Jlans Ne 6 (100), 4. 1, 45 (2006).

7. L.A. Ryabicheva, D.A. Usatyuk, Machines, technologies, materials’06 proceedings,
Bulgaria, Sofia, PS 23 (2006).

L.A. Ryabicheva, D.A. Usatyuk

INCREASING THE GEOMETRICAL PRECISION OF AXIALLY
SYMMETRIC FORGED PIECES BY USING THE LYAPUNOV
FUNCTIONS METHOD

A new technique was developed for increasing the geometrical precision of axially sym-
metric forged pieces for hot forging. The technique is based on minimization of a po-
synomial efficiency function that connects the geometrical precision with stress intensity
values at the surfaces and rigid zones of a forged piece. The Lyapunov functions method
is implemented for investigation of plastic equilibrium in the stress concentration zones
after increasing the geometrical precision of the forged piece. Thermal and stress condi-
tions of die operation were investigated. The dominating deterioration was detected for
each surface of the die impression.

Fig. 1. Sketch of forged piece

Fig. 2. The finite element model: numerals in ovals correspond to edge radii, those in
rectangles — stamp inclinations
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Fig. 3. Functions of shape for radii / and 2 (a); for inclinations / and 3 (6)

Fig. 4. Temperature fields in sections of forged piece: / — section A—A4; 2 — section B—B; 3 —
section C—C; 4, 6 — lower and upper margins of forging temperature interval; 5 — starting
temperature of forging

Fig. 5. Temperature fields (a) and stress intensity (6) at the die impression surface: / —
generatrix of die impression; 2 — temperature at the die impression surfaces; 3 — preheat-
ing temperature; 4 — point Acy; 5 — stress intensity; 6 — dynamic yield stress
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PACS: 81.40.Lm, 83.10.Bb, 83.80.Nb, 81.40.Vw, 62.20.Dc

B.B. CmocapeB1, T.A. BacmneHKo1, AN. FIHl-leBZ, A.B. LLIyJ'|9||<3

OMPELENEHME OBLLEWV MOPUCTOCTM MCKOMAEMbIX YINEN
C CMNOJIb3BOBAHMEM BbICOKOIO AABJIEHMNA (OO 2 GPa)

1I/IHCT|/|TyT du3nkm ropHeix npoueccos HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

2,E|,0Heu,Kvu7| PUINKO-TEXHNYECKUIN MHCTUTYT M. A.A. lanknHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

3NoHHUNU LiseTmet
yn. JlaryteHko, 14, r. JoHeuk, 83002, YkpauHa

H3yyeno enusHue 8bicoko2o 0asieHus Ha copoyuortsle ceolicmea yenei. Iloxkazano, yumo
3HaUUmMenbHoe YMeHbuleHue NOPUCMOCMU U eCMEeCM8eHHOU MPeuwuHo8amocmu nymem
oborcamus u nocaedyroueli pasepy3Ku 0opazya yens no360auN0 NOAYYUMb MAMEPUan ¢
Opyeou, HageOeHHoU, nponuyaemocmoio. CeyeHnue UILMPAYUOHHBIX KAHALO8 NPU IMOM
0Ka3b18AeMCsi HACMOILKO OOMLWUM, YMO HAOII00eHUue npoyecca Quibmpayuu cmao-
BUMCS HEBO3MOIICHBIM.

CTpyKTypa MCKOIAaeMOro YyIiisi Mo OOLIUM IpeICTaBICHUSM, OCHOBAHHBIM Ha
PEHTTEHOCTPYKTYPHOM aHAJIU3€ U 3JIEKTPOHHOM MUKPOCKOIINHU, pacCMaTpUBAETCS
KaK CHCTeMa, MOCTPOCHHAS M3 MAJICHBKUX TpadUTONOA00HBIX (HPparMeHTOB (KpH-
CTAJUIUTOB), OECTIOPSIIOUHO OPUEHTUPOBAHHBIX B 00BEME, U IIETTHOM HeapoMaTu-
yeckou vactu [1-3].

Ilopucras cTpyKTypa HMCKOIIAEMOrO YIJIS HENOCPEICTBEHHO CBs3aHA C €ro
BHYTPEHHEHN CTpyKTypoi. Ha ceromHsmHuii 1eHb JOKa3aHO HAIMYKUE B CTPYKTYpE
MCKOIIaeMOr0 yIJid MOP pa3MEPHOrO YPOBHS 10°-10"° m. Meroauku onpenene-
HUS IOPUCTOCTH, OCHOBAHHBIE HA SKCIIEPUMEHTaX MU3MENIbUeHUsI U MUKHOMETPHH,
JIAI0T HETOYHBIC PE3yJIbTaThl, HE YUUTHIBAIOIINE 3aKPHITON MmopucTocTh. IIpodie-
Ma 3aKpBITON MOPUCTOCTH U3YyUeHA C MO3MIINK afcopOIu ra3oB [4], pa3pymieHus
BBICOKMM JIABJICHHEM [5] U METOJUK MajOyIJIOBOIO PEHTT€HOBCKOTO [6] U Hei-
TPOHHOTO [7] paccesiHus.

[lenpr0 naHHOM CTAaTbU SIBISAETCS MCCIIEIOBAHHUE IIOPUCTOM CTPYKTYpPBI MCKO-
[aeMOT0 YIJISI HECKOJIbKUMHU HE3aBUCHUMBIMU METO/JAMHU, a TAK)Ke M3yUeHHUE CTe-
IIEHU BIUSHUS BBICOKOTO AaBiieHus A0 2 GPa Ha mopucTyro CTpyKTypy yris, Om-
peaeneHue MEXaHU3MOB JAecopOLMU METaHa U3 yIJIs.

155



®du3uKka U TeXHUKA BbICOKHMX aaBiaenuii 2007, tom 17, Ne 1

B pabore uccnenoBanich 00pasibl cperHeMeTaMopU3NPOBAaHHOTO HCKOIIae-
MOTO yTJIs IIaXT UM. 3acsiabKoO U UM. CKOYMHCKOTO.

VYronpb maxtel uM. 3acsanbko Mapku K (kokc). Ilmact /| cI0XHOTO CTpOCHHS,
XPYIKUAW, C BKIIOUEHUSMHU TMUPHUTA, OTMACEH IO Ta3y, CY(ISPHBIM BbIICICHHUIM
MeTaHa, B3pPBIBYATOCTU YTOJBHOM IMbUIM, BHE3ANHBIM BbIOpOCAM YIS M Tasa.
[IpupoaHas ra3oHOCHOCTH miacta 20-25 m’/t CyXOi 0€330JIbHOI MAaCCHI.

Vrone maxtsl uM. CkounHckoro mapku K (koke). ITnact /g cioxHOro crpoe-

HUsI, 0c000 OTMaceH Mo BHE3alHBIM BBIOpOcaM yriis U rasa. [lpupoanas raszoHoc-
3 . .
HOCTh T1acta 20—30 m™/t cyxoii 6€330IbHON MAaCCHI.
KauecTBeHHBIC XapaKTEPUCTUKHU YTJIeH TIPUBEICHBI B Ta0. 1.

Tabmmma 1
XapakTepHMCTHKH HCCIeAyeMbIX yIJiei

[laxra Ca Ha Cdaf Hdaf A Ad VV: % Asona Vdraf
HmM. Bacanpko 2.14 | 1.66 | 86.27| 5.44 | 86.06| 555 | 1.17 | 1.18 19
WM. Cxoumnckoro | 2.15 | 0.83 | 84.18 | 5.55 | 86.00| 5.67 | 0.73 | 0.74 20

HccnenoBanusi MOPUCTOCTH BBINOJHSAJIM B COOTBETCTBUM C NUKHOMETpUYE-
ckort Mmeroaukoi mo 'OCT 2160-92, meroaukoi copOiuu ra3oB [4] 1 MeToaoM
pa3pylIeHHs] UCKOMIAeMOI'o yIJisd BBICOKMM AaBieHueM [5]. JluHaMuKy razoBblie-
JICHUSI U3 HOPMAJIBHOTO M Pa3pyILIEHHOTO BHICOKUM JIABJICHUEM YTJISl U3ydau pH
MOMOIIM MeToJa AecOpOIMU MeTaHa B BAaKyyMHUPOBaHHBIM COCYJ HM3BECTHOTO
o0bema. TouHOCTh METOJIa ONpENENsIeTCS TOUHOCThIO U3MEpPEHUsT 00beMa cocyaa
U U3MEpeHHs NaBJIeHHs raza, COOpaHHOTO B cocyle. DTOT METOJ CBOOOAEH OT
BIIMSIHUS BJIQXXHOCTU aTMOC(epbl BO3AyXa U TO3BOJISIET MPOBOJIUTH H3MEPEHUS
nporecca JecopOonuu JUIUTenbHOe BpeMs. UTOObI UCKIIOYUTH NTOTMOTHUTENbHBIH
BapbUPYEMBI TapaMeTp — BJIAXKHOCTb, ISl OMBITOB HCIOJIL30BAJIM TPEABAPHU-
TEIbHO BBICYIIEHHBIE 00pa3ibl yris. JlecopOuuio MeTaHa H3ydand B YIIsX, U3-
MeJbYeHHBIX 110 Tpanyn 0.2—0.25 mm, mociie HaChIEHUsI KX METAaHOM B COPOIIH-
OHHOM Kamepe npu naBiaeHuu rasa 4 MPa.

Kaxyiiyrocss MIoTHOCTh ONpeAessiaii I'paBUMETPUUECKUM METOJOM C mapa-
¢dbunupoBanuem obpasua. [l ycTaHOBIEHUS ACHCTBUTEIHHON MIOTHOCTH HCKO-
[AeMOT0 YISl METOJI0M NMUKHOMETPUM MCIOJB30BAIM aHAIUTUYECKYIO MPOOy TO-
IUIMBA KPYNMHOCTHI0 MeHee (.2 mm. 3a pe3yabpTaT UCHBITAaHUS IPUHUMAIHU CpE-
Hee apu(PMETHUECKOE PE3yJIbTaTOB, MOIYUYEHHBIX B XO/€ IBYX NapajuIeIbHbIX W3-
MEpEHHUM.

Jlia uccnenoBaHus mpolecca CxaThsl XPYNKUX MOPUCTBIX T€ MOJ BHICOKHUM
HEPAaBHOKOMITOHEHTHBIM JaBJI€HHEM ObLTa pa3paboTaHa M M3TOTOBJIEHA KaMepa-
Matpuia [6] BeICOKOTO maBieHHs, obecrneunBaromias nasienus ao 2 GPa. Jle-
dbopmaruu 00pa3IoB B KaMepe MPeICTaBIsUIN Kak rpaduueckue 3aBUCUMOCTH OT-
HOCHUTEIFHOT'0 U3MEHEHHUS TUIOTHOCTH OT MPHIIOKEHHOTO AaBneHust Ap/p = f{P).

B cBere skCiepUMEHTOB IO pa3pyLIEHUI0 UICKONIAEMOT0O YT BBICOKUM JaBJe-
HUEM BO3MOJKHO BBIICHEHHE BOIPOCOB MOPUCTOM CTPYKTYPBI UCKOIIAEMOTO YIJIs

156



du3uKka U TeXHUKA BbICOKHX aaBjaenuii 2007, tom 17, Ne 1

npu TakoM nozaxoje. I[TockonabKy mpobiemMa aHHUTWIALMHU TO0p TOJ IABICHUEM
JIOBOJIBHO XOPOIIO M3y4YeHa B MOPOILIKOBOM METAITypruM U TEXHOJIOTHMH KepaMu-
YEeCKHX MaTepHalioB, a BETMUYMHA U3MEHEHUsI 00beMa 10/ 1aBJICHUEM BeChMa BbI-
COKa, HOCUT HEOOpaTUMBIM XapaKTep U HE MOXKET ObITh OOBSICHEHA KaK YIpyTue
B3aUMOJICUCTBUSA, MPOBEICHUE AHAJIOTUN MEXIYy IOBEACHUEM YIVIEM U APYyrux
M3YYEHHBIX MAaTE€pPHAJIOB MO/ YIUIOTHSIOIIUM JaBJICHUEM MPUBOAUT K MOCTAHOBKE
CIEYIOLIEH 3a1a4u.

Hcxons U3 mpennoyiioxkeHus, 4T0 OCHOBHOM 00beM raza COJAEp>KUTCS B yToJib-
HOM IIJIacTe B CBOOOJTHOM C)KaTOM COCTOSIHMM B IOpax YroJbHOTO BEIIECTBA pas-
JUYHOTO pa3Mepa, MOCTaBUM 3a/1auy W30aBUTHCSA OT BCEX TUIIOB MOPHUCTOCTH ITy-
TEM KOMIIpECCHU 00pas3lia U MO BEJIWYMHE YIUIOTHEHHs OINpEeNeIuM JUKBUIUPO-
BaHHBIN 00BEM, KOTOPBIH MOXKET OBITh 3aHAT Ia30M.

DKCIIEpUMEHTHI 110 TUKHOMETPUH JAJH CIEAYIOLINE 3HAaYE€HUs TUIOTHOCTH 00-
pasnos (Tad:m. 2).

Tab6muma 2

3
ITmoTHOCTH, g/cm
KaXyIascst JICWCTBUTENBHAS
BriOpocoomnacHslit
1.31 1.37
(1r. M. 3acsaIpKo)
Oc0060BEIOPOCOOTIACHBIIH
(1. M. CKOYMHCKOT0)

Yronb mapku K

1.255 1.301

Takum 00pazoM, BEIMYMHA OTKPHITOW MOPHUCTOCTH IJISL YIUISI IIAXTHl UM. 3a-
csanapKo cocTtaBisieT 4.6%, a aist yriis maxTbl M. CkounHCKOro — 4%.

Pe3ynbTarhl uccienoBaHUl MO pa3pylIEHUI0 YTOJbHBIX 00pa3loB BBHICOKHUM
JaBJICHUEM TpUBeeHbI Ha pucC. 1. [lns yris maxTel uM. 3acsibKo cyMMapHas Io-
pucTOCTh cocTaBisieT 26% (3HaueHUe TUIOTHOCTH MPU MAaKCHUMAaJIbHOM JIaBICHUU
nocturaer 1.65 g/cmS), a g yrig waxtsel uM. CxkounHekoro — 30.1%.

1.00+
- 2 0.95¢
E LSt =
) S 090}
o <
Z g 0.85f
:
A S 0.801
1.0} A
- - - - - 075 v o T
00 05 1.0 1.5 2.0 -5 0 5 10 15 20 25 30
Pressure, GPa Time, 10’ min

Puc. 1. 3aBUCUMOCTD MIIOTHOCTHU YIUIA OT JaBjieHUs: | — maxra uM. 3acsipKo, 2 — niaxra
M. CKOUHMHCKOTO

Puc. 2. 3aBHCHMOCTS JIaBJICHUS METaHA B COPOIIMOHHOM aMITyJie OT BPEeMEHH HACHIIIe-
HUA: | — maxTa uM. 3acsapko, 2 — maxta M. CKOYHHCKOTO
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DKCHEPUMEHT MO OINPEACTICHHUIO 3aKPBITOM MOPUCTOCTH H3y4YaeMbIX 00pasloB
JIaJl CIeMyroIue pe3yabTathl. s BeIOpocoonacHoro yriist Mapku JK maxTel uM. 3a-
CSIBKO 3aKpbITasg NopucTocTh — 23.5% . Ha puc. 2 npuBeneHbsl 3aBUCMOCTH U3Me-
HEHUSI JTABJICHUS] ME€TaHa B COPOIMOHHOM amrysie oT BpeMeHu. i1 0co00oBBIOpOCO-
ornacHoro yrisg Mapku JK maxtsl uM. CKOYMHCKOTO 3aKpbITasi IOpUCTOCThb — 32%.

CpaBHuBas 3Ha4eHMs OOIIEH MOPUCTOCTH, MOJYyUYEHHbIE ABYMS yKa3aHHBIMHU
METOJAaMU AJI YISl WAaxXT UM. 3acaapko (26% u 23.5% + 4.6% = 28.1%) u um.
Cxoumnnckoro (30.1% u 32% + 3.9% = 35.9%), HeTpyIHO 3aMEeTUTh, UTO 3TU 3HA-
YeHHUs1 OJIN3KH MEXIy COOOW M TOpa3/io BBIIIE MMOJyYaeMbIX CTaHAAPTHBIMU METO-
namu. HecMoTps Ha psiji 3aMeyaHUid pa3IuyHbIX UCCIEAOBATENEH MO MOBOAY 3a-
BBIIIICHHOM BEJIMYMHBI MOPUCTOCTH, KOTOPYIO €T OOBbEMHBIN COpOIIMOHHBIN Me-
TOJI, HAIllK PE3YJIbTAThl XOPOUIO COTIACYIOTCS MEXITY COOOM.

KuneTnka ra3oBble/IEeHUs] U3 MCXOAHOTO M Pa3pyLIEHHOI'O BBICOKUM JaBlle-
HUEM YTJIA [Ipe/iCTaBjlIeHa Ha puc. 3.

2 1
2 1.0 = 2

g g 1.0+
£ 08 S 08F T 1

IS <
206 2 0.6}

g k=

2 0.4 S 04F

: H

£02 g 02

Q -

B T M TR

0 2 4 6 8 10
Time, 103 min Time, 103 min
a 9]

Puc. 3. Kuneruka gecopOrun MeTaHa U3 yriisl MIaxT UM. 3acsabko (@) u uM. CKOYMHCKO-
ro (6): 1 —ucxoanbIi oOpaselr; 2 — oOpasel nocie 00pabOTKH BHICOKUM JIaBICHUEM

B ncxogHom 00pasiie KMHeTHKa Jaerazanuu (KpuBasi / Ha puc. 3,a) Takas xe,
KaK M BO BCEX KAMEHHBIX yIJISIX, KOTOPbIE JO HACTOSIIETO BpEMEHH ObLTH 0OBEK-
TaMu uccienoBanuii. Ee o0co6eHHOCTh — HEBO3MOXKHOCTD OMMCAHUS X0Ja U3MEHe-
HUSl 1aBJICHUS B HAKOIUTEIFHOM COCYZIE B BUJE OJHOMN AKCIOHEHIIMATbHOM 3aBU-
CUMOCTH. DTO MPU3HAK MPOLIECCOB, B KOTOPHIX B Kau€CTBE COCTABIAIOIIEH MPH-
CYTCTBYET He ToJIbKO auddy3usi, Ho U 3pdext PunpTpanmu raza TpaHCIIOPTHHIMU
KaHaJIaMH (OTKPBITBIMH TIOpaMH, TpemmHamu) [8]. JlelcTBUTENbHO, HCTEUEHUE
ra3a rno (puIbTPAMOHHBIM KaHAJIaM COIMPOBOXKIAETCS MOSBICHUEM B HHUX TaK Ha-
3bIBAEMOT'0 OMOPHOTO JABJIEHMSI, YTO OTPAHMUYUBACT («PETYIUPYET») UHTCHCHUB-
HOCTh TA30BOTO IOTOKA, MOCTYHAIOIIEro M3 3aKpBITHIX MOp yriei. B xone ne-
coOpOIMM OTOPHOE JaBJICHHE YMEHBULIAEeTCs, YTO OOyCIIOBIMBAET U3MEHEHHUE IO-
Ka3aTelis SKCIIOHEHTHI.

Jlnst obpasma yrias mocie ero ookatus (KpuBas 2 Ha puc. 3,a) Xapakrtep Je-
copOLMU CyIIECTBEHHO H3MeHseTcs. Kak BUAHO M3 pPHCYHKA, 3HAYUTEIBHO
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YMEHBIIAeTCs COPOIMOHHAsE crnocoOHOcTh oOpasua. [IpuHMMas BO BHUMaHUE
JIMana3oH MPWJIOKEHHBIX JAaBICHUH, MOXKHO INPENNOJIO0KHUTh, YTO OJHUM U3 pe-
3yJbTAaTOB AKCTPEMAILHON e(hopMaIK YIJIs SBISIETCS YMEHBIICHUE €0 3aKphl-
TOW nmopuctocTh. K TakoMy BBIBOJy MOKHO IPUNTH, €CIIM YUUTHIBATh 3HAUUTEIIb-
HBIW BKJIAJ] 3aKPBITOM MOPUCTOCTH YIJIs B aKKyMYJIMPOBaHHUE MeTaHa [5].

Kuneruka necopOuuu ra3a nociae o0xatus yriis Takke U3MEHWIACh: OHA YIOB-
JIETBOPHUTEIBLHO ONMMCHIBACTCSA OJHON SKCIOHEHLIMATBHON 3aBUCUMOCTBIO. DTO yKa-
3BpIBAET HA OTCYTCTBHE WJIM MPEHEOPESKUMO Mauiblii BKIaa dddexra GumbTpanum
rasa BCIJI/ICTBHE Pa3pyIICHHs TPEIIMHOBATO-IIOPUCTON CTPYKTYPBI 00pa3ia.

B kadectBe BapuaHTa OOBSICHEHUS! ONHMCAHHOTO SIBJIEHUS MOXHO IPEATNOJIO-
KHUTb, YTO HAPSLy C 3aKPHITOM MOPUCTOCTHIO NMPOUCXOAUT TAKKE yMEHBLICHHE
IOPUCTOCTU OTKPBITOHM, a oOpa3oBaBIInecs (WIBTPALMOHHBIE KaHAIbl HMEIOT
Oonpmii tuamerp. B aTom ciyuae merasanus npoucxonuT mytem aupGy3un Mo-
JIEKyJI ME€TaHa U3 yIJIsl WIK €ro 1eCOpOLUH ¢ OBEPXHOCTHU IPAHYIL.

Takum 00pazom, 3HAYUTETHHO YMEHBIINB HMOPHCTOCTh U €CTECTBEHHYIO Tpe-
IIMHOBATOCTb, MBI IIOCJIE 00XKATHUs U MOCIEAYIOIIEN pa3rpy3Ku odpasia yris mo-
JTYYHJIM MaTepuall ¢ Jpyrou, HaBeJeHHOM, mpoHuLaeMocThio. CeueHne uiIbTpa-
IIMOHHBIX KaHAJIOB IPHU 3TOM OKa3aJloCh HACTOJBKO OOJIBIIMM, YTO HaOIIOIEHUE
s dekra GUIbTpauu CTal0 HEBO3MOKHBIM.

Pa6ota Beimmonnena npu noanepxke AOD/] u MOH Ykpaunsl (rpanT npesu-

nenta Ykpaunslt GP/F11/0100).

1. B.U. Kacamouxun, H.K. Jlapuna, CTpoeHHEe M CBOWCTBa MPUPOIHEIX yried, Heapa,
Mocksa (1975).

2. Y.N. Shinn, Fuel 63, 1187 (1984).

3. A. Oberlin, Chem. Phys. Carbon 22, 1 (1989).

4. A.D. Alexeev, E.P. Feldman, T.A. Vasilenko, Fuel 79, 939 (2000).

5. B.B. Cniocapes, T.A. Bacunenxo, ®u3nko-TeXHUIeCKHEe MPOOIEMBbl TOPHOTO TPOU3-
BozcTBa Ne 5, 79 (2002).

6. T.A. Bacuneunxo, I1.U. I[lonaxos, B.B. Cniocapes, ®TBJ] 10, Ne 3, 101 (2000).

7. P.J. Hall, M. Antxustegi, W. Ruiz, Fuel 77, 1163 (1998).

8. A/ Anexcees, B.B. Cunonuykuii, T.A. Bacunenxo, H.H. Cepebposa, B.B. Kupoxos,
A.A. Koznumun, U.A. Hzomosa, ®TIIPIIN Ne 2, 99 (1992).

V.V. Slyusarev, T.A. Vasylenko, A.l. Yanchev, A.V. Shulyak

DETERMINATION OF FOSSIL-COAL TOTAL POROSITY BY USING
HIGH PRESSURE METHOD (P UNDER 2 GPa)

High-pressure effect on sorption properties of coals has been studied. It is shown that a
considerable decrease of porosity and natural jointing as a result of reduction followed by

coal sample relief have given a material of a different induced permeability. Filtration
channel section becomes so large that the filtration process turns to be invisible.
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Fig. 1. Dependence of coal density on pressure: / — Zasyad’ko mine, 2 — Skochinsky
mine

Fig. 2. Dependence of methane pressure in sorption ampoule on saturation time: / — Za-
syad’ko mine, 2 — Skochinsky mine

Fig. 3. Kinetics of methane desorption from coal samples taken at Zasyad’ko (a) and
Skochinsky (6) mines, respectively: / — initial sample; 2 — sample after high-pressure
treatment
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The 5™ International Conference

“HYDROGEN ECONOMY
AND HYDROGEN TREATMENT OF MATERIALS”
(HTM-2007)

Ukraine, Donetsk, May 21-25, 2007

The general idea of the HTM-2007:

At this historical moment a critical question of the world hydrogen movement is a ne-
cessity of a wide information exchange among leading representatives of hydrogen en-
ergy community, hydrogen—materials—safety one and of industrials, having an experience
in hydrogen production and employment. With good reason one can expect that just this
exchange of views and knowledge will initiate a new understanding of the main bifurca-
tion points on the way to hydrogen civilization.

The Subject Matter of the HTM-2007

Plenary Sessions: * Advances in the vectorial movement “Hydrogen Energy — Hy-
drogen Economy—Hydrogen Civilization”
* Problems of Safety and Efficiency of Hydrogen Technologies
and Hydrogen Energy Systems
Section Sessions: * Theory and Technology of Hydrogen Treatment of Materials;
Hydrogen-induced Structure and Phase Transformations
* Noble and Rare Metals in Fuel Cells and Hydrogen Energy
Technologies
* Hydrogen Degradation of Materials; Prevention of Unpredicted Hy-
drogen Wrecks in Gas, Chemical, Petrochemical and Atomic Industry
Round-Table Meeting: * Hydrogen Economy and Materials: Are There Any Troubles on
the Road to Hydrogen Civilization?

Co-organizers:

INTERNATIONAL ASSOCIATION FOR HYDROGEN ENERGY
THE JOINT SCIENTIFIC AND COORDINATIONAL COUNCIL ON THE PROSPECTS
OF TRANSITION TO HYDROGEN ECONOMY
PERMANENT WORKING INTERNATIONAL SCIENTIFIC COMMITTEE
ON HYDROGEN TREATMENT OF MATERIALS

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
INTERNATIONAL CENTER ON HYDROGEN ENERGY TECHNOLOGIES
UNIDO-ICHET

DONETSK NATIONAL TECHNICAL UNIVERSITY
in cooperation with some Ukrainian, Russian and international scientific organizations.

To know more about HTM-conferences, please, see The International Journal of Hy-
drogen Energy (1997, Vol. 22, No. 2/3; 1999, Vol. 24, No. 9; 2002, Vol. 27, No. 7-8;
2006, Vol. 31, No. 2) and visit the Website: www.dgtu.donetsk.ua/hydrogen/

Address for correspondence:

Professor Victor A. Goltsov Dr. Eng. Lyudmila F. Goltsova
Chairman of HTM-2007 Scientific Secretary

E-mail: goltsov@physics.dgtu.donetsk.ua ~ E-mail: goltsova@fem.dgtu.donetsk.ua

Donetsk National Technical University, 58, Artyom Street, Donetsk 83000 Ukraine
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KYPHAJI
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHU»
OBBABJIAET O HIOAIIMCKE
HA 2007 TOJ,

B xypHane myOnukyroTcs paboThl B 00JacTH (PU3UKH, MEXaHUKH U TEXHUKH,
BCKPBIBAIOIIME POJbh BBICOKOTO JABJICHUS KaK HMHCTPYMEHTA I W3YyYeHUS W
dbopMupoBaHUs PUINIECKUX U MEXAHUIECKUX CBOWCTB MaTteprasioB. OcoOblif MH-
TEepec NPEICTABISAIOT (YHIAMEHTAIBHBIC WCCICIOBAHUS, YCTaHABIUBAIOIINE
B3aMMOCBSI3M MHUKPO- U MaKpPOCBOWCTB, a TaK)K€ OCHOBAHHBIE HA ATOM IPHUKJIAJ-
HBIE Pa3pa0OTKHU MO0 MPUMEHEHHUIO BHICOKHX JABIICHHUH JJISI CO3/IaHUSI MAaTEPHAITIOB
C 3a/IaHHBIMHU XapaKTEPUCTUKAMH.

Crarby, HalpaBIlIsieMble B PENAKIMIO, HE JTOJDKHBI OBITh OMYyOJIMKOBAHBI HITH
NpeHa3HAYCHBI IS OIyOJIMKOBaHMS B APYTUX U3AaTEIbCTBAX.

TemaTuka xypHaJa

— DJIEKTPOHHBIE U KHHETUYECKHUE CBOMCTBA TBEP/IbIX TEI.

— @Ou3nKa MarHUTHEIX SIBIICHHH.

— dDa3oBbIE NIEPEXOMBL.

— CHeKkTpoCcKonus TBEPABIX TEN.

— ®Ou3KKa TPOYHOCTH U IIACTUYHOCTH.

— OU3NYECKOEe MaTEpUATIOBEICHHE.

— Ob6paboTka MaTepHUaIoB IaBICHHEM, MHTCHCUBHBIC TUTACTUYCCKUE
nedopmariiu.

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

Kpome pabot mo ¢usuke u TeXHUKE BBHICOKMX JABJICHUN XKypHal IyOIHKyeT
pe3ysIbTaThl UCCIEIOBAHUH M3 CMEXHBIX OOJIACTEH NMPH TOM YCIOBUH, YTO OHHU
MOTYT OBbITh UCTIOJIB30BAHBI B TPOPMINPYIOLIEH 001aCTH.

IIpaBuia oopMieHHs pyKONKCEH 1JI aBTOPOB KypHaJ1a
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUI»

Pepakuus xypHama IpocHT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCsI M3JI0KEHHBIMH HIDKE TIpaBUiIaMu. Matepuainsl, oopmileHHbIE 6e3 coOio-
JIEHHS NOCIEIHUX, K PACCMOTPEHHUIO HE IPUHUMAIOTCH.

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

B penakiuro HarmpaisiroTes 2 3K3eMIUIIpa pyKOIMCH (BKJIIOUYasi BCE €€ IEMEH-
Th1), HaOpaHHOH B porpamMmme Word 7-if unu 97-ii Bepcuit mpudrom tuna Times
pasmepom 14 1.T. yepe3 1,5 nHTEpBasia Ha OHOW CTOpOHE JHCTa popMara A4.

ITonsa: neBoe — He MeHee 3, BepXHeEe U HUXKHee — 2, mpaBoe — 1,5 cM. Bee crpa-
HUIIBI HEOOXOMMO POHYMEPOBATh.

Pyxomnuck 1omkHa ObITh BEIUNTAHA U TOANKCAHA aBTOPOM (COaBTOPAMHU).
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Heo6xonumo mpenocTaBieHue 3JIEKTPOHHOW BEPCUU CTAaThU Ha JAUCKETE JINOO
niepeiaya 1o JIEKTPOHHON ToYTe:
E-mail: pashinska@mail.ru.

KommniekTHOCTH pyKonucu

Pykomnuch nomKHA COMEPKaTh TEKCT CTaThH, aHHOTAIIHUIO, CIIUCOK JTUTEPATYPHI,
MOJIPUCYHOYHBIE MOAMUCH, KOMIUIEKT PUCYHKOB, CBEJICHUS 00 aBTOpax.

1. Texer crarbu. Ha nepBoii cTpaHuile yKa3bIBalOTCS:

— knaccuukanuoHHbIN uHAECKC 1o cucteme PACS;

— MHUIHMAIBEI U (PaMUTTIH aBTOPOB;

— Ha3BaHUE CTaTbhH,

— TIOJTHBIN TTOYTOBBIN a/IpeC YUPEKICHHSI, B KOTOPOM BBITIOJIHEHA padoTa.

Ha3zeanue cratbu AOMKHO OBITH KpaTKUM, HO MH(OpMaTuBHBIM. He nomycru-
MO TMpHMEHEHHE B HEM COKpalleHuil, kpome cambix obmenpuusaTeix (BTCII,
'K, AMP u ap.). Ucnons3yembie aBTOpamMu ab0OpeBHATypbl HEOOXOIUMO pac-
@ poBaTh MPU NEPBOM UX YIIOMHHAHUU.

Pazmepnocmu dusnyeckux BenwumH (B cucreme CH) mo Bcedt pykommcu
JOJKHBI OBITh HA AHTJIMICKOM SI3bIKE. B NECATUYHBIX YHCIaX Mepel AECATHIMU
CJIelyeT CTaBUTh TOUKY.

2. Ta6auubl JO0MKHBI OBITh HaNleYaTaHbl Ha OTHEIHHBIX CTPAHUIIAX U HUMETh
3arojioBKu. O0s3aTeNbHO YKa3aHHE eIUHUI] U3MEPEHUS BEJIUUHH.

3. ®opmyJibl KenaTeabHO HaOMpaTh B PeAaKTOpe ypaBHEeHUU. Bce mHaeKch
JOJKHBI OBITh Ha AHTJIMHCKOM f3bIKE. DKCIOHEHTY ClelyeT 00O03HauaTh Kak
«eXp», a He KaK «e&» B CTEICHHU.

4. NnmocTpanuu JTODKHBI OBITH M3TOTOBJICHBI aKKypaTHO Ha Oenoi Oymare
wi Kanbke. POTOCHIUMKHU TPUHUMAIOTCS TOJBKO YETKHE W KOHTpacTHhe. Ha
000poTe pUCYHKA CIIeNyeT YKa3aTh (MATKHM KapaHAAIIoM) ero HoMmep, haMuin
ABTOPOB M HA3BAaHUE CTAThU, IPU HEOOXOTUMOCTU MOMETHUTh «BEPX» U «HU3». B
JIEKTPOHHON BEPCUM BCE PUCYHKHU TpeOyeTcs MpeloCTaBUTh B YEpHO-OeIoM Ba-
puaHTe, OTIENbHBIMU Qaitnamu B cneayromux popmarax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynoxk, momemnrae-
MBI HA BCIO IIUPHHY CTPAHUIIBL, JOJDKEH UMETh pa3Mep Mo ropuzoHTaimu 14 cw,
Ha ', ctpanunsl — 7 cMm. s pucyHkoB B pacTtpoBhix (bitmap) dopmarax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe paspe-
menue — He Menee 300 dpi. IIpu sTom B (aitie pazmep M300pakeHUs IO TOPH-
30HTAJIM, BKJIIOYas MMOAIMCH II0 OCSIM, JODKEH OBITh He MeHee 800 mukcenen ms
PUCYHKa Ha 2 IUpUHBI cTpaHulbl U 1600 nmukcenei — Ha BCIO LIUPUHY.

5. AuHoTanmsa (He Gosee 15 cTpok) MOMMKHA coAepkKaTh IeNb paboThl, METO
ee JIOCTH)KEHUs, OCHOBHBIE pe3yJibTaThl. B penakuuio npeacTaBisercss TEKCT aH-
HOTaluu (C yKa3aHHMEM aBTOPOB M Ha3BaHUS CTAThU) HA PYCCKOM M aHTJIHICKOM
s3bIKaxX (Ha OTACIIbHBIX CTPAHUIIAX ).
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6. Crincok JuTepaTyphbl MPUBOAUTCS B KOHIIE CTATHH B TOPSAKE YIIOMUHAHUS
B TeKCcTe. B OubimorpadguaeckomM onmMcaHu yKa3bIBAIOTCS MHUIHAIIBI U (DaMIITUN
BCEX aBTOPOB, a Jajee:

a) Ul KHUTH — Ha3BaHWs KHUTH, W3JAaTelIbCTBA M Topoja, TOx H3IaHus (B
KPYTJIBIX CKOOKaX):

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

0) nns cTaThU B JKypHale — Ha3BaHHWE, TOM, HOMEp KypHaia, HOMEp MepBO
CTPaHMIIBI CTAThU, TOJ 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, IPECTABIISIFOTCS Ha
JIBYX SI3bIKAX.

8. CBenennsi 00 aBTOpax HEOOXOIUMO MPECTABUTH HA OTIEIHHON CTPAHHMIIE,
IJie YKa3bIBAIOTCS:

— TIOJTHBIC UMS1, OTYECTBO U (haMUIIHSI AaBTOPOB;

— cIy>ke0HBIC M IOMAITHUE ajipeca U TenedOHbI aBTOPOB;

— E-mail u anpec Internet.

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

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

Obpawaem enumanue agmopos Ha 1o, 4to, HaunHas ¢ 2002 r., xxypuan OTB/]
pedepupyercs u uHAEKCUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpauHCKUM ATEHTCTBOM IO 3aIUTE aBTOPCKUX IMPaB, Y KPAMHCKUM DJIEKTPOH-
HBIM XypHaioM «Jlxepeno». AHHOTamu kaxaoro Beimycka @TB/] Ha pycckoM u
AHTJIMICKOM $SI3bIKaX pa3MEIIAlOTCsl COOTBETCTBYIOIMMHU (pupmamu B Internet, uto
JIeJIaeT )KypHaJl JOCTYIIHBIM JJIsl aHIJI0A3BIYHBIX CIIELIHAIUCTOB.
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NH®OPMALIUA O NIOAIIUCKE
HA JKYPHAJ «®PU3UKA U TEXHUKA BLICOKUX JIABJIEHUI»

Kypnan «Pusnka 1 TeXHHKa BBICOKMX JaBJIEHUI» BKIIO4YeH B KaTanor nepuo-
nuueckux u3naHuit Ykpaunsl Ha 2006 ron (moxamucHoit muaekc 74528). Kpome
TOTO, OJMUCATHCS HA KypPHAI MOYXXHO HETIOCPEIACTBEHHO B PEIAKIMU KypHaJa.

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

CTouMocTh NOANUCKH (0€3 yueTa CTOMMOCTH MePeChlIKH), TPH.:

— st GU3MYECKUX JTUI] Ha 3 Mmecsama — 20

Ha 6 mecsies — 40

Ha 12 mecsres — 80
— JUIS1 FOpUIMYECKUX Jull  Ha 3 mecsia — 40

Ha 6 MmecsieB — 80

Ha 12 mecsueB — 160
st obopmiteHUsT TOANMUCKH B PENAKIIMA HEOOXOJWMO B €€ aJapec BBICIATh
UChMO-33aKa3 Ha MOAMKCKY C YKa3aHHEM OAaHKOBCKHUX PEKBH3UTOB M TOYHOTO

azpeca.

AJlpec peJaKIMU )KypPHAaJa:

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

3a JONOTHUTENBHON HH(pOpMAIHEH clieayeT oOpamaThCs

no tenepony (062) 311-22-02.
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HNuagexc 74528

Hayunbliit penaxtop A.E. beticenv3umep
Penaktopsr: C.C. @omuna, T.H. Anexosa
Komnsrotepnsiit Habop B.H. Koavisaiino
KomnerotepHas Bepctka B.A. Bacunenko

Koppexrop E.HU. Canezo

Otneuarano B OO0 «lludposas Tunorpadusi»
r. Jonenk, yiu. P. JlrokcemOypr, 60B

IMoan. B nevats 12.03.2007 r. ®opmat 70x108/16. Bymara odc. Odcernas neyars. Y. med. i. 10.56.
VYu.-u3a. 1. 12.01. Tupax 130 3k3.





