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CNHTE3 HAHOCTPYKTYPUPOBAHHbIX CBEPXIMPOBOOALLMNX
MATEPWAJIOB HA OCHOBE ONBEOPUOA MATHUA MNMPUN BbICOKNX
OABJTIEHUNAX

MHcTuTyT cBepxTBepabix MaTepuanos num. B.H. bakyns HAH YkpauHbl
yn. ABTosaBofckas, 2, r. Kues, 04074, YkpanHa

CtaTtbsa noctynuna B pegakumio 12 noHs 2013 roga

C nomowppto cunmesa npu evicoxkux oasnenusx (CB) nonyuen nanocmpykmypuposaw-
HbIUL C8EPXNPOBOOSULL MAMEPUAT HA OCHO8E OUOOPUOA MACHUSL C 8bICOKUMU 3HAYEHUIMU
¢ynrxyuonanvrvix xapaxmepucmuk. O06CyHCOAIOMC MEXAHUZMbL POPMUPOBAHUSL CIPYK-
MYPHBIX HEOOHOPOOHOCMEl, OMEEemMCmBEeHHble 3a obecneyenue IPPeKmuUeH020 NUHHUNHEA
suxpetl Abpuxocosa 6 cunmesuposanom mamepuane. I[lokasano, umo uzmeHenue pac-
npedeneHust KUCI0pooa 8 CMpyKmype mMampudnol gaszvl oubopuda mahus, noayyeHHou
NpU pasuvlx MemMnepamypax, npueoOUn K UsMeHeHuio hopmuvl 3a6UCUMOCIIU HIOTMHOCU
KPUMU4ecKo2o moKka om MAazHumHoz2o noJis.

KuaroueBbie cioBa: muOOpHA MarHus, CHHTE3, BBICOKHE NABIICHHUS, HAHOCTPYKTYpHBIC
BKJIFOUEHHS], IJIOTHOCTh KPUTHUIECKOTO TOKA

3a oonomoeoro cunmesy npu eucokux mucxkax (CBT) ompumano HanocmpykmyposaHuil
HAONPOBIOHULl Mamepian HA OCHO8I 0iOOpUOY MACHII0 3 BUCOKUMU 3HAYEHHAMU (DYHK-
yionanoHux xapaxkmepucmux. O62080pHOI0OMbCA MEXAHIZMU DOPMYBAHHA CMPYKMYPHUX
HeoOHopiOHOCmell, 6ION0BIOAIbHI 3a 3a0e3neueHHs eheKmueH020 NikHin2y suxopie Abpu-
Kocosa 8 cunmeszosanomy mamepiani. Ilokazano, wo 3miHa po3nooiny KUCHIO 8 CHPYK-
mypi mampuynoi ¢asu 0ibopudy Mmazhilo, CUHME308aHOI NPU PIZHUX MeMnepamypax,
npU3800Ums 00 3MIHU POPMU 3ATENCHOCIT SYCIUNHU KPUMUYHO20 CMpYyMY 6i0 MacHim-
HO20 NoJIA.

Kurouosi cioBa: mibopu MarHito, CHHTE3 T BACOKUM THCKOM, HAHOCTPYKTYpPHI BKITIO-
YEeHHS, IUIBbHICTh KPUTHYHOTO CTPYMY

BBenenune

Otkpsitie B 2001 r. SsMOHCKUMU y4eHbIMU [1] cBEpXIPOBOIMMOCTH B AUOOPH-
ne maraus MgB; nponzonuio cryctst mosiBeka mocie Toro, Kak caMo COeIMHEHUE
ObUIO CMHTE3UPOBAHO. 1 XOT4 10 CpaBHEHHUIO ¢ PEKOPAHBIMU 3HAYCHUSIMHU KPUTHU-
YEeCKOM TeMITepaTyphbl CBEPXIIPOBOISIIETO Mepexoaa ¢ yKe M3BECTHBIX BBICOKO-
TEMITIEPaTyPHBIX CBEPXMPOBOAHUKOB 3HaueHUs ¢ ~ 39 K y aubopuma maraus
ObUTH HaMHOTO 00Jiee CKPOMHBIMH, 3TO OTKPHITHE MHUIIMHUPOBAJIO LEIYIO BOJHY
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Hay4dHbIX UcciaenoBanuii (oxosio 3000 pabor 3a 10 ner), CBSI3aHHBIX C JAHHBIM
MaTtepuaioM. B oTiM4mMe OT KynmpaToB HOBOE CBEPXIPOBOMSIIEE COCAMHEHHE
UMEET MPOCTYI0 rekcaroHanbHyio ctpykTypy (a = 0.3086 nm, ¢ = 0.3524 nm),
Ooutblnyro UIMHY KorepeHTHOCTH (Eap(0) = 3.7-12 nm, &¢(0) = 1.6-3.6 nm), BbI-
COKYIO KOHIICHTPALMIO HOCUTENeH N ~ 10% mol_l, PO3pPaYHOCTh MOJTUKPUCTATI-
JMYECKHUX TPaHUII JUIsi CBEPXIIPOBOSIIETO TOKA M, KaK CIEJACTBHE, BO3MOKHOCTD
JOCTIDKEHUS B TIOJIMKPUCTATUIMIECKUX 00pasiiax BHICOKOH MIIOTHOCTH TOKa, B TOM
YHCIIe U TPY HAIUYUH CYIIECTBEHHBIX MAaTHUTHBIX MOJIEH.

C MOMOIIBI0 TEXHUKU BBICOKUX JNaBiieHH [2—4] ynaeTcs CyllecTBEHHO Mojia-
BUTH HEXKEJATENBHBINA MPOLIECC — UCTIapeHre MarHus npu cuaTtese MgB, u moiy-
YUTh MaTepUal C OTIIMYHBIMU (PYHKIIMOHAIBHBIMH XapaKTePUCTHUKAMH — IUIOT-
HOCTh Ha ypoBHEe 98% OT TeopeTHyecKoro 3HA4YEHUs, BBICOKHE 3HAYCHHS CBEpX-
MPOBOSIINX XapaKTEPUCTUK M MEXaHHMYECKHUX CBOWCTB. MHTepec K cBEpXIpoOBO-
ISIIMM MAacCHBHBIM MaTepuaiamM Ha ocHoBe MQB; o0yclioBieH HX BBICOKHM
NPaKTUYECKUM TIOTCHIIMAIOM Il MCIIOJB30BaHHUS B KPHUOIJIEKTPOHHBIX yCTPOK-
CTBaxX MpH TEMIIEpPAType KUAKOTO BOIOPOJA, B YACTHOCTH MJSI CO3/IaHUS DIIEK-
TPOMOTOPOB, KPHOHACOCOB, TPAHCIIOpPTAa HA MAarHUTHOHN ITO/BECKE, MAarHUTHBIX
MOJIIITUITHUKOB, OTPAaHUYUTENCH TOKA, CUIIbHBIX MATHUTHBIX TMOJEH U T.1I.

[Tpu co3nanny PyHKIMOHAIBHBIX CBEPXIPOBOISIINX MAaTEPHAIIOB TIPUXOIUTCS
pelaTth 3a7a4y ONTUMHU3AIMU JBYX pa3iuuHbIX TpeOoBaHui. C OJHON CTOPOHHI,
HE0O0X0IMMO 00ECTIeYUTh BBICOKYIO KOHIIEHTPAIHIO CBEPXITPOBOJISIINX HOCHTE-
e, co3aaB MaTepuall ¢ JOCTATOYHO COBEPUICHHOW CTPYKTYpOM, YTOOBI BOCHIPO-
U3BECTH DJIEKTPOHHYIO CTPYKTYpy, KOTOpass W ONpeIeNsieT BO3HHKHOBEHUE
CBEPXIIPOBOSIINX CBOWCTB. A ¢ JApPYroil CTOPOHBI, B CTPYKType Marepuana
JIOJDKHBI TIPUCYTCTBOBATH CTPYKTYpPHBIE HEOAHOPOJHOCTH Ha MacmiTabax, cormoc-
TaBUMBIX C JUIMHOM KOTEPEHTHOCTH WU TyOMHON MPOHUKHOBEHHS] MarHUTHOTO
noJst, 1Sl co3nanus dPPEeKTHBHOTO MMHHUHTA BUXpel AGprUKocoBa U obecrneue-
HUSI COOTBETCTBEHHO BBICOKOH IMJIOTHOCTH CBEPXIIPOBOJSIIEIO TOKA. DTO O3HaYa-
€T, YTO HEOOXOMMO CO31aTh MaTepUall CO CTPYKTYpPHBIMH HaHOPa3MEpHBIMHU He-
OJTHOPOJHOCTSIMU M TPU 3TOM HE JOMYCTUTh CYUIECTBEHHBIX HMCKa)KEHUH AIIeK-
TPOHHOH CTPYKTYpBI MATPUIHOH (ha3bl.

Bo3MoxxHBIM HCTOUHUKOM 3 (GEKTUBHOTO MMHHUHTA B MaTepuanax Ha OCHOBE
MgB; siBisieTcst HamMuMe B HUX BBICOKOW TUIOTHOCTH MEXK3EPEHHBIX rpaHull [5].
Bxoxnenue kucinoposaa B ctpykrypy MgB, paccmarpuBanu TOJIbKO KaK HEraTHB-
HBII (DaKTOp 10 TeX TOP, MOKa aBTOPBI paboTHI [6] HE yCTaHOBHIIH, YTO B TOHKHX
IUIEHKaX YacTUYHAs 3aMeHa 0opa KHCIOPOJOM MPUBOJIUT KAaK K YBEITHUEHUIO I1a-
pametpa pemretku C a0 3HaueHui 0.3547 NM 1 yMeHbIIEHUIO T, Tak U K Oojee
MOJIOT0# hopMe 3aBUCUMOCTH TUIOTHOCTH CBEPXITPOBOISIIETO TOKA OT MarHUTHO-
ro nost. [1o MHeHUIO aBTOPOB [7], IeHTpaMK MUHHUHTA B CBEPXITPOBOISIIEM Ma-
Tepuaje Ha OCHOBE OUOOpHAAa MarHusi MOTYT OBITh KOTE€PEHTHbIE BKIIOYCHHS
MgB,_,O, pasmepamu ot 10 nm B matpuunoit MgB,-daze. Kpome Toro, kak mo-
Ka3zaHo B paborax [3,4], B MaccuBHbiX CBJ/[-marepuanax Ha ochoe MgB, Obutn
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oOHapy»xeHbl BKitoueHus: MgB12, KoTopbie Takke MOTYT CYIIECTBEHHO BIMATH HA
NUHHUHT Buxpell AoOpukocoa. [Ipobnema nccienoBanus BkiaoueHuit MgBio ¢
MOMOIIBIO PEHTI€HOCTPYKTYPHOI'O aHAJIN3a OKa3bIBACTCS CIOKHOM M3-3a MAJIOCTH
paccenBaromiero (hakTopa peHTIeHOBCKUX Jydelr atomamu 6opa [8]. K Tomy xe B
JUTEpaType OTCYTCTBYIOT 3TAJOHHBIE MaHHBIE O cTpykType MQgB12, mostomy wmc-
CclleZIOBaHUE BKIIIOUEHUH C BBICOKUM CO/IEp’)KaHHEM Oopa 3aciy’KUBaeT OTAEIbHO-
T'0 BHUMAaHUSI.

B Hacrosmeit pabote u3yyeHa B3aMMOCBSI3b HEOJHOPOAHOTO HAHOCTPYKTYPHO-
IO COCTOSIHUSI M CBEPXITPOBOJISIINX CBOMCTB MaTepUAIOB Ha OCHOBE AMOOpHIA
MarHus, noiydeHHsix CB/I.

JKCHEPUMEHT

Jlnst cuHTe3a HAHOCTPYKTYPUPOBAHHOTO CBEPXIIPOBOISIIETO MaTepraia Ha OCHO-
Be JMOOpU/Ia MarHUsl TIPU BBICOKUX JIABJICHUSX WCIONB30BAIM allliapaT TUIA «yT-
nyOiieHue ¢ HakoBabHENH» oobemoM 330 cm’. Pa3pabotannsie Hamu TIpecc-GpopMbl
NO3BOJISTM M3TOTaBIMBaTh 00pasip! BeicoToit 20 mm u quamerpom 63 mm. I'padu-
TOBBIN HarpeBarTesb U 00pa3er] ObLUTH H30JIMPOBAHBI C IIOMOIIBI0 000JI0UKH, CPOpMO-
BaHHOW M3 HHUTpUAA Oopa. [[nanason temmeparyp coctasisui 600—-1200°C, ucrnons-
30BaHHOE AaBieHue — 110 2 GPa. [loaroToBieHHBIE CMECH UCXOIHBIX TOpoImKkoB Mg 1
B ¢ no6askamu Ti, Ta u SiC u 6e3 100aBOK N3MENTbYAIN B BHICOKOCKOPOCTHOM ILIaHE-
TAPHOM aKTHUBATOPE CO CTAJIBHBIMH IIapUKamMu B TeueHue 1-3 min. Bonee neraipHoe
oncanue anmaparypbl CBJl moxxHO Haiitu B padote [2].

Jlnist IpUroTOBIICHUST CMecel Ucmoib3oBain aBa Tumna Maraus: Mg(l) — cTpyx-
ka (Texuunueckue ycnoBusi Ykpaunsl 48-10-93-88) u Mg(ll) — menkuii mopomrok
(< 1 um) mpousBoactea HyperTech, a Takke Tpu pa3HOBHIHOCTH Oopa:

B(l) (mpousBoncrBa H.C.Stark) — pasmep wactun < 5 um, npumecu, mass%o:
kuciopon — 0.66, yriepox — 0.31, azot — 0.48, Bogopon — 0.32;

B(Il) (mpoussonactBa HyperTech) — pa3mep gactuil < 1 um, npumecu, mass%o:
yriepon — 3.5, azor — 1.02, Bomopon — 0.87,;

B(I1l) (mpouzBoncrBa MaTecK) — pasmep wactun < 4 pum, npumecu, mass%o:
kuciopon — 1.5, yrnepon — 0.47, azor — 0.40, Bogopox — 0.37.

Jnst NpUroTOBIICHHST CMECceH Mbl IPUMEHSUIH mopomiku 6opa nmbo tuna B(l) u
B(I11) Bmecte ¢ maruueBoit crpyxkoir Mg(l), mu6o tuma B(Il) BMecTe ¢ Menkum
nopomkom Maraust Mg(I1). [ns uccnenoBanus BIUSHUS 100aBOK Ha CTPYKTYpPY H
CBOICTBa MAaTepHaIOB Ha OCHOBE NUOOpHIA MarHWs B MPUTOTOBJICHHBIC CMECH
no6asisumi 1o 10 mass% turana wim TanTana (pazmep gactun — 1-3 um, yucrora
— 99%) mpousBoacTtBa MaTecK, a takxke mopomiok kapouga kpemuus SiC (pas-
mep uacturl 200—-800 nm) npoussoactea H.C.Stark.

CTpyKTypy MOJyYEHHBIX MAaTEPUAIIOB HCCIECAOBAIN C MOMOIIBIO CKaHUPYIO-
el snexktporHol mMukpockornuu (mukpockon ZEISS EVO 50XVP) u myrtem
PEHTTEHOCTPYKTYPHOTO aHalin3a. XUMHUYECKAH COCTaB CHHTE3MPOBAHHBIX MaTe-
pHajoB, BKIOYAs 3JEMEHTHI OT 0opa /0 ypaHa, aHAIW3UPOBAIHM Ha NPHCTABKE
INSA sHeproaucnepcCuoHHOTO peHTIreHO(DITYOPECIICHTHOTO aHAIH3a.
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3. OcHOBHbBIE Pe3yJabTAThI H UX 00CYKIeHHE

C touku 3peHust QyHKIHMOHAIBHBIX CBOMCTB HEOOXOAMMO OBLIO MPEKIE BCETO
JOOUTHCS BBICOKUX 3HAYCHUI OCHOBHBIX CBEPXIPOBOAAIIMX MapameTpos B CB/I-
marepuanax. [Ipu 3TOM BO3HUKIIM HE TOJBKO MpoOiieMa aHalM3a CTPYKTYpPHI TI0-
JTy4eHHBIX 00pa3loB, HO M TPYJHOCTH, CBSI3aHHBIE CO CPABHUTEIBHBIM aHAIH30M
HCXOJIHBIX TIOPOIIKOB Oopa. Kak n3BecTHO, 6Op OTHOCHTCS K CTPATETMYECKUM Ma-
TepHaiaM JBOWHOTO Ha3HAYCHHS, UCIIOIb3yEeMbIM B SIICPHOI dHEpPreTuKe (CTepik-
HH SIZICPHOTO PEaKTopa) M Ul MPOU3BOJCTBA TBEPAOTO paKeTHOro ToruiiBa (00-
POBOIOPOBI). B CBSI3H ¢ 3THM MTPOM3BOIUTENN TOPOLIKOB OOpa 4acTo He yKa3bl-
BAIOT T€ NMPUMECH, KOTOPHIE B OCHOBHOM U OIPENENSIOT HHIUBHIyabHBIE OCO-
OEHHOCTH TIOPOIIIKA.

CorocTaBiieHHE 3aBUCUMOCTEH TUIOTHOCTEH KPUTHYECKOTO TOKA jc OT 3Haue-
HUII MarHUTHOTO oIS (puc. 1) B 00pa3nax, CHHTE3MPOBAHHBIX U3 PA3THYHBIX TH-
OB MCXOJHOTO TOpOIIKa OOpa, MPOJEMOHCTPUPOBATIO CYIIECTBEHHbBIC OTIHYHS
ONITUMAJILHBIX YCIIOBHI CHHTE3a CBEPXIIPOBOAIIETO MaTepuana. B 3aBucumocti
OT yCJIOBHil 3KCIUTyaTalu — auanasoHa padbounx temmeparyp T (10-35 K) u Be-
auyuHbl MarautHoro mosst poH (0-10 T) — onTumasbHas TeMmmeparypa CHHTE3a
JUTSL pa3HBIX UCXOJIHBIX MOPOIIKOB 00pa M3MEHSIACh B IIMPOKOM JHAINa3oHe TeM-
nepatyp ot 600 go 1050°C. [laxxe nnst ogHOro tuma 6opa B 3aBUCUMOCTH OT Be-
JMYUHBI BHEITHETO MArHUTHOTO TIOJISI MU3MEHSUIOCh 3HAUYEHHE ONTHMAJIbHON TeM-
nepaTypsl CHHTE3a IS TIOJTydeHHs1 00pa3lioB ¢ HAaMOOJIBIIUM 3HAYCHUEM IIJIOTHO-
CTH KPUTHYECKOTO ToKa (cM. puc. 1,6,2). OOmmIas ke TeHACHIIMs COCTOsIa B TOM,
4T0 OO0JIee BBHICOKHE TEMIIEPaTyphl CHHTE3a MPUBOIWIN K OOJiee BBICOKUM ILIOT-
HOCTSIM KPHUTHYECKOT0 TOKa 00pasioB B ci1abbiXx (10 5—6 T) MarHUTHBIX MOJSX,
IPU 3TOM B CHJIBHBIX MAarHUTHBIX TOJISAX OOJIbIAs TNIOTHOCTh KPUTUYECKOTO TOKA
JOCTUTANach B 00pasiax, CHHTE3UPOBAHHBIX MPU MEHBIIMX Temmeparypax. Ox-
HAKO 3Ta 3aKOHOMEPHOCTh He ObLIa YHHBEPCAIBHOM JJIS BCEX CITydaes.

HawuGornee BbiCOKHE 3HAYCHUS jc, JOCTUTHYTHIC B 00pa3Iax, CHHTE3UPOBAHHBIX
0e3 BBeJeHHs T00AaBOK, MPECTAaBICHBI HA pHC. 1,a. B clabbIX MarHUTHBIX MOJIAX
BBICOKHME 3HAUCHHS KPUTHYECKOTO TOKAa JEMOHCTPUPOBAN 0Opasel, CHHTE3UpO-
BaHHbIN 13 mopomika B(l) mox naBnennem 2 GPa u npu temmeparype 1050°C, B
TO BpeMsl KaK B CHJIBHBIX (00abmInX, 4eM 5—7 T) MarHUTHBIX MOJISAX JyYLIAM ObLT
oOpasell, cuHTe3upoBanHbiil 3 nopomka B(Il) mox nasnennem 2 GPa u npu tem-
nepatype 600°C. IMociemuuit oOpasen MMes JyYlIde 3HAYCHHUS |; B CHIIbHBIX
MarHuTHBIX MOJSAX (ake MO CPaBHEHHUIO C 00pa3IOM C PEKOPIHBIMH 3HAYCHUSMH
KPUTHYECKOTO TOKA B CJIa0BIX MOJIAX) U OBUT CHHTE3UpOBaH ¢ no0aBiaeHueM SiC u3
nopouika B(l) nox naBnennem 2 GPa u npu temneparype 1050°C (cm. puc. 1,6).

PesynbTarsl nccaeoBaHNS MUKPOCTPYKTYpPBI 00pa3lioB, CHHTE3MPOBAHHBIX M3
CTEXMOMETPUYECKOW CMECH TMOPOIIKOB MarHusi U 0opa pa3M4HbIX MCXOAHBIX THU-
noB B auamazone temrepaTyp oT 800 o 1050°C kak ¢ BBemeHHEM 100aBOK, TaK U
0e3 HuX, MPe/ICTaBJICHbI Ha puC. 2,a,3. MaTpu4Hoii (ha3oii 111 Bcex 00pa3IoB Obuia
daza, ommskast k MgB», HO ¢ noctarouno Gombium (5—15 mMass%) comepxanuem
KHCJIOPOJIa, IOATOMY M Ha PUCYHKE, M B TEKCTE MBI ee 0003HadaeM kak Mg—B—O.
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Puc. 1. 3aBUCHMOCTH TUTOTHOCTH KPUTHYECKOTO TOKA jo OT MATHUTHOTO TIOJIS JUIst 00pas-
1I0B, CUHTE3UpoBaHHbBIX TpH 2 GPa B Teuenue 1 h uz Mg u B, B3sThIX B cooTHOIIeHNN 1:2:
a —u3 B(l) mpu 1050°C (m) u u3 B(Il) mpu 600°C (0); 6 — u3 B(l) npu 1050°C (m) u mpu
800°C (o); 6 — u3 B(I) ¢ 10 mass% SiC npu 1050°C (m) u u3 B(Il) mpu 600°C (0); ¢ — u3
B(l) ¢ 10 mass% Ti mpu 1050°C (m) u npu 800°C (o). Pabouas temmeparypa T, K: 1 —
10,2-20,3-25,4-30,5-33,6-35

B ofpasuax, momydeHHBIX npu TemnepaTtypax cuHTe3a He Bbime 800°C, B mart-
puuHOM (a3e He ObUIH BBISIBICHBI HEOJIHOPOAHOCTH CTPYKTYpPBI, B TOM YHCIIE U C
noMotsio npuctaBku INSA sHEproaucrnepcuoOHHOTO PEHTIeHO(ITyOPECEHTHOTO
aHamu3a (cM. puc. 2,a,6). C moBsIlIeHHEM Temreparypbl cuaTe3a 10 1050°C pac-
npezenenue kuciopona B marpurie Mg—B—O craHoBmIIOCE HEOJHOPOIHBIM (CM.
puc. 2,0), 1 B cllydae CHHTE3a 00pa3loB ¢ BBeAcHHEM 100aBoK Ti u Ta (cM. puc.
2,0—€) 9TH HEOJAHOPOJHOCTH IPEBpALIAINCh B OTICIbHBIC BKIIOYCHHUs, 00Oora-
IICHHBIC KUCIOPOIOM TI0 CPABHEHHUIO ¢ MaTpU4HOU (pa3oii (Ha pucyHke oHH 000-
3Ha4eHsl Kak «inclusions Mg—B—0»).

ComoctaBuB cojepkanue kuciopoaa B marpure Mg-B-O marepuana mpu
pa3IMYHBIX YCIOBHUSIX CHHTE3a, 3aMETHUM, 4TO B cuHTe3upoBaHHoM npu 800°C ma-
tepuane ¢ godasnenuem 10 mass% Ti marpuria Mg—B—-O coaepxur 8 mass% O
(cayyait oTCYTCTBHUSI 00OTAIEHHBIX KHCIOPOJOM BKJIIOUYEHUH CM. Ha pUC. 2,8).
B T0 e Bpems B cunte3upoBanHoM npu 1050°C martepuane ¢ mobaBieHuem
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Puc. 2. Jlanapie 00paTHOTO paccesHUs NIEKTPOHOB MUKPOCTPYKTYp Ha ocHOBe M(QB», cunre-
3upoBaHHbIX U3 Mg u B, B3sThIX B oTHOIIeHMU 1:2 ipu 2 GPa B Teuenue 1 h: a, 6 — u3 B(lII)
cootBerctBeHHO nipu 800 u 1050°C; ¢ — u3 B(Il) ¢ 10 mass% Ti mpu 800°C; 2 — u3 B(lll) ¢
10 mass% Ta npu 1050°C; 0, e — u3 B (I11) ¢ 10 mass% Ti mpu 1050°C npu pasimuHbIX yBe-
mmueHusix; o, 3 — u3 B(I) ¢ 10 mass% SiC mpu 1050°C mipu pa3iidHbIX YBETHICHUSIX
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10 mass% Ti wiu Ta marpuna Mg—B—O coxepsxut 5 nam 6 mass% O coorBercT-
BeHHO (cM. puc. 2,2—e). Takum oOpasoM, npu TemiepaTypax cuutesa 1050°C
BIMsHKE 700aBOK Ti win Ta COCTOUT B Cerperamud BOKPYT ceOsi 000raieHHbIX
KHCJIOPO/IOM BKJIFOUEHHUH W TEM CaMbIM OYWIIEHWU MaTpuaHo (¢azet Mg—B—-O ot
U30BITKA KUCIOPOa. AHATIOTHYHYIO POJib HrpatoT nobaBku SiC B MaTepual, cuH-
te3upoBanHblii mpu 1050°C (cM. puc. 2,01c,3). OTMETHM, YTO B HEKOTOPBIX CIIyda-
sx nobaBku Ti unu Ta B pe3ynbTaTe CHHTE3a PEOOPa30BhIBAIUCH B THIPUBI (CM.
puc. 2,6,2) ¥ IPU STOM MOJABIISUIOCH 00pa30BaHKUE TUIPHUIA MAarHHs, MO-BUIUMO-
My, 32 CUET OUMIICHUSI MATPHIIBI OT BOAOPOAA.

Bce marepuaiel, CHHTE3UpOBAaHHBIC IPU BRICOKOM JABJICHUH, COIEPKAIH TEM-

HbIe BKJIIOYeHHs Onu3koil Kk MgB1, ctexuomerpuun. C pocToM TemmepaTypbl CHH-
Te3a, a TAKXKe MPH HATWIUK 100aBOK Ti wiu Ta BKIAJ TaKUX BKIIOYCHHH YMCHB-
mrancs. BHyTpu oGoraieHHbpIXx 60poM BKITIOYSHHH COMIepiKaHue KUCIOpoaa ObLIO
nesnauntensHbiM (0.5-1.5 mMass%), omHako, Kak MOKa3aad HCCIECIOBAaHUS pac-
npezencHust 3eMeHToB (puc. 3), BOKpyr oOoraimieHHbIX 00pOM BKIIOYEHHIH Ha-
OJTr01aNIach cerperaius KUClIopo/a, KOTopasi OTYETIMBO BUHA HA pUC. 3,6.

—— ] |7 —— ] |7
8 2

Puc. 3. JlanHbBIe 0OPAaTHOTO pPacCesHHS IEKTPOHOB U aHAIN3 PACHPEICIICHNS HIICMEHTOB

obpasuoB Ha ocHoBe MgB, u3 Mg u B(lll) ¢ 10 mass% Ti, B3sThiX B oTHOLIeHHH 1:2,

cuHTe3upoBanHbx mpu 2 GPa u temneparype 1050°C B teuenue 1 h: a — anexTpoHHOE

n3o0pakeHue; 0, 6, ¢ — pacupeneacHne COOTBETCTBEHHO 00pa, KUCIOpoaa 1 Maruus. bo-

Jiee CBETIIbIC 00JIacTH COOTBETCTBYIOT 60aneMy KOJIMYECTBY UCCIIEAYEMOT'O DJIEMEHTA
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ConocraBiieHHe MHUKPOCTPYKTYpPHBIX AaHHBIX (CM. pHC. 2) ¢ pe3ylbTaTam,
HIOJTyYEHHBIMHU C MIOMOIIBI0 PEHTTCHOCTPYKTYpHOTO aHanu3a (puc. 4), IpuBOIUT K
HEKOTOPBIM ITPOTHBOPEUMUSIM. TaK, COrIacHO PEHTTeHOAN(PPAKIIMOHHBIM HCCIIEI0-
BaHUSIM O0pAa3lOB, CHHTE3UPOBAHHBIX M3 CTEXHOMETPHUYECKOW CMECH IMOPOIIKOB
maraus u 6opa B(l) ¢ no6aBkamu 10 mass% SiC (puc. 4,a) u 6e3 n106aBok (puc.
4,6), ocHOBHBIMH (ha3aMH B CHHTE3MPOBAHHBIX MaTepHaiax sBisioTcs MgB; u
MgO. Habmronarotest Taxke nmuka MgBio (puc. 4,6) u SiC (puc. 4,a), X0Ts, Kak
ClIe/lyeT U3 JAHHBIX MHKPOCTPYKTYpPHOTO aHaimu3a (CM. puc. 2,9/,3), KOJHMYECTBO
a3zl MgB1, sBRIsSeTCS TOCTATOUHBIM JUIsl PETUCTPALMU C MOMOILBIO PEHTTEHO-
rpamM.

N28 me Ng 4] ne
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Puc. 4. Penrrenorpamma obpasiia MgB,, cunresnposannoro usz 6opa B(l) ¢ 10 mass%
SiC (@) u 6e3 no6aBok (0): m — MgB,, ¢ — MgO, ¢ —SiC, A — MgB1»

st Toro, uToOBl pa3pemuTh 3TO MPOTUBOPEUYUE, Mbl BBITIOJIHHUIN HCCIEI0Ba-
HUS cepur 00pasloB, MOJYYCHHBIX CHHTE30M T0J naBieHueM 2 GPa u npu tem-
neparype 1200°C cmeceit maruus u 6opa B(Ill) B coorHommenusx 1:4, 1:6, 1:8,
1:10 u 1:20. Bce cuHTE3MpOBaHHBIE MAaTEPHAIBI OBUTH MHOTO(A3HBIMHU CBEPXITPO-
BogHUKamMH. CamMoe BBICOKOE 3HAYCHHE IUIOTHOCTH KPUTHUYECKOTO TOKa OBLIO
JOCTUTHYTO B 00pasiie, CHHTE3MPOBAHHBIM U3 CMECH MOPOIIKOB B OTHOIEeHHU 1:8
(puc. 5,6). OcHoBHO#1 (ha3oit 3TOro 0dpasia COrlaCHO MUKPOCTPYKTYPHBIM JTaH-
HbeIM (puc. 4,a) 6bu1a dhaza MgB1o, Hapsay ¢ KOTOpOiIl BHIHBI U OoJiee AUCIIEpC-
ueie (50—200 nm) BrtouYCHHMS, 0OOTAIICHHBIC KHCIOPOIOM, OJIM3KHE IO COCTaBY
K (aze MgBg. Ilpu »TOM BKIIOYEHUS, KOTOpPHIE MOXHO OBUIO OBI CBs3aTh CO
cBepxnpoBosmieit dazoii MgB,, He Habmomanuck. CorinacHo ke peHTreHoaud-
PaKIMOHHBIM JaHHBIM (pHC. 5,6) B 00pasiie MPUCYTCTBYIOT MO KpaliHe# Mepe Tpu
¢as3sl. MHTEeHCHBHOCTD UX peduiekcoB (B MEPBYIO oYepeI> OCHOBHOTO ~ 27°) yBe-
JTUYMBaNack B peHTreHorpammax CBJl-maTepuanoB mo mepe pocra coaepiKaHHs
06opa. MarHuTHas BOCIPHUMYHBOCTH 00pasioB (CM. BCTaBKy K pHC. 5,6) IEMOH-
CTpUpOBaJia BHICOKHME 3HAUCHUS KaK TeMIIepaTypbl KPUTUUECKOTO Mepexoaa I =
~ 37 K, Tak u comep:kanus cBepxnpoBoasiei ¢passl mopsaka 90% obbvema.

UroObl pa3peluTh yKa3aHHOE MPOTUBOPEUUE MEKIY CTPYKTYPHBIMHU JaHHBIMHU,
MOJyYeHHBIMH C TOMOIIBI0 TpucTaBku INSA 3HEproaucnepcuoHHOTO pPEHTre-
Ho(yopeciieHTHOrO aHanu3a (puc. 5,a), u pentrenorpammamiu (puc. 5,8), nocra-
TOYHO MPEATOI0XKUTh HATMYUE HaHOMETPOoBBIX (TommHor 50-200 nm) mpocioek
da3z MgB, u MgO. Mmernno Takue pa3mepsl 3TuX (a3 Mbl HabIIOJaeM HaA pHC. 5,4a.
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Puc. 5. DkcniepuMeHTaIbHBIC JaHHBIC MaTepHaAIOB Ha ocHOBe MQ—B, cuHTe3npoBaHHOTO
u3 Mg u B, B3sateix B coorHomenun 1:8, mpu 2 GPa, 1200°C B teuenune ogroro 1 h: a —
n300pakeHne 0OPATHOTO PACCESHUS JIEKTPOHOB; O — 3aBUCUMOCTH TUIOTHOCTH KPUTHYIE-
CKOTO TOKa j; OT MAarHUTHOTO TIOJIs 00pasia mmpu pasinudusix TeMmeparypax 7, K: 1 — 10,
2-20,3-25,4-30,5-33, 6—35; 6 — pearrenorpammsl oopasia: 1, 2, 3 — peduiekchbl
¢a3 coorserctBenrHo MgB,, MgO, MgB1, (Ha BcTaBke mokasaHa TeMIlepaTypHas 3aBH-
CHUMOCTb MAarHUTHOW BOCIIPUUMYHUBOCTH MaTepHana)

Ecnu ydects, uto riryOuHa 30HBI BO30yxaeHus qocturana 500 Nm, To cTaHOBUTCS
MOHSATHBIM, UTO Ha 3TOH rTyOnHE MPOUCXOANUT YyCpPEeIHEHUE CUTHaja oT (a3 ¢ pas-
HBIM COJICpXKaHHUEM DJIEMEHTOB. TakuM 00pa3oM, TaHHBIE O XUMHYECKOM COCTaBe,
MOJyYEHHBIE C TMOMOIIBI0 YHEPTOAUCIIEPCHOHHOTO PEHTTeHO(IyOPECIHEHTHOTO
aHaJM3a HAaHOAMCIIEPCHBIX (ha3 HOCST TOJIIBKO KadecTBEHHBIN xapakTep. C mpyroit
CTOPOHBI, OIICHKA TOJIIMHBI CJIOEB, HA KOTOPOH BO3HMKAET HECOOTBETCTBUE JaH-
HBIX XUMHYECKOTO COCTaBa M PEHTTEHO(A30BOT0 aHAIN3A, MTO-BUANMOMY, ITpUMe-
HUMa U B PsIJie IPYTUX ciydaeB. Tak, B 4acTHOCTH, Hamuuue ¢da3 MgBo, u MgO
MBI (PUKCHPOBAJIM Ha Bcex peHTreHorpammax CBJI-00pa3moB, onHako B ciyyae
CHHTE3a MpH Temreparypax, koropsie He npesbimanu 800°C, Ham He yaanock 00-
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Hapy»XHUTh HEOTHOPOJHOCTH XMMHYECKOTO cocTaBa MaTpuuHou ¢assl Mg—-B-O
(puc. 2,a,6). Ecinu npenmnonoxum, 4to pacrpezenenue BrimoueHnii MgO (mpu stom
OHHM MOTYT UMETh Pa3HyI0 IyOHHY 3ayieranusi B npenenax toaupasl 500 nm) B
matpuyHoit ¢aze MQgB, wmmeer croucteiii HaHopasmepubii (50-100 nm wam
MECHBIIIE) XapaKTep, TO HAleM COOTBETCTBUE MPEAINOIaracMoil HaMU CTPYKTYPBI
9KCTIIEPUMEHTAIBHBIM JaHHBIM. JIJIs TTOTyYeHus! COTJIacOBaHHON KapTHHBI B CITy-
Yyae aHaiM3a CTPYKTyp OOpa3loB, CHHTE3WPOBAHHBIX INPH TEMIIEpaTypax BHIIIE
800°C, Hapsaxy co CIOMCTBIM pacmpezaeneHueM BKIoueHH MgO B MaTpu4HOI
daze M@B,, HeoOXomMMO MPEANOTONKUTH Takke (OPMUPOBAHHE OTAEIBHBIX
TPEXMEPHBIX BKJIFOUCHUH, KOTOpPBIC OYAyT BUIHBI (B paMKax JaHHBIX YHEPrOIHC-
IIEPCHOHHOTO PEHTTeHO(IYOPECIIEHTHOrO aHannM3a) Kak BrmodeHus Mg-B-O,
oboraiieHHbIe KHCI0poaoM, B MaTpudHoit (haze Mg—B—-O (cm. puc. 2,0,e—3). Ko-
HEYHO JK€, TIPY STOM HEJb3sl HCKIII0YaTh HaJau4dus B coctaBe (pa3sr MgB, HeOomb-
IIOTO KOJIMYECTBA KUCIOPO/Ia, Kak U MpHCyTcTBH Oopa B paze MgO.

Yro kacaercs MEXaHW3MOB (POPMHUPOBAHHS KPHUCTALTUYECKOW CTPYKTYPHI, TO
aBTOPY IpPEACTABISAETCS 00OCHOBAHHOM HpeioxeHHas B padore [9] mMHOrocra-
IMifHasE cXeMa MpoIlecca KPUCTALIM3AINH, YYUTHIBAIOMIAs CYIIECTBEHHYIO pa3-
HUIY (PU3NYECKUX TTAPaMETPOB UCXOIHBIX KOMIIOHEHT:

Mg + B - MgB1, - MgB, - MgB4 —» MgB7 — MgB5».

Jannas cxema, mo-BUAMMOMY, TpeOyeT Oosiee AeTalbHOrO aHalu3a, HO cama
uJiesd MHOTOCTaAUMHOCTH NIPEACTABISAETCS BIOJIHE aeKBAaTHOU. [Ipu 3TOM MOXKHO
IPEANOI0KNUTh, YTO HAa MEPBOM 3Tare MPOUCXOIUT paciuiaBiicHHe (MCIapeHue)
MarHus ¢ MocjenyroImuM pacTBopeHreM Oopa. Tak kak Hanbosee SHEePreTUYECKH
YCTOWYMBBIM KOMILIEKCOM HCXOIHOU CTPYKTYphI OOpa SIBISIOTCSI aTOMHBIE HKO-
CadJIphbl, TO, BUIUMO, 3TH KOMILUIEKCH MOTYT NMPUCYTCTBOBATh U B PacTBOPE, a 3a-
TeM 00pa30oBbIBaTh KPUCTAIIIMUYECKHE 3apOoIbIiin Toaekabopuaa maraus. Ha cre-
JYIOLIUX 3Tanax MPOUCXOAMT JajbHENIIee paCTBOPEHUE 3JIEMEHTOB OOpa — MKO-
CadJIphI MPEBpAIAIOTCS B IIENOYKH, a yacTh MQB1o — B HU3mme 6opunst. 1 Tom1H-
KO 3aTeM BO3MOXXHO ()OPMHPOBAHUE KPUCTAITMUECKUX 3apoabimeii MgB,. [lanee
OyJeT IPOUCXOAUTh KOHKYPEHTHBIH POCT pa3iWYHBIX 3apOJbILIEii, B TOM YHUCIIE
nosisnerne gazsl MgO. 3aKmounTeNnbHBIM 3TaloM CTaHeT (pOpMUpOBAaHHE MHO-
roa3Hoi HEOTHOPOIHOM CTPYKTYPHI C Pa3HBIM YPOBHEM COJIEPKaHUS OCHOBHBIX
Y TIPUMECHBIX KOMIIOHEHT B KOHKYPEHTHBIX (ha3ax.

Hcnonp30BaHne BHICOKHUX JAaBJICHUN IPUBOJUT K NMOJABICHHUIO AU(PPY3HOHHBIX
nporeccoB. Torga mpu KOHKYPEHTHOM pOCTE MPEUMYIIECTBO MHOJydar Oolee
TBEp/bIe, TUIOTHOYMAKOBaHHBIE M MeHee aHu3oTpomnHble ¢a3bl. [locnennee o6-
CTOSITENILCTBO M OMNpEENseT BBICOKYIO BEPOSTHOCTH TMOSBJICHHUS J0JeKabopua
maruust B CBJI-o6pasmax. [To Mepe yBenudeHus: TeMIepaTypbl CHHTE3a (BEpOsT-
HOCTh M (Y3MOHHBIX MTPOLECCOB U MPOLIECCa PACTBOPEHHSI B MATHUU PA3IMUHBIX
3JIEMEHTOB BO3pacTacT) U BBeICHUs 100aBOK (BO3MOXHOCTH reTepoda3oBoro 3a-
pOKICHUS 3aposiiieii) comepxkanne MgB1, Oyner magate. IIpu aTom poct das
MgB1, u MgB; e aBnsercs cuaxponsbiM, a ha3z MgB1, u MgO — mpoucxoaut
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onHOBpeMeHHO. Halmionaetcs siBHas KOPpEALMs MEXKIY YCIOBHSAMM CHHTE3a,
CcTpykTypoit ¢az MgBy, MgO u cBepxXmpoBOAAIIMMH XapaKTEPUCTUKAMHU.
YMeHbIIeHHe TeMIIepaTyphl CHHTE3a MPUBOIUT K IMojAaBieHU0 AU((y3nOHHBIX
nporieccoB. @a3zer MgB,; 1 MgO kpucTammM3yroTcs B YCIOBUSX CYIIECTBEHHBIX
NEePeoXJIaXICHUH, 1151 KOTOPBIX XapakTepeH HeOOJbIOoi pa3Mep 3epHa, BbICOKas
BEpPOATHOCTh 3axBaTa MpUMeced (OPMUPYIOIMMCS KOHJIEHCATOM, CIIOMCTast
CTPYKTYpa BIOJIb HalpaBJIEHUS] CKOPEHIIETro poCcTa AJIs aHU30TPOIHBIX MaTepua-
noB. OOpaser ¢ Takol CTPYKTypoil OyneT 00JaaaTh BHICOKUM 3HAYCHHEM CHUITBI
INUHHUHTA, OJIHAKO C HECKOJBKO IO/IaBJICHHBIMU CBEPXIIPOBOJSALIMMHU CBOMCTBA-
mu. [Ipy yBenmmueHNn TeMIiepaTypsl CHHTe3a odyerdaercs nporekanue auddysu-
OHHBIX TporeccoB, (azer MgB;, 1 MgO kpucTamIM3yroTCsS B YCIOBHSIX MEHBIINX
NEePeoXJIaXKICHUH, YKPYIHSIIOTCA 3€pHAa U OKa3bIBAETCS BO3MOYKHOW cerperarus
BKJIIOUEHUI B MeCTax OOJIETYEHHOT0 3apO/IbIIe00pa30BaHus, @ TAKKE CHIUXKAETCS
BEPOSITHOCTh 3aXBaTa MpUMeCHBIX (a3. CUHTE3UpOBaHHbIE B TAKUX YCIOBUAX 00-
pasibl JODKHBI JEMOHCTPHPOBATH YIYUIICHHBIE XapaKTEPUCTUKU TIPH yMEpEH-
HBIX 3HAQUYEHUSX MArHUTHOTO TOJIsl, IOCKOJBKY CHJIa MMHHUHIA B HUX OyJEeT SBHO
MEHBIIIE, YEM B MPEABIAYIIEM CITyyae.
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A.P. Shapovalov

HIGH-PRESSURE SYNTHESIS OF NANOSTRUCTURED
SUPERCONDUCTING MATERIALS BASED ON MAGNESIUM
DIBORIDE

Correlations between a nonuniform nanostructure state and superconducting properties
have been studied for the MgB,-based material fabricated using a high-pressure synthe-
sis. The investigated samples were fabricated from the Mg and B powder mixtures (with
or without Ti, Ta and SiC admixtures ) in recessed-anvil high-pressure apparatuses with a
volume close to 330 cm®. The temperature interval of the synthesis was 600-1200°C, the
pressure was up to 2 GPa. The high-pressure synthesis of the MgB, ceramic provides
possibility to solve the problem of the unwanted magnesium volatility during the synthesis
and, as a result, to fabricate high-strength magnesium-diboride specimens with specific
density close to the theoretical one and exhibiting high superconducting characteristics.

Mechanisms of the structure formation from the point of view of their responsibility
for the pinning mechanism of the Abrikosov vortices in the investigated materials are dis-
cussed. The observed change of the oxygen distribution in the MgB, matrix structure
synthesized under various temperatures is followed by the corresponding change of the
external magnetic field dependence of the critical current density. Clear correlations be-
tween the synthesis conditions, crystal structure of MgB, and MgO phases, as well as
between superconducting properties of the fabricated samples is observed.

The structure formation mechanism (according to the multistep crystallization
scheme) creates nonuniform nanostructure state of the massive samples. Various structure
investigations (complementing each other) give us a possibility to understand the high
pressure synthesis peculiarities of the MgB, material. The existence of two phases in the
massive superconducting material (synthesized under high pressures) does nor create
more difficulties for fundamental investigations but gives some advantageous for realiza-
tion of applied tasks in the field of the large current density increase.

Keywords: magnesium diboride, high pressure synthesis, nanostructural inclusions, criti-
cal current density

Fig. 1. Magnetic field dependences of the critical current density jc of the samples synthe-
sized at 2 GPa for 1 h from Mg and B, taken in the MgB; ratio: @ — from B(l) at 1050°C
(m) and from B(ll) at 600°C (o); 6 — from B(I) at 1050°C (m) and at 800°C (o); ¢ — from
B(1) with 10 mass% SiC at 1050°C (m) and from B(ll) at 600°C (o); 2 — from B(Il1) with
10 mass% Ti at 1050°C (m) and at 800°C (o). Working temperature T, K: 1 — 10, 2 — 20,
3-25,4-30,5-33,6-35
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Fig. 2. Composition images (backscattering electron images) of HPS MgB,-based mate-
rials synthesized from Mg and B taken in MgB, stoichiometry at 2 GPa for 1 h: a, 6 —
from B(I11) at 800 and 1050°C, respectively; ¢ — from B(l11) with 10 mass% Ti at 800°C;
2 — from B(I1l) with 10 mass% Ta at 1050°C; o, e — from B (I1l) with 10 mass% Ti at
1050°C under different magnification; o, 3 — from B(I) with 10 mass% SiC at 1050°C
under different magnification

Fig. 3. Backscattering electron image and analysis of elements distribution over the area
of the HPS MgB,-based sample from Mg and B(l1l) with 10 mass% of Ti taken in MgB»
stoichiometry at 2 GPa, 1050°C, for 1 h: a — electron image; 6, s, 2 — distribution of bo-
ron, oxygen and magnesium, respectively. The brighter area, the higher is amount of the
studied element

Fig. 4. X-ray patterns of the MgB, sample synthesized from B(I) with 10 mass% SiC ()
and without (6): m — MgB,, ® — MgO, & — SiC, A — MgB1>

Fig. 5. Experimental data of the HPS Mg-B based sample synthesized from Mg and B
taken in 1:8 ratio at 2 GPa, 1200°C for 1 h: a — backscattering electron images; 6 — mag-
netic field dependence of critical current density j. of the sample at different temperatures
7,K:1-10,2-20,3-25,4-230,5-33, 6 —35; 6 — X-ray patterns of the sample: 1, 2,
3 — phase reflexes of MgB,, MgO, MgB1,, respectively (in the insert, the temperature
dependence of the sample magnetic susceptibility)
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