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MeTonoM NpPOEKLMOHHbIX MPUCOEAVNHEHHBIX BOJMH B paMKax Teopuu (DYHKLMOHANa 3EKTPOHHONW MIOTHOCTM
paccymTaHbl 3HEPruM obpa30BaHNsA KNCIOPOAHBIX BakaHCUli n MurpauunorHsle bapbepsl kucnopoga 8 TiO2 co
cTpykTypoii pytuna. lNonydeHbl aHanuTUHeckue BblpaXkeHWst AJisi TeMNepaTypHbix KoaduumeHToB anddy-
3UM BOOJb ABYX KpUCTannorpaduy4eckmx HanpasseHuii ¢ ncnosb3oBaHueMm metoga JIsHamaHa v paccymTaHbl
3HAYEHUS1 SHEPrUN aKTUBALMU N MPESIKCNOHEHUMaNbHOro MHOXMTeNs. MokasaHo, 4To TemnepaTypHbIid ko3d-
duumeHT anuddy3nn HaXOAUTCS B XOPOLUEM COMlaCMU C SKCMEPUMEHTOM W C pe3yabTaTamu, MOJyHeHHbIMU
paHee ctatuctuydeckum metogom. Obcyxpaaercs BansHne npumeceil Ha Aupdy3noHHbIE CBOMCTBA KNCI0POAa

B OKCunae.
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1. BBEAEHUE

N3BecTHO, 9TO B TUTAHE U €0 CILIABAX [PU OKUC-
JIEHIM Ha [OBEPXHOCTU 00pa3yercs IJIEHKa JHOKCHJIA
TUTaHA CO CTPYKTypoil pyrmia. Jlobasiaenue asomu-
HUsI JIeJIAeT MPOIECC OKUCJIeHUs OOJiee CJIOYKHBIM, II0O-
CKOJIbKY AJIIOMUHUIN, KaK U TUTAH, UMEET CPOJICTBO K
KHCJIOPOJYy U 06pa3yer OKCHJI CO CTPYKTYPOil KOPYH/IA
a-AlsO3. OnHAKO ¢ yBeIMYEHNEM COJIEPXKAHUS TUTAHA
B ciiaBe Ti—Al Ha noBepxHOCTH (POPMUDYETCS ILJIEHKA,
JIMOKCHUJIA TUTAHA, TOCKOJIBKY TEPMOIMHAMUIECKUE Xa-
PAKTEPUCTUKU IBYX OKCHJIOB IIPEIITOIATAIOT OOJIBITYIO
crabunbHOCTh MHTEpDeiicoB ¢ TiO2 [1]. Hamuune Ba-
kaHcuii u jedekToB B TiOg MOXKET CyIIeCTBEHHO BJIU-
ATh HA [IEPEHOC KUCJoposa. Panee B Hameil padore [2]
6bL1a n3yvueHa Muddy3usi KUCIOPOJa B Py aJIOMU-
uuyoB Tutana TiAls — TiAl — TizAl B pamkax craru-
cTUYIecKoro noaxona [3|. Beuto mokasaHo, 9To yBeande-
HUE COJIEP’KAHUsI TUTAHA B CILIABE BEJET K M3MEHEHUIO
MmexaHu3Mma auddy3un, npu 3roM auddy3us KUcIo-
pPOJIa BIIOJIb OCH ¢ CTAHOBHUTCH 0OoJiee MPEIIOITUTE -
HOM, YeM BIOJIb OCHU G, & TeMIEPATYPHBIH KO3 uIm-
enT mucdy3un CymecTBeHHO yMeHbIaeTcs. Pacuerst

* E-mail: bakulin@ispms.tsc.ru
** E-mail: kulkova@ms.tsc.ru
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ko3 dunmenta auddys3un, IpoBeeHHble B aio-TizAl
[4], ¢ MurpanuonubiMu Gapbepamu, Oy Y€HHBIMA M€~
TOZIOM ab initio, HAXOIATCS B XOPOIIEM COTJIACUU C IKC-
nepumenToM [5]. Kak u B sxcniepumente [5], muddysus
kucaopona BuoJb [0001] uuer GbicTpee, YeM B nepIieH-
JIUKYJISTPHOM HaIpaBJIeHUN. PaccynTaHHble 3HAYECHUS
sueprun aktusanuu (1.99 3B u 1.97 3B) Takxke Haxo-
JISITCSI B COTJIACHU C OTMEYEHHBIMU BBIIIE YKCIIEPIMEH-
TaIbHBIME gaHHbivu [5]. B pabore [6] mia pacuera Tem-
reparypHoro koadduimenrta auddysun B TiAl ObL1
azanTupoBaH Meton JIsuamana [7,8], KoTopbrit mpuMe-
HslJICS JJIst u3ydenusi nudpy3un KUCJI0poJia B TUTAHE
B paborax [9,10], a rakxke Jyuist u3ydenus auddysun
Bogiopoma B y-TiAl [11]. Ormernm, 9TO TpaKTHIECKH
OJIHOBPEMEHHO € paboToit [6] GbLIN OmyGIMKOBAHBI ellle
JBe paboTs! [12,13], B KOTOPBIX JaHHBLH METOJ UCIOJIb-
3oBaJics it u3ydenus auddysun kucaoposa B y-TiAl
Hecmorpst Ha psiji pa3innduii B pacyeTax, CBI3aHHBIX C
UCIIOJIb30BAHIEM PA3HOIO HAGOpa MO3UIUI BHEIPEHMs
KHUCJIOPOJIa, W CTaOUIBLHOCTA HEKOTOPBIX MO3UIU, pe-
3YJIBTATHI TAHHBIX PAOOT B IEJIOM COTJIACYIOTCS MEKJLY
co6oii. B To ke Bpemsi B [6] OBLIO IPOBEIEHO COMOCTAB-
JleHne 3HadeHuit Koapdurmenra auddy3un, paccuu-
TAHHBIX C HMCIOJb30BAHUEM CTATHCTHIECKOTO MOJIXOJIA
u Mozenn JIsHamana. BeLTo ycTaHOBIEHO, YTO B Me-
Tozie JIsHMaHa yUeT HOBBIX IO3UIMN BHEIPEHUS KUC-
Jgoposia u ero audHy3nOHHBIX MyTell BeIeT K 3HAYU-
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TEeJILHOMY MOBBIIIEHNO Tuddy3un BIOIb OCHA G, TOTIA
KaK TeMIepaTypHbiil Koahdurument muddysnn BIOIb
OCH ¢ U3MEHsIeTCsI B MeHbIeil crerneHn. AHaan3 BKJa-
0B B Ko3ddurmenTt qudHy3un BIAOIb ABYX HAIIPABIIE-
HUHA OT Pa3HbIX IIYTEH MUrPAIUU KUCJIOPOLA IIO3BOJIIL
YCTaHOBUTD, UTO MOBBIIeHNE KOdddunmenta muddy-
3UU BJIOJIb OCA @ CBSI33HO C €ro OoJIbIieil 3aBHCHMO-
CTBIO OT IIyTell ¢ HU3KUMU MUTDAIMOHHBIMU Oapbhepa-
MH. 3aMETHM, YTO MUTPAITUOHHBIE 6apbephbl KUCIOPOIA
B JMOKCHJIE TUTAHA PACCUNTHIBAJINCH B HECKOJIBKUX Pa-
Gorax [14,15], mpu aroM paccmarpusanack quddysus
KaK HEATpaJbHOIl, Tak u 3apsizkeHHol BakaHcuu. OqHa-
KO TeMIepaTypHbIil Kodddurment muddy3un Kucio-
pO/ia B OKCHJIe B JJAHHBIX pab0oTaxX He PACCUNTHIBAJICS.

Taxum 00pa3oM, IEJIbI0 HACTOSIIEN PAbOTHI SIBJIsI-
erca uzydenne aud@y3nOHHBIX CBONCTB KUCIOPOIa B
JMOKCHJIE TUTAHA CO CTPYKTYPOI pPyTUsia, B TOM YHCJIE
B IIPUCYTCTBUU Je(DEKTOB.

2. METOJ, PACYETA

Pacuersr anekrponnoit crpykrypst TiOs mpoBou-
JINCh METOJIOM IPOEKIIMOHHBIX PUCOEINHEHHBIX BOJIH
(PAW) B 1urocko-sosmHOBOM 6asuce [16,17] ¢ 0606men-
HBIM T'PaJUEHTHBIM TPUOIIIKEHAEM IS OOMEHHO-KOD-
pessnuonnoro dyuxuonasa B popme GGA-PBE [18].
MakcuMmaJsbHast SHEPIHs ILJIOCKUX BOJIH U3 0A3MCHOTO
nabopa 6nL1a pasHa 400 5B. OntuMusanus 3J1eKTPOH-
HOI CTPYKTYPBI IIPOBOJIMJIACE JI0 TEX 110D, IOKa PA3HU-
114 B [IOJTHBIX SHEPTHSX JIJIsI JBYX MOCIEAYIONIIX UTePa-
nuit ne gocrurana 10~° aB. IIpu pacuere 3/1eKTPOHHOIM
CTPYKTYPBl OKCHJa HUHTErPUPOBAHUE MO 30HE Bpui-
JIIO9HA POBOJIMIIOCH C HCHOJB30BAHUEM CETKU Kk-TO-
gek 9 x 9 X 15 [19]. Pemakcanust mososkeHnii aToMOB
IIPOBOJIIIACH C UCIIOIH30BAHIEM METO/Ia COIPSIZKEHHbIX
IPaJIMEHTOB JI0 JIOCTIKEHUS CUJI Ha aToMax He OoJiee
0.01sB/ A. Pasnosecnbie mapamerpsl pemerku TiOs co
CTPYKTYPOIl pyTH/a, TMOJYyYEeHHbIE B HACTOSIIEM Pac-
gere (a = 4.611 A u ¢ = 2.956 A), ommuarorcs or
SKCIIepIMEHTATBHEIX 3Hadenmit 4.594 A u 2.959 A [20]
menee geM Ha 0.4 %. I[lpuMuTnBHAA g4eiika TUOKCHAIA
THTaHA XapaKTePU3yeTCs IPOCTPAHCTBEHHON I'PYIIIOi
136 (P42/mnm), npu 5TOM ATOMbl TUTAHA 3aHIMAIOT
nosuruu Baiikodda (Wyckoff positions) 2a, a aTomsr
Kkucaopoga — 4f.

Hns ontenkn b Hy3nOHHBIX 6APHEPOB KUCIOPOIA
B TiOy npumeHsicss MeTON MOATAJIKHUBAIOIMINX YIIPY-
rux cBsseii ¢ BocxogsmmMu n3obpazkenusivu (CI-NEB)
[21]. HauasbHOe OIOXKeHNE TATH H306parkeHuil BIOIb
T OYy3NOHHOTO MYTH 3a/1aBAJIOCh IMyTeM JTMHEHHO
MHTEPIOJSAAN MEXKIY HAYATBHBIM M KOHEUHBIM II0JI0-
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xxenueMm juddysaupyomero aroma. [lpu mocremyro-
et OJHOBPEMEHHOM peJlakcalni BCeX IsITH u300pa-
JKEHUH KaXKJIBIil aTOM CUNUTAJICS YIPYTO CBI3AHHBIM C
TAKWUM Ke aTOMOM B COCeTHUX m300parkenusx. s na-
XOXKJIEHUSI CEJIJIOBOM TOYKHU WCIIOJIb30BAJICS AJTOPUTM
COIPSI?KEHHBIX TPAJIMEHTOB, MPU 3TOM YUUTHIBAJIUCD
JIOTIOJTHUTEJIbHBIE TTOITAJIKABAIOIIAE CHJIBbI, OPUEHTUPO-
BaHHBIE BJIOJIb yTH quddysun. Heobxomumbim Kpure-
pUeM HAXOXKJIEHUs CEJJIOBOI TOUKM sIBJIIETCsT OOpaIie-
HUE B HYJIb KACATEJIbHBIX CUJI, JIEHCTBYIOMUX Ha JUdD-
bysaupyronmit aroM B 3T0it Touke. CumMTasoCh, UTO
CceJIJIOBasi TOYKa ODHApY»KeHA, eCIU 3Ta CHUJia He Ipe-
sormasa 1073 5B/ A. TectoBble pacueTs IOKa3aI, 4TO
MUT'PAIHOHHBIE OAPbEPBI IPAKTUIECKU HE M3MEHSIIOTCS
[IPU YBEJUYEHUN IHEPTUN OOpPE3aHUs IIOCKUX BOJIH OT
400 3B mo 550 3B. Ornenka MUTpAIMOHHBIX GaphEPOB
KHCJIOPOJIa IIPOBOJMIIACH B cymepstueiike (2 X 2 x 3).
3aMeTuM, 9TO yBeJUYEeHNe pa3Mepa siIeiiKu He3HAUU-
TEJILHO OTPAXKAETCsI HA SHEPIeTHIeCKUX baphepax Mpu-
mepuo 0.05-0.10 3B.

Bausnue npumecu Ha suepruio 00pa30BaHU KUCIO-
poxnoit Bakancuu (E/) onenmsasocs ciemyiommy 06-
pasom:

AET = (ET123XO47 - ETi23XO4s) -

- (ETi24O47 - ETi24O48)7 (1)
rue ETi23X047 (ETi24O47) u ETi23X048 (ETi24O48) — 1I0JI-
HBIE SHEPIUH JIETUPOBAHHOTO (HEJIErNPOBAHHOTO) OKCH-
ma coorBercTBerHo ¢ O-BakaHcueil n 6e3 mHee.

3. PE3VYJIBTATHI 1 OBCY2KJEHUE

3.1. TemneparypHblii Koadduriment anddy3nn
kucjgopona B TiO5

Ha puc. 1 npuBesiena aroMHasi CTPYKTypPa JIMOKCH-
Jla TUTAHA U TOJIOYKEHUE IIPUMECH, a TaKyKe MOKA3aHbI
MUTPAIIOHHBIE Iy TH BAKAHCUU KUCJIOPoa. Paccunran-
HbIE 3HAYEHUs] MUTPAIMOHHBIX 6APHEpOB JIJIst yTeit A u
C pasubl 1.17 3B u 2.12 3B, 4T0 HaX0AUTCS B XOPOIIIEM
COTJIACUU C PE3YIbTaTaMHU PaHHUX pacdeToB 1.2 3B u
2.1 3B [14], rorna kax g nytu B pasHuia B 3HAYEHUN
6apbepa cocrasisier 0.3 B (1.20 B u 0.90 3B [14]).
Dueprus obpazoBaHus KUCJIOPOAHON BakaHcun B Ti0o
paBHa 4.28 3B, YTO HAXONUTCA B XOPOIIIEM COTJIACUU CO
snaverneM 4.30 3B [22]. Vmerorcs qBe mo3unnm BakaH-
cvn B6mm3u npumecu X (puc. 1). HeGomnbmas pasuuna B
E/ 6buta momydena B ciydae saeMenTos 3d-4d-tmepuo-
noB u IITA-TVA-rpynn (puc. 16), vo ona 6osee cyiie-
cTBeHHa Uit bd sjiemenToB. Bumno, uro Zr, Nb, Mo,
Hf, Ta, W u Re yBenmuusaior suepruto obpazoBaHms
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Puc. 1. (B ugete onnaiin) Atomnasi ctpyktypa TiO2 (a): mu-
FPaLMOHHbIE MyTW MOKA3aHbI CTPENKaMM, MONOXKEHNE MprMe-

€N — KPEeCTOM, a KUC/IOPOAHBIX BakaHCuii — uudbpamu; usme-
HeHue 3Heprun obpasosatus O-sakaHcum B okcuge (6)

O-Bakancun. II3BeCTHO, 9TO IPUMECH, YBEJIMIUBAIOIIAE
EY | BejtyT K NOHMKEHUIO KOHIIEHTPAIIUH KHUCTOPO/THBIX
BaKaHCUIl B OKCHJIE ¥ MOI'YT IPenaTcTBoBaTh 1uddy-
3MHU KUCJIOPOJIA U3 OKCHJIA B CILUIAB. B TO 7Ke BpeMst BN~
sIHUE TIpAMeCell Ha MUTPAIMOHHBIE GAPhepPhl KICIOPOIa
B okcujie 6ostee citoxkuoe [23]. ToIbKO H309/1eKTPOHHbIE
turany siaeMenTs! (Hf u Zr), a rak:xe Mo yBesmansator
MUT'PAITHOHHBIE DAPHEPHI.

Pacuer Temmneparyproro koaddurmenrta auddy-
3UM SABJIETCS HETPUBUAJIbLHOM 3asadeit. B mureparty-
Pe B OCHOBHOM paccMaTpuBaeTcs auddy3ust KUCI0pPO-
J1a, TI0 MeXKJI0y3eJIbHOMY MEXaHU3MY, OJTHAKO B OKCHIAX
muddy3ust KHCTIOPOIa MOXKET ITPOXOIUTD 110 BAKACHOH-
HoMy MexaHm3Mmy. JIJist OlleHKHu TeMIepaTypHOro Kodd-
durmenra muddyszun kuciaopoga B TiOg B paMrax Ba-
KAHCHOHHOT'O MEXAHU3Ma HCIIOIH30BAJICS MEeTOT JI9HI-
MmaHa [7,8]. B maHHOM MeTOJIE ¢ MOMOIIBIO0 Tpeobpaszo-
BaHwust Jlammaca MaTPUITEI IJIOTHOCTH BPEMEHU OXKUIA-
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HUS, i)(u), u pypbe-obpaza marpursl cMmermenuii, pk),
CTPOHTCA MATPUIA-IIPOIAraTOP:
R(kv u) =FE- ﬁ(k) o &(u)v (2)

TJie CUMBOJIOM O 0003HAYEHO MTOJIEMEHTHOE TTPOU3BE/Ie-
HHUe MaTpull, a I — equHnYHas MaTpuIa.

Kosddbummenr mudpdbysun D B mHampasmenun k.
pPaCCUUTBHIBACTCH TI0 CJeryomeit hopmyste:

(*57)

B ciaydae muddysun B pamkax BaKaHCHOHHOTO Me-
xaHu3Ma kodddurment auddy3un HeoOX0IUMO OO
HUTEIBHO YMHOXKATH Ha KOHIIEHTPAIMIO BakaHcuii. B
HeJlernpoBaHOM okcuze Marpmipl 1 (u) i p(k) mueror
pa3MepHOCTD 4 X 4, TOCKOJIbKY PACCMATPUBAETCS TOJIh-
KO BAKAHCHOHHBII MexaHm3Mm muddysun mo 4 f-mosu-
nusim Baitkodda. C yaerom ob03HAUEHUST TIEPECKOKOB

! 52det R
52
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(3)

MezK Ty GJIMKARIIIMA O3UIuaMEI Kucaoposa (puc. la)
n300parkeHue MaTPUILbI IJIOTHOCTH BPEMEHHU OXKUIaHU
OyJeT MMETb CJICIYIOIIN BUT;
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rme K =8'y +I'p 4+ 2I'¢ + u, a 9acTOTHI 1TEPECKOKOB
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exp (_ ) ,

rae B — sHeprus MUTDAIUU KHCJIOPOJA BIOJb IIYTH
i (i = A, Bwm C), m — macca aroMa KHCJIOPOJA
2.66 - 10726 kr, d; — aauwEa myTH Murpamuu i, kg —

Em

)

2md?

Lt
kpT

(5)

%

nocrosguuas boabinmana, a T — Temmeparypa.

Dypbe-06pa3 MATPUITLI CMEIIEHANH CTPOUTCS CIIEIY-
TOIIIM 00PAa30M:

A A Az Ay

_ Aor Age Az Aoy

pk) = 7 (6)
Az Az Azz Az
Ap Ay Ayz Ay
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1, . .
A = Ay = Agz = Ay = 5(6”3’“3 4 e ilaks)

Apy = S(1 4 emitabs y gilzks | gilaka=ilaka)
4 )
Ay = S(1 4 emitabs 4 giliks | gilaki=itaka)
4 )
Agy = elliki—ilzks (7)
A14 = 1)
A24 — 1(1 _|_ eilgkg + eillkl _|_ e’illkl-i-ilgkg)
4 )
A34 — 1(1 4 eilgkg + eil2k‘2 4 eilzkz-‘r’ilgkg).
4

Ocranbable  KoMmioHeHTH MaTpurpl p(k) moryr
6bITh Hafiensl u3 coornomenus pij(k) = pr;(k), e
3BE3/I0YKa 03HAYAET KOMILIEKCHOE compsizkenne. Kom-
moHeHTHI BeKTopa k — k1, ko, k3 — cooTBeTcTBYyIOT ero
[IPOEKIUSIM Ha KpHUCTaJIorpaduiecKkne HAIPaBIEHUS
[100], [010] u [001], mosToMy I3 =ls =aul3 =¢, Tae a
U ¢ — TapaMeTpbl PerneTkn oKcuaa. TakuM obpasom,
6e3 ydera KOHIIEHTDPAIMU BAKAHCHI KO3(DMOUITUEHTHI
auddy3un KUCI0posia BIOIL OCeit @ W ¢ B METOJE
JIsHMaHa ONUCHIBAIOTCS CJIELyIOINMU (DOPMYJIAMU:

_ 2FA(2FA —i—FB)

D/
4gTa+Tp 7

a

(8)

D.=c*Ta+Te), (9)

rie I'; — yacToTa IepecKoKa aroMa KHCJIOPOJIa BIOJIb
myru i (5).

Kosddbummentor muddysun kuciopoma B TiO9
BIOJIb JIBYX KPUCTAJIOrPADUIECCKUX HAMPABICHUH,
paccunTaHHblE MeTOJOM JISHIAMaHa, NPUBEIEHBI Ha
puc. 2a. 37ech Ke TPEACTABICHBI DPE3YJIBTATHI CTa-
TUCTHYECKOro 1oaxoia [23]. Bumno, uro oba merona
JIa0T OJIN3KUE PE3YJIbTATHI, IIPU 3TOM SHEPIUsl aKTUBa-
1 y3un BAOIL 000X KPUCTALIOTPAMDUIECCKIX
HarmpaByieHuit paBHa 1.18 3B B merome Jlsuavmana u
1.17 3B B cTaTuCTHYECKOM IIOIXO/IE.

3.2. Biausinne KOHIEHTPAIMU BaKaHCUI Ha
ko3 Puriuent auddy3un

JIjis1 ONEHKM KOHIIEHTPAIMHA KUCJIOPOIHBIX BAKaH-
CHil UCHOJIB30BAJICS TI0/IXOJI, OLIMCAHHBIH B padore [27].
B pamkax JaHHOIO IMOJXOJ[a KOHIIEHTPAIS BaKAHCHI
3aBUCHUT OT TAPIMAJIBLHOTO JABJIEHUsI KUCJIOPOJIA, TEM-
neparypsl, 3apsjaa Bakancuu u sueprun Pepmu. Huzke
NIPUBOJISITCS PE3YJIBTATHI, TOJIYUYEHHBIE I (PUKCUPO-
BaHHOTO Napnuanboro Aasaenus Oy (In(P(0z)/PY) =
—20). Paccunrannpie xoadduimentsr auddysuu
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Puc. 2. (B ugete oHnaiin) KoadpdbuumenTtsl gudpcpysum D, un
D. B TiO2, paccyntaHHble meTogom JIaHgmaHa (cnaowHbie
W WTPUXOBbIE KPacHble ANHUN), B COMOCTAaBIEHUN C PE3Ysb-
TaTamu, MOJyYEHHBIMU B PamMKax CTaTUCTUYECKOro Mogxona
(cnnowHble n WTpuxoBble crHMe NUHNUK), Be3 yHeTa KOHLEeH-
Tpaumu O-akaHcuii (a), a Takke C y4ETOM KOHLEHTpaumm
O-BakaHCNil B CPaBHEHNM C SKCMNEPUMEHTAbHBIMU JAHHBIMY
(6): 1 — [24] 6bicTpbiii MexaHu3m Dy, 2 — [24] BbicTpbIii Me-
xaHusm D., 3 — [24] mepnenHbiii mexanusm Do, 4 — [24]
MeaneHHbili mexanusm D., 5 — [25], 6 — [26] npupoaHbiii
pyTun, 7 — [26] cuHTe3npoBaHHbIA pyTUn

BJIOJIb OCEil @ U ¢ B OKcuJie ¢ yaeToM KoHrentparmn O-
BAKaHCHU MIPEJICTABIEHBI Ha puc. 26. BumgHo, aTo Teo-
peruteckne KodbdurmeHTsl Auddy3un HAXOIATCS B
XOPOIIeM COTJIACUH € IKCIIEPUMEHTOM [24] 1y1st MeiiieH-
HOTO TudDY3MOHHOTO MEXAHU3MA, HO OHA MEHBIITE FKC-
[epUMEHTAJILHBIX 3HadeHuil u3 paborsr [25]. Tlocen-
HUE HaXOJISITCS B XOPOIIEM COTJIACUU C PE3YIbTATaMU
pabornl [24] ayis GeicTporo auddy3nOHHOrO MexaHu3-
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Ma. OTMETHM, YTO IKCIEPUMEHTAJBHBIE PE3YJIbTaTHI,
[OJIyYEHHBIE IS TPUPOJHOTO U CHHTETUIECKOrO Py-
tita [26], oTsmuatorest ot pesynbraTos [24, 25| mHakio-
HOM KpuBBIX. [lOHMKEeHNEe 9HEPIUHM aKTUBAIIMNA KUCJIO-
poauoit nuddysun arops [26] cBasbiBaOT € OTKU-
TOM PyTHWJIa B BOJIe TIPH BBICOKUX Temieparypax. Or-
MeTuM, 9T0 AudPy3ust KUCTOPOIa B PAMKAX MEXK/I0-
Y3€JIbHOIO MeXaHu3Ma u3ydajach B pabore [28], npu
9TOM PACCMATPUBAJIACH MUTPAIMS JBAXK I HOHU3UPO-
BAHHOTO aToMa Kucjopoga. Vurtepecto, uro muddy-
suBHOCTE O? -HOHA YIOBJIETBOPUTEILHO COTTIACYETC C
pesysbraramu [24] myis 6picTporo audHy3uOHHOro Me-
XaHU3Ma. DTO TMO3BOJISIET PEIITOIOKATH, YTO MeJIJIeH-
HBIM U OBICTPBIN MexaHu3Mbl Aud@y3un COOTBETCTBY-
0T BAKAHCUOHHOMY W MEXKJI0Y3€TbHOMY.

CorjlacHO HaCTOANIUM pacderaM KO3 PUIMEHTHI
muddysun kuciaopoma B TiOg Bmoaw oceit a u ¢ B Me-
Tojie JIsHIMaHa OMUCHIBAIOTCS CJeTYIONIUMUI (GopMyJIa-
MU:

D, =0.178 - 10 % exp(—3.23/kpT) m?/c, (10)

(11)
rine kp — mocrosHHas BoabnMana, a T — Temmepary-

pa.
B crarucruueckom moaxome 3TH KO3(DDUIIMEHTHI

D, =0.484-10 % exp(—3.23/kpT) m?/c,

PpaBHBIL
D, = 5.68-107%exp(—3.22/kpT) M?/c, (12)
D, =8.63-10"%exp(—3.22/kpT) m?/c. (13)

Kosdbduimenr anuzorpormu jgubdysuun D./D, B
meroze JIsuamana (2.7) cylIecTBEHHO BhIINE, €M B CTa~
TucTuueckoM 1oaxoze (1.5); u yaoBaeTBOpUTEILHO CO-
IJIACyeTCs C IKCIEPUMEHTAJBHBIM 3HadYeHneM 3.1 st
MeIeHHOTO MexaHn3Ma auddysun [24].

3.3. Bausgaue npuMecu Ha KO3 puUiimeHT
Aubdysun

s ydyera BAUSHUS TpuUMecH B MeToje JIsmama-
Ha HEOOXOJIMMO YBEJIUYUBATH STYEUKH, ITOOBI JOCTHIh
HYKHOI KOHIEHTPAIMN IIPUMECH, YTO YBEJIUIUBAET
Pa3MEpPHOCTb MATPHIL @[;(u) u p(k) m ycnoxuser mo-
JIydeHWe aHAJUTHYIECKUX BbipakeHuit mis D. B aToit
CBSI3M HCIIOJIb30BAHNE CTATUCTUIECKOIO METOJIA SIBJIsi-
ercst Oojiee YIOOHBIM It OIEHKH BJIMSIHUS IIpUMecei
Ha TeMuepaTypHblit Koaddunuent muddysnn. B mnan-
HOM ITOJIX0/1€ HEOOXOIMMO IIPUHSTH BO BHUMAHWE BEPO-
SITHOCTH TOT0, YT0 O-BAKaHCHS M aTOM IIPUMECH HAXO-
JISITCST B TIepBBIX coceax. OHa mpormoprnonabHa KOH-
IIEHTpaIui BaKaHCcuii u mpumMeceit. Hanbosee mpocroii

210

€HoCco0 yUIecTh HAJIMYUE IIPUMeCcell 3aK/II09aeTcs B UC-
[I0JIb30BAHUU B PacyeTax CPe/IHEB3BENIEHHBIX 3HAYEHU N
SHEPruil 00pa30BaHNs BAKAHCAU M MUTDAIIH:

2 .
Ef = g {CimpEgop(l) + (1 - Cimp)E'L]:ndop:| +
1 ! !
+ g [CimpEdop(2) + (1 - Cimp)Eundop:| ’ (14)
m 1 m 1 m
E (A) = Cimp §Edop(A) + 5 undop(A) +
+(1 - CimP)E%dop(A%

E™(B) = cimpElop(B) + (1 = Cimp) Elnaop(B),  (15)

undop
m 1 m 1
B (0) = cimp | 5 El(C) + 3 i) +

+(1 - CimP)EZ;Ldop(C)?

m
undop

rie Egop( Dn E(J;Op(2) — 3Hepruu 06pa3OBaHus BAKAH-

cun Kucjiopoga B jerupoBanaoMm TiOo B mosurnuum 1 u 2
(puc. la), qun dop — 2Heprus obpasosanus O-BakaHCHI
m m m
B HesernposannoM oxenie, B (A), ET (B), ET; (C)
m m m —
undop(A)7 undop(B)v undop(c) SHEpruym Mu-
rparyu KACJI0POJIa B JIESTMPOBAHHOM M HEJIETUPOBAHHOM
TiOy coorsercrBenno Buob myTeit A, B u C, cimp —
KoHIeHTpanus npumecu. Muoxureu 2/3 u 1/3 B dop-

myse (14) orpaxkaror Tor daxr, 4To BOJU3U IPUMECH

n

HaXOJIUTCS B JIBa pa3a O60JIbIle MO3uInit 1, 1eM mo3uInii
2. Muoxurens 1/2 B Boparkennsax (15) mias sHeprun
MUTPAIIU KUCJIOPOoJia BIoJb niyTeit A u C' obyciioien
BO3MOKHOCTBIO Auddy3un BOIN3M UK BAAJNA OT IPHU-
MECHOT'O 2TOMa, IIPUYEM UHUCJIO IIyTeH 3TUX ABYX TUIIOB
onmHakoBo. B TO ke BpeMs mepecKoK BJOIb IyTHu B
BCer/Jia IPOXOIUT BOIM3U IPUMECH.

PesynbraTsl pacyera BiusgHAS KOHIIEHTPAIUU IPH-
mecu Ha npumepe Cr u Nb Ha TemmepaTypHbIil KO3]h-
dunment quddysun B TiOy npepcraBiensl Ha puc. 3a.
OrmMeTuM, 9TO HMPUBOJATC PE3YIbTATHI, HOJIYIEHHBIE
st auddy3un KUCJI0poJia B MOJUKPUCTAJLITIECKOM
JIETUPOBAHHOM JIMOKCHIE TuTaHa. Koaddurment aud-
dy3un BBIYUCISAICH KaK CPeJIHee T'eOMETPUYECKOe OT
k03ddunmenToB quddy3un BIOJIb TPEX B3AUMHO €D~
IEHIUKYJISIDHBIX HalpaBjeHuii. Bumano, 4yro Ha Jo-
rapu@MUTIECKON IIKaje 3aBUCUMOCTH KO3 PUITIEHTa,
muddy3un OT TPUMECH OIHUCHIBACTCS JUHEHHBIM 3a-
KOHOM, YTO YKAa3bIBaET Ha JKCIOHEHIINAIBHYIO 3aBU-
cMOCTDb Kodddurimenta auddy3un OT KOHIEHTPAIIUN
npumecu. Hamu ObLIH pacCMOTPEHBI TPUMECH, KOTOPBIE
HanboJjiee YacTO YIOMUHAKOTCS B 9KCIEPUMEHTAJIbHBIX
paboTax 1Mo n3y4YeHuo KOPPO3UOHHOM CTONKOCTH Jieru-
posannoro cmsaa TiAl. Ha puc. 36 npusejens Ko-
s durmenTsr uddy3un KUCI0poaa B JIETHPOBAHHOM
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Puc. 3. (B ugete onnalin) Bnusnue koHueHTpauun npumecu

3amewerus (Cr n Nb) Ha koadbduumenT guddcbysum kucno-

poaa B nonukpucrannudeckom TiO2 (a); TeopeTudeckuii Tem-

nepaTypHblii KoappuumneHT aucbdysnn KMcnopoga B Jiernpo-

BaHHOM OKCUAE ANS KOHLEeHTpauuu npumecu, pasHol 10 aT. %
(6); 1o »e npu TemnepaType 1150 K (B)
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TiO2 kak dyHKIMS 06paTHOit TemmepaTypsl. s Ha-
DJISTHOCTH HA PUC. 36 TPEJICTABJIEHBI 3HAUEHUS KOIh-
dburmenrta quddysnn npu remmeparype 1150 K, koro-
past oka3ana Ha puc. 36 BepTUKaJIbHON JuHne. Bu-
vO0, uTo Nb, Ta, W 1 Si npuBogaT K yMEHBIIEHUIO KUC-
JiopojHoii quddysusHocTH, Toria Kak Al, Ga u Cr, Ha-
MIPOTHUB, CIIOCOOCTBYIOT MOBBITIIEHNTO UMD DY3UN KUCIO-
poma. Herarususrit addext Cr Ha KOPPOZUOHHYIO CTOM-
kocThb TiAl u, HaoGopoT, NoIOKUTEILHBIH 3 derT Nb,
W u Si 6611 HEOJHOKPATHO TIOATBEPXKIEH IKCIIEPUMEH-
TaJbHO, HAIIpEMED, B paforax [29,30] u cChUIKAX K HAM.

4. BAKJIFOYEHUE

MeTomoM IPOEKIMOHHBIX IIPUCOEIUHEHHBIX BOJIH
paccanTaHbl SHEPruu OOPA30BAHUS KUCJIOPOIHON Ba-
KAHCUW W MUTDAIMOHHBbIE Oapbepbl KHUCJIOPOJA B Jie-
rupoBaHHOM u HeslerupoBanHOM TiOg co cTpyKTypoi
pyrtmia. [lokazano, uro jermpoBanue okcuma Zr, Hf
Nb, Ta u W Bezmer K yBEJUYIEHUIO SHEPIUU 00Pa30Ba-
HUs KHACJIOPOJHBIX BaKaHCHUil, TOrna Kak BingHue Re
HEO/IHO3HAYHO U 3aBUCHUT OT ITO3UINK BAKAHCUN BOJIN3U
npuMecu. B pamkax Meroja JIsHaMana MOTyYeHbI aHA-
JINTUYECKNE BBIPAXKEHUS JJIs TEeMIIEPATyPHOIO KOd(d-
dbunmenta auddy3un BAOJb ABYX KpHUCTAIOTPadU-
qeckux HampasjeHuii. [lokazano, aro quddysus kuc-
JIOPOJIa BJIOJIb OCH ¢ WJeT ObICTpee, YeM BIOJb a. B
1eJIOM pe3yJIbTaThl pacdeTa KoddduimenToB muddy-
30U BJIOJIb JIBYX OCeil COrJIACYIOTCS C IOJIyUYE€HHBIMU B
paMKax CTATUCTUYIECKOIO TOJXO0Ja, & TaK¥XKe C IKCIIe-
pumenToMm [24] st MemienrOrO MexaHm3Ma Juddy-
3un. BriepBble n3y4eHo BiIusHUE psifia IpUMeceil mepe-
XOIHBIX MeTasioB u 3jgeMerToB IIIA u IVA rpynn ma
TeMIepaTypHbIit KoaddurmenT auddy3un KUCIOPoIa
B qmokcujie Tutana. [lokazano, aro Nb, Ta, W u Si crio-
COOCTBYIOT yMEHBINEHUIO KUCJIOPOIHON nuddy3uBHO-
cru B okcugie. [looxure bbbt 3¢pdeKT maHHbIX IpU-
Mecell Ha KOPPO3MOHHYIO CcTOWKoCThb citasa TiAl ma-
XOJUTCsI B COIJIACUU C MMEFOIIUMICST SKCIIEPUMEHTA b~
HBIMU JIAHHBIMU. B IIeJIoM TeMmIeparypHbIii Ko3hdu-
nuenT jauddysun Kucaopoia B HeserupoanaoMm TiOq
amKke Ha 7—10 TOPSJIKOB B 3aBUCUMOCTH OT TEMIIEPATY-
pbl, eM coorBercTBytomuil B citaBe TiAl [6]. Takum
obpazoM, MeTos, JIsHAMAaHA U CTATUCTUIECKUIT TTOTXOT
B COYETAHUU C METO/aMU B paMKax Teopuu (pyHKIIU-
OHAJIA JIEKTPOHHOI IJIOTHOCTH W TEOPUU TIEPEXOTHO-
I'0 COCTOSIHUS SBJISIIOTCS TOJIE3HBIM HHCTPYMEHTOM JIJIst
peltenus 3aJ1ad, CBA3AHHBIX ¢ Auddy3neit KUCI0poIa
KaK B OKCHJIaX, TAK U B CILIaBaXx.
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dunancupoBaHue. Pabora BBINOIHEHA B paM-

KaXx

rocynapcrBennoro 3saganus NOIIM CO PAH

(FWRW-2019-0031). YwucieHHBIE PACIETHI MPOBOJIH-
Jinch Ha cynepkomibiorepe CKU® Cyberia 8 Tomckom

TOCYJJTapCTBEHHOM YHUBCPCUTETE.
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