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MeTonoM 0GpalleHHOTO KPYTIIBHOTO MasTHUKA U3ydeHbl HU3KOUACTOTHOE BHYTpeHHee TpeHne Q! u
MoayJb casura G B psiie KPUCTaJUIOB, OTHOCSIIUXCS K ceMelcTBy guruapodocdara kamus: KH,PO,,
KD,PO, 0.95KH,PO,—0.05NH,H,PO,, RbH,PO,, RbH,As0, u CsH,AsO,. Ha reMniepaTypHbIX 3aBUCH -
moctsax O~ '(7) u G(T) KaK B CeTHETOIEKTPUUECKOIl, TaK U TapasIeKTPUIecKoil (azax 3THX KPHCTALUIOB
oOHapyKeH psii aHOMAJIMK, IpUPOAa KOTOPBIX OOCYKIAeTCsI.
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BBEAJEHUWE

Kpucrannel rpynnel puruapodocdara Kanus sB-
JISTIOTCSI YUCTBIMU COOCTBEHHBIMUM CETHETORJIEKTPU-
KaMHU-CEeTHEeTO3JIaCTUKaMU, B TOUKe UX (ha30BOTO Te-
pexona (®II) BO3HUKAET He TOJILKO CITOHTaHHAS IT0-
Jgpusalus P;, HO U cOHTaHHas AedopMaius X,
KOTOopasl SIBJISIETCSI paBHOIIPaBHBIM ITapaMeTPOM TIie-
pexona ¢ P;. OHU U3y4yaroTcsl NPOAOKUTEBHOE Bpe-
Msl, OOHAKO B OOJILIIMHCTBE CJIy4aeB MCCIIEIOBAHUS
MPOBOJAMJINCh WJIM B CETHETORJEKTPpUUECKO a3se,
WIA B OKPECTHOCTH cerHeToajiekTpudeckoro PII.
B nocnennue rombl 6odbIIOe BHUMaHUE YOEISIOCH
HCCIENOBAHUSM Pa3IUYHbIX (PU3UYECKUX CBOMCTB:
BJIEKTPOIPOBOAHOCTH [1, 2], AM3JIeKTpUUYECKOit Mpo-
HUIIaeMOCTH [3, 4], TeIJIOBBIX M PEHTICHOBCKMX T1a-
paMeTpoB [ 5], cyllepuoOHHOI TPOBOAUMOCTH [2, 6, 7]
KPUCTAJJIOB 3TOM TIpynnbl Bblmie Touku Kiopu
BILIOTH IO TEMIIEpaTyphl pasioxeHus. [1pu aToM 1mo-
JIydeHBbl JOBOJIBHO TNPOTHBOPEYMBBLIE PE3YJIbTAThI.
Hwu3kouyacToTHBIE aKyCTUYECKME CBOMCTBA, BHICOKO
YyBCTBUTEJILHBIC K CTPYKTYPHBIM NEPECTPOMKaMm, B
[8—10] n3yyanuch JUIIb HAa HEKOTOPBIX KpUCTaJIaX
STOM TPYIIIIHI.

ITosToMy B IIpOoAO/KEHNE BBLIIIOJIHEHHBIX paHee
WCCJIEIOBAaHUI B JaHHOI paboTe IMpOBEACHO M3yde-
HUE OCOOEHHOCTE HM3KOYACTOTHOTO BHYTPEHHETO
tpeHusa Q! u monmyna coBura G B psne KPUCTAILIOB
cemeiictBa aurunpodocdara kanmus: KH,PO, (KDP),
KD,PO, (DKDP), 0.95KH,PO,—0.05NH,H,PO,
(KADP-5), RbH,PO, (RDP), RbH,AsO, (RDA) u
CsH,AsO, (CDA) nipu pa3jiM4YHbIX BHELITHUX BO3/1€Ti-

CTBUSIX B IIMPOKOM UHTEpBAJIe TeMIIepaTyp, OXBAThI-
BalOIIeM KaK CErHETO3JIEKTPUUECKYI0, TaK U Tapa-
BIIEKTPUYECKYIO (hasy.

METOIMNKA S5KCITEPUMEHTA 1 OBPA3LIbI

HMccnenyeMble MOHOKPUCTAUILI BbIpallleHbl M-
HaMWYECKUM METOJOM W3 TEePEHACHIIIEHHbIX BOI-
HBIX pPacTBOPOB MpPU PETYJIUPYEMOM TMOHUXEHUU
Temreparypsbl. s uamMepeHuit BHyTpEHHEro TpeHUsI
METOIOM KPYTHUJIBHOTO MasiTHMKA UCIIOJIb30BaJIU 00~
pa3siibl B hopMe MPSIMOYTOJIBHBIX OPYCKOB pa3MepoM
20 X 2 X 2 MM (IIMHHASI CTOPOHA 00pa310B HAIlpaB-
JIeHa BIOJIb KpucTajorpadudeckoit ocu X), BbIpe-
3aHHbIE U3 OMHOPOJIHBIX yYaCTKOB KPUCTALTUYECKUX
OyJIb C MOCJIenyIoleil ITOIUPOBKOI HA BIAXKHOM TKa-
HU. B aTOM ciiydae ripu KpydeHUU B MasITHUKE 00pa3-
LIOB X-OpHe€HTallu1 B HUX BOBHUKAIOT MEXaHUYECKUE
HampsiKeHUsl, COMNpPSIKEHHbIE CO CIIOHTAaHHOW Jie-
dopmaiiueit xg.

BHyTpeHHee TpeHue Q' u monmynb casura G us-
MEPSIIA C TIOMOIIBIO YCTAHOBKM, CKOHCTPYMPOBAH-
HOI1 Ha OCHOBE 0OpAaIlleHHOTO KPYTUJIBHOTO MasiTHU -
Ka U moapoOHo omnucaHHoit B [11—13]. M3MepeHus
npoBoaman Ha 4Jactore ~5—20 I mpu amrumaryme
nedpopmaunu ~5 X 1073, B kauecTBe MEPBI BHYTPEH-
HEero TPeHUsI BBIOpaH JorapupMuIecKuii JIeKpeMeHT
KoJieOaHUIi, IeJIeHHbII Ha T. [TorpelrHoCTh u3Mepe-
uuit Q! cocrasiana He 6oisiee 10%, MOLYJIS CIBU-
ra G — He 6onee 5%. YcTaHOBKA TO3BOJISLIA TaKXKe
U3MEPSATHh B KPYTWJIBHOM MAaSITHUKE YIrOJl CIIOHTaH-
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Puc. 1. TemnepaTypHble 3aBUCUMOCTU BHYTPEHHETO
TPEHUS Q_l (1), monyns cnura G (2) v yrjia CIOHTaH-
HOro 3akpyuuBaHusa @ (3) mia kpucrawios KDP (a),
DKDP (6) u KADP-5 (B).

HOTO 3aKpy4yuMBaHWS (O, oOpas3lia Mpu WM3IMEHEHWU
TeMIIepaTyphbl U aBTOMATUYECKHU 3aTChIBATh KPUBbIE
¢,(7T) Ha TByXKOOPAWHATHOM CaMOITHCIIE.

ITpu n3mMepeHUsIX oOpaslbl ITIOMEIIAIN B TEPMO-
CTarT, Ie TeMIIepaTypy MOAIEePXKUBATIA U U3MEPSLIHU C
norpemHocThIo He 6oee 0.3 K.

OKCITEPUMEHTAJIBHBIE PE3VJIBTATbBI
N X OBCYXJAEHHWE

Ha puc. 1 nna xpuctaiuioB KDP, DKDP u
KADP-5 npencraBieHbl TeMIIEpaTypHbIE 3aBUCUMO-
CTU BHYTpeHHero TpeHus Q' (kpusble 1), MomyJsi
caura G (KpuBble 2) U yrjia CIOHTAHHOTO 3aKpy4u-
BaHUs @, (KpuBble 3), Ha pUC. 2 — T€ XK€ 3aBUCUMOCTHU
st kpuctauioB RDA, RDP u CDA cooTBeTcTBEHHO.

Ha oGoux pucyHKax B 1uana3oHe TeMIIepaTyp OT
—200 go +200°C 3aBucumoctu Q~'(7) u G(T) numeror
JIOBOJILHO CJIOKHYIO (popMy. CIEKTp MEeXaHUYECKUX
KOJIeOaHU KPUCTAJIJIOB COAEPXKUT CEPHUIO XOPOIIO
BBIPAXXEHHBIX NMMKOB O~ ! Kak B CETHETO3JIEKTpUYE-
CKOI, TaK 1 B ITapasJieKTpudeckoii pasze. [1pu Temmne-
patypax PI1 nukamM O~ 'cOOTBETCTBYIOT U3MEHEHUSA
(cmsryeHue) Monyns capura G. st mpocTOThl 00-
cyxneHuda nuku Q! mociuenoBaTeaIbHO 0003HAYEHEL

oykBamu A, B, C, D, E, Fu H. KpaTtko o0cyaum IIpu-
poLLy MMKOB BHYTPEHHETO TpeHUsI Ha KpuBbix O~ (7).

IInkn A. Ha puc. 1, 2 muku A BHyTpeHHETO TPEHUSI
COOTBETCTBYIOT TeMIlepaTypaM, IIpU KOTOPBIX TIpU
oxJlaxaeHun Huxe Touku Kiopu mocne obGiactu
BEChbMa BBICOKUX 3HAUYEHMIA AUIIEKTPUUECKON MpPo-
HUIIAEMOCTHM HaOJIIONaIOCh €€ Pe3KOe YMEHbIIIEHUE
[14—16]. DTO ABNIEHME TTOIYINIIO Ha3BaHHE “3aMopa-
XKUBaHUS” MTOMEHHOI CTpyKTyphl. [1lpu Temrmepary-
pax, COOTBETCTBYIOILIMX IUKY A, TaKXKe 0OHaPYKEeHbI
POCT KO3PLUUTUBHOTO Mo [15] 1 MakCUMyMBI TaH-
reHca yrja AudjaeKTpudeckux norepb [16, 17]. Bbi-
CKa3bIBAJIMCh TIPENTOJOXKEHUSI O CYIIECTBOBAHUM B
9TOil 00JIacTU TeMmepaTyp JUOO M30CTPYKTYPHOTO
®DIT [18], mubo PII, npouCXOAIIErO B JOMEHHOM
creHke [19]. OngHako KajlopuMeTpuIecKue UCCiaeno-
BaHUS BIUIOTH J0 rejveBbIX TemIiepaTyp [14] He 00-
HapyXuian o0beMHOTO cTpyKTypHOTo @I mpu teM-
neparypax BOJIM3M nuka A.

BoabLIMHCTBO aBTOPOB CBSI3BIBAIOT 3P EKT 3aMO-
paXkrBaHUSI JOMEHHOM CTPYKTYPhI C UICUE3HOBEHUEM
JIOMEHHOTO BKJIaJa B pe3yJibTaTe pe3KOro yMeHbIlle-
HUSl TIOABVMXKHOCTU JOMEHHBIX rpaHull. [lpuuunHa
MocjeIHero — MpeaMeT JUCKYCCUil, U B IUTepaType
HET €AMHON TOUKU 3pEHUS] Ha IPUPOAY JAHHOTO SIB-
JIeHUs1. B0 npemnioXkeHo HECKOJILKO MOJENe IJIsl
o0BsICHEeHUS 3 deKTa.

Bo Bcex mopensix mosararor, 94To 3¢ PeKT 3aMopa-
KMBaHUSI TOMEHHOMN CTPYKTYpPbl MMEET MUKPOCKO-
MMAYECKOE IIPOUCXOXKICHUE U CBI3aH C OCOOCHHOCTSI-
MU CTPOEHMSI TOMEHHBIX CTEHOK B KPUCTaJIaX IPYII-
nel KDP. TIpu stom npoliecchl, Npoucxonsiiue B
CTEHKE, MPEINOoJaraloTcsi HeCKOJIbKO pa3IUnYHbIMMU.
Hanpumep, B Mmomenu [20] cuuTaercs, 4To IIpU TeMIIe-
parype 3amMopaxKMBaHUS M3-3a IMpeKpalleHus TyHHe-
JIMPOBaHUSI TIPOTOHOB U3MEHSIETCS KOH(UTYpaIus
CTEHKHU Y MPOMCXOIUT CYKEeHME TOMEHHBIX TPAHUILL A0
pasMepa dieMeHTapHoit sueiiku. B [16] paccMarpuBa-
€TCSl TUHHUHT JOMEHHOM CTEeHKM KPaeBbIMU TUCIIO-
KallMsIMU, IIPUBOISIINI K pE3KOMY YMEHBIICHUIO €€
noaBuzKHOCTH. B [21] 3aMopakuBaHie JOMEHOB CBSI-
3bIBAIOT C MpeKpallleHUEM NepeoprueHTAUY U0 b-
HBIX KJIACTEPOB B IOMEHHOI CTEHKE M3-3a MCUYE3HO-
BEHUS IIPOTOHHOTO Oecriopsinaka, a B [ 14] — c u3amMeHe-
HUEM CTPYKTYPbl CTEHKH B pe3yJIbTaTe MpeKpalieHus
IIEPECKOKOB IMPOTOHOB HAa BOMOPOOHBIX CBS3SIX,
OKOHYATEJIbHO YIOPSIOUYMBAIOIIUXCS B OTHOM U3
MUHUMYMOB. OTMETHUM, UYTO pa3M4YHbIe MOMACIU,
onuceiBaiomue 3¢pEKT 3aMOpaKBaHUS, HE IPOTU-
BOpeYaT, a OONIOJHAIOT OPYr Apyra W OIMCBIBAIOT
CTOPOHBI OTHOTO U TOTO Xe (PU3UUYECKOTO SIBJICHMUSI.

3aMopaXuBaHUEe JOMEHHOM CTPYKTYPhl HAXOIUT
MTOATBEPKACHUE U TIPU U3MEPEHUIX TEMIIEPaTypPHBIX
3aBUCUMOCTEI BHYTpeHHero TpeHus Q! (kpusble /
Ha puc. 1, 2) 1 yIja CIOHTAHHOTO 3aKPyYUBaHUS @
o6pa3uoB (kpuBble 3 Ha puc. 1). 13 000X pUCyHKOB
cJIelyeT, 4TO IIPU TeMIleparypax, 0am3kux K —185°C
B KDP u —160°C B DKDP, HaGat01a10TCS IBHO BbI-
KPUCTAJJIOTPA®US Ne 5
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Puc. 2. TemriepaTypHble 3aBUCUMOCTUA BHYTPEHHETO Tpe-
HUS Q_l s kpuctauioB RDA (a) 1 RDP (0), a Takke
o1 (1) u monyist cnpura G (2) nist kpuctauia CDA (B).

paxeHHbIe UK O~! 1 cKaYKOOOpa3HOE YMEHbIIIE-
Hue @, [TocKoMbKY KpyTUJIBHBIIT MOMEHT B MTOJIUIO-
MEHHBIX 00pa3liaX CErHETORIEKTPUKOB BO3HUKAET B
pe3yabTaTe BOSHUKHOBEHMUS U MEPECTPONKMU JOMEH-
HOM cTpykTyphl [12, 20], HabGaomaemoe pe3Koe
YMEHBIIIEHWE YTJIa 3aKPYYUBaAHUS (), CBUNETETHCTBY -
eT O CYIIECTBEHHOM 3aMeIJICHUM CKOPOCTHU IBUKE-
HUAg JOMCHHBIX T'PaHMII.

IIuku B. Ha puc. 1, 2 nuku B BHyTpeHHEro Tpe-
HUs (KpuBble /) HAOIOOAIOTCS IS BCEX M3YYSHHBIX
KPUCTAJLJIOB BOJIM3U TeMIEepaTypbl CErHETONEKTPU-

geckoro DI u3 TeTparoHanbHOI 4 2m B OpTOPOMOU-
yeckyo mm?2 ¢da3y. OHU COIIPOBOXIAIOTCS 3aMeT-
HBIM CMSITYEHUEM YIIpyroro MoayJisi G (Kpusbie 2) 1
OBICTPBIM POCTOM yTJIa CIIOHTAHHOTO 3aKpydHWBa-
HUS @, 00pa3loB MPU OXJIAXAEHUU B cerHerodasy
(puc. 1, kpuBble 3). DKCIIepUMeHTaJIbHO YCTaHOBJIE-
HO [8, 22—24], 4TO BHICOTa IMKa B yBeIMYMBaETCSI
MPOINOPLUUOHAIBHO CKOPOCTH U3MEHEHUSs TeMIiepa-
TYpbI 1 0OpaTHO MPONOPLIMOHATIBHO YaCTOTE KOJieha-
HUi o6pa3siia. [1pu n3oTepMUIecKoil BEIIEPKKE 00-
pasna npu Jo0oit TeMriepaType B 00JacTU IMKa B
BHYTpEHHEE TpeHHe YMEHBIIAaeTCsl CO BpeMEeHEM 110
SKCIOHEHIIMATbHOMY 3aKOHY. JIJIst OOBSICHEHMS TT0-
JIyYEHHBIX 3aKOHOMepHOCTel Q! pa3paboTaH Mexa-
HU3M [23], ocHOBaHHBINM Ha (IYKTyallMOHHOM Xa-
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pakTepe 3apoXIeHUSI HOBOI (paspl BelllecTBa MHpU
®DIT nepBoro pona. B [23] npenmoiiaraercsi, 4To 00-
pa3oBaHue HOBOI1 (ha3bl IMIPOUCXOIUT B Pe3yJIbTaTe
paspacTaHus 3apoAbIIeii 3aKPUTUISCKOTO pasMepa,
GIYKTyallMUOHHO BO3HMKAIOIINX B 00JJaCTU pa3MbI-
toro ®PI1 Ha TOATOTOBJIEHHBIX MECTaX MAaTePUHCKOMN
da3pl. BenrnunHa 1 3Heprusi KpUTUIECKOTO 3apO0-
IbIIIa U3MEHSIOTCS IO IefiCTBMEM BHEIIIHETro Me-
XaHWYECKOTO HAIIPSKEHMsI, YTO M3MEHSIET CKO-
pocTh obGpa3zoBaHUsI HOBO# (pa3bl U MPUBOIUT K
BO3HUKHOBEHUIO HEYIIPYroi aedopmaliuv U moTe-
PSIM MEXaHUYECKOM SHEPTUHU, 3aBUCSIINM OT CKOPO-
CTU U3BMEHEHHUSI TeMIIepaTyphbl U YACTOThI KOJIeGaHUit
obpasiia.

TepmonmaamMmdeckuii pacuet [23] maeT ciemyro-
1lee BBIpakeHWe IS BBICOTHI IMKA BHYTPEHHETO
TPEHUSI:

2.
0, =2mGPE™ (1)

kTo
rae G — MOIYJIb CABUTA, B — 3 deKTUBHBIIA 00BEM
KpuUTHU4deckoro 3apopsniima, m = V/AT — cKOpocCThb
®IT (V — ckopocTh uaMeHeHus1 TeMIiepaTtypbl, AT —
mupuHa nuka Q~'), k — nocrosnHaa BonbuMana,
T — Temrieparypa, () — 4acToTa KojebaHuit oOpasia.

ComnacHo (1) Beicota nuka Q~! mponopLroHab-
Ha ckopoctu @I (ckopocTr V M3aMeHeHUsI TeMIIepa-
TyphI) 1 0OpaTHO MPOIIOPLIMOHAIBHA YACTOTE (), UTO
XOPOIIIO COIJIACYeTCsI C 3KCIIEpUMEHTaIbHO HaOJII0-
JTaeMbIMU 3aBUCUMOCTIMU [22—24]. CrioHTaHHOE 3a-
KpyuyMBaHNe oOpa3la B 00JacTu IrKa B, o0ycioB-
JIEHHOE€ KMWHETUKOM BO3HUKAIOIIECH JOMEHHON’
CTPYKTYPHI [25], TakKe MOATBEPKAACT, YTO MUK B He-
nocpenctBeHHO cBs3aH ¢ PIT B Touke Kiopu. Takum
obpa3oM, MUK B 10CTaTOYHO XOPOIIO OOBSICHSETCS
(GIIyKTyallUOHHBIM MEXaHM3MOM BHYTPEHHEIro Tpe-
Hus [23].

Iuxku H. Ha temniepatypHbIX 3aBucumoctsix Q~'(7)
u G(T), monyyeHnbix mis Kpuctauia DKDP (puc. 16),
B CETHETORJICKTPUYECKOM (pa3ze MeXIy ITMKOM A, CBSI-
3aHHBIM C “3aMOpakMBaHUEM”’ NTOMEHHOI CTPYKTY-
pbI, U TIMKOM B, CBSI3aHHBIM C CETHETO3JIEKTpUYC-
ckuMm @I, HabmrogaeTcs elle onuH NuK — H, oTcyT-
CTBYIOIIIMIA B HOMMWHAJIBHO YMCTBIX KpUCTALIAX
rpynnibl KDP. [TogoGHbIE TMKM BHYTPEHHETO TPEHUS
HaOJIIoHaIMCh HIKe TeMItepaTypbl Kiopu B KpucTamnax
KDP co crienuaibHO BBeIeHHBIMU Aedektamu [24,
26]. Hannune nuka H B 3TUX paboTax OOBICHICTCS Cy-
IIIECTBOBAHMEM peJIaKCallMOHHOIO Ipolecca, 00y-
CJIOBJIEHHOTO B3aumoeiicTBueM 90°-HbIX TOMEHHBIX
rpaHMUIl C TOYSYHBIMU OedeKTaMU, ITOCKOJIBKY ITNK
HaOII0gaeTCsT B CETHETORIEKTpUYECKOil (ase, a ero
TeMIlepaTypHOEe IOJOXEHWE 3aBUCUT OT YaCTOTHI,
KpPOME TOTO, €ro BEICOTa CYIIIECTBEHHO YMEHBIIIAETCS
B YCJIIOBUSIX IIPMJIOXKEHHOIO ITIOCTOSIHHOTO 3JIEKTPH-
YECKOTO IMOJIsl. DHeprusi akTUBALMU Tpoliecca pe-
JJakcauuu uMmeeT Benuuuny ~0.15 3B, uTo gocraTou-
HO OJIM3KO K BEJIMYMHE SHEPruy akKTUBAlLIMM, ITOJIY-
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yeHHOil B [24, 26] mis penakCallMOHHBIX ITHUKOB
BHYTPEHHETO TPEHMUSI, CBSI3aHHBIX ¢ TMHAMUKOI 90°-
HbIX goMeHOB. I[lo-Buaumomy, HaOIOOaeMbIA B
DKDP penakcanmoHnHsbIi K H Takke 00ycIoBIeH
BJIEKTPOCTATUYSCKUM B3aMMOJEHCTBEM TOMEHHBIX
rpaHMI] C TOYECYHBIMHU JIe(PEeKTaMU.

IImku C. B uccieqoBaHHBIX KpucTauiax muku C
Haomonanuck B KDP (puc. 1a), KADP-5 (puc. 1B),
RDA (puc. 2a) u CDA (puc. 2B) npu TeMreparypax
MapasJIeKTPUIECKOTO COCTOSIHUSI, CJIE€AOBATEJIbHO,
X IPOUCXOXIEHNE HE CBI3aHO C COCTOSIHUEM U JIv-
HAaMMUKOM TOMEHHOI CTpYKTyphl. MIX Hajnudue Ipu
usMepeHuax Q' Ha MUH(PAHU3KUX YACTOTaX U OTCYT-
CTBHME HA YacTOTaxX KWJIOTEePIeBOTO AMara3oHa I103-
BOJISIIOT CUMTATh, YTO OHU MUMEIOT peJlaKCallMOHHbBIA
xapakrtep. [Ipupona MexaHUYEeCKUX TTOTephb B 00J1a-
ctu tuka C nU3ydeHa nmoka HegoctatouyHo. ComracHo
[27] pemakcammOHHBIHM TIpOIIeCC, 00YCITOBINBAIOIINIA
MeXaHU4ecKUe MoTepu B obsactu nuka C Ha 4yacTo-
TaxX NOpsaKa HECKOJIbLKUX Iepll, MOXET OBITh BbI3BaH
TaKUMM crHenuudecKuMu aedekraMu, KakK pac-
LIeTIJIeHHbIE BOAOPOMHBIE CBSI3U B KpUCTaJLIaXx.
IIpenmomaraercst [28], 4TO B 3TOM ciiy4yae IIOI Jeii-
CTBMEM BHEIIHUX MEXaHWYECKUX HaIPSDKeHUM B
KpUCTaJlJile BO3SHUKAIOT KOPOTKOXUBYIINUE BJICKTPU-
YyeCcKHe AUIIOJNM TUIla “IPOTOH B MEXIOY3JIMM—Ba-
KaHCHUSI”, KOTOpPbIE MOTYT YIOPSIIOYMBATLCSI M3-3a
2JIEKTPOCTAaTUYECKMX B3aUMOICHCTBUIL. 3aTeM B CU-
cTeMe HauyMHaeT YCTaHaBIMBaTbCSI paBHOBECHE, T.C.
MIPOMCXOMUT MEXaHWYecKasi pejakcalusi, OTBET-
cTBeHHas 32 MUK C BHYTPEHHEro TPeHMUsI.

IImkn D. DT UKW BHYTPEHHETO TPEeHUS ObLIU
BBISIBJIEHBI BO BCEX MCCJIENOBaHHBIX KpHUCTaiax
(puc. 1, 2). Ha pucyHKax MOXXHO BUIETh, UTO MUKY D
BHYTpPEHHETO TpeHUs Q! COOTBETCTBYET CMATYEHE
Monynst cnura G, xapakrepHoe 1is1 PI1. Dkcriepu-
MEHTBI TTOKa3aJiu, YTO BbICOTa MuKa D 3aBUCUT JIU-
HEHO OT CcKOopocTHM HarpeBa KkpucrtamioB KDP
(puc. 3a) u CDA (puc. 4a) u o6paTHO MPOMOPLINO-
HaJIbHO — OT 4acTOTHI (puc. 30).

[Ipu n3MepeHnU TeMrepaTypHBIX 3aBUCUMOCTE
O~' 1 G B pexxnMe HarpeB—OXJIAXKIEHNE HAOIIONAET -
csl TeMnepaTypHblIii ructepe3uc (puc. 46), cocTaBsi-
foruit ~5°C mpu cKopoctH HarpeBa ~1°C/MUH, 4TO
xapakTepHo msg @I mepBoro pona.

M3orepmuueckas BblaepxkKa oOpasia KpucTasia
CDA 1ipu pa3HBIX TeMIlepaTypax B 00jlacTy nuka D
NPUBOAUT K U3MEHEHUIO BHYTPEHHEIro TPEHUS CO
BpeMeHeM (puc. 48). BpemeHHbIe 3aBucumoct Q- '(7)
Mpu (PUKCUPOBAHHBIX TEMIIEpATypaX JOCTATOYHO XO-
POIII0 ONTUCHIBAIOTCS BhIPAXKEHUEM

o' =0+ — 0 hexp(—t/1), )

-1
rae 0, — BHYTpeHHee TpeHVE B MOMEHT BpEMEHU ¢ =

=0, Q;l — BHYTPEHHEE TPEHUE MTPU f —> °°, T — BpeMsl
peakcaum.
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Puc. 3. TemriepaTypHble 3aBUCUMOCTU BHYTPEHHETO Tpe-
Hus O mrst kpuctayuta KDP B okpectHOCcT! nuka D mipu
pasHoii ckopocTu HarpeBa: [—0.5, 2—1.0, 3—2°C/mMun
(a), pasHoit yacrore: 1-2.6, 2—5.5, 3—16.6 I'i1 (6) u pas-
HOI opmeHTauuu oopasuos: / — X-opueHranus, 2 — Z-
opueHTanus (B).

O BO3MOXHOCTM TaKOil anmmpoKCUMalluUi CBUIE-
TEJILCTBYET TOT (DaKT, YTO B MOJYJIOrapuPMUIECKUX
KOOPIMHATAX SKCMEPUMEHTATBHBIE TOYKU XOPOIIO

JIoXKaTcs Ha npsiMble IUHUU ¥ = In(Q, '_o! )/(07! —

-0, 1) = f(f) (BcTaBKa Ha pucC. 4B). YToJI HAKJIOHA I10-
JIYIEHHBIX MPSIMBIX K OCU AaeT BO3MOXHOCTb OIpe-
JeJINTb BpEMsI pejlakcaluy T, KOTOpoe MOMUMHSIETCs
ypaBHEHMIO AppeHuyca:

T = TexpU /kT), 3)

rae T, — MPeA3KCIIOHEHIIMATBHBIM MHOXUTENb, Clla-
00 3aBHUCAIIMI OT TeMIIepaTyphl, Kk — ITOCTOSHHAasI
bonbiimMana, U — aHeprust akTMBaILUU.

M3 HaKJIOHA TTPSIMBIX, TIOCTPOSHHBIX B KOOPAWHA-
tax Int =f(1/T), B cooTBeTcTBUM C (3) OIpeneeHbl
napaMeTphl pejakcalroHHoro mnpolecca U= 0.1 3B
u T, = 1.6 MuH. bonblias BentuunHa T, CBUIETENb-
CTBYET O HAJIMYMU UEPAPXUU COCTOSIHUI U CIIOXHOI
¢hopMBI TOTEHLIMAILHOIO pejibeda.
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Puc. 4. TemniepaTypHble 3aBUCUMOCTH BHYTPEHHETO Tpe-
HUSA Q_1 st kpucrasuia KDP B okpectHocTH nuka D nipu
pas3Hoii ckopoctm HarpeBa: I — 0.5, 2 — 1.5, 3 —
2.5°C/muH (a); Q_1 (1) n G (2) 1pu LUKJINYECKOM U3ME-
HeHuu TeMneparypsl (0). BpemeHHbIe 3aBUCMMOCTH Q_1
npu pasHoii temieparype: I — 25, 2—35u 3 —45°C (B).
Ha BcTaBke — 3aBUCHMOCTD Y = ln(Q(;1 - = Q;,l)/(Q’1 —

Q;l) OT BPEMEHHU.

OOHapyXeHHble 3aKOHOMEPHOCTM W3MEHEHUS
nuka D OT CKOPOCTU M3MEHEHUs TeMIIepaTyphl, Ya-
CTOTHI U BPEMEHU M30TEPMUYECKON BBIIEPKKU I10-
CTATOYHO XOPOIITO OOBSICHSIOTCS B paMKax HU3KOYa-
CTOTHOTO (IyKTyanmmoHHOro Mexanmusma miss DI
nepBoro pona [21] u onuceiBatoTcst hopmyioit (1).
Opnako ®IT npu TeMniepaTypax nuka D He ObLT 00-
HapyXeH MpU PEHTTEHOCTPYKTYPHBIX M3MEPECHMUSIX,
Mo3TOMy MayioBeposiTHO, uto PII, ecam oH cyie-
CTBYET, TIPOVMICXOIUT BO BCeM 00beMe KpHCTalia.

HccnenpoBanusa MmoHokpuctamioB KDP meTomom
MPOCBEUYMBAIOIIEH 2JIEKTPOHHO MUKpOCKONUM [29,
30] moxkazanu, 4YTO IPU KOMHATHOI TeMmIiepaType B
KDP cocymectByior nBe asnl: TeTparoHaixbHas
(MaTpuiia) u pomboudeckas (BkiodeHus). CpemHuii
JIMHEWHBIN pa3Mep BKITIOUEHUI COCTABIISIET ~5 MKM,
a 00beM BKJIIOYEHUI 110 OTHOIIIEHUIO K 00beMY KpHU-
crajia — He 6ostee 5%. I103TOMY MOXKHO MPEIIOJIO-
KWTb, 9TO MUKA D cBSI3aHBI cO CTPYKTypHBIM DI,
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IIPOUCXOOAIINM BO BKIIIOYCHMUMAX, ITPU 3TOM MaKpO-
CKonmuyeckad CUMMETpUA MaTPpUIIbl HC MCHACTCA.

Hanuuue BkitoueHuil aApyroii das3pl ¢ OpTOPOM-
Ouuyeckoii cMuMMeTpUeld mm?2 MOATBEpKIaeTcs OOHa-
PY>K€HHOI B MPOBENEHHBIX IKCIEPUMEHTAX OPUEH-
TalMOHHOM 3aBucuMocTbio O~ ! 1 G. [TUK BHYTpeH-
Hero TpeHust D HaGiiomaeTcsl TOJIbKO Ha obpasuax
X-opueHTaluu U OTCYTCTBYET Ha oOpa3lax Z-OpueH-
tauuu (puc. 38). UmenHo takoe nosegenue Q' u G
JIOJKHO OBITh B KPUCTAJLJIE CO CABUTOBOI CITIOHTAH-
HOIi nedopMalmeil Xg, TaK Kak MpuU KPy4yeHUU 00-
pa3loB X-OpUeHTALIMU B HUX BOBHUKAIOT KOMITOHEH-
Thl MEXaHUYECKOIO HAMPSIKEHUS Gs U Gg, a 00pa3LoB
Z-0pUEeHTallu1 — KOMIIOHEHTHI O5 U G,. BUnHo, 4yTo B
MocJIeAHEM clydyae BHEIIHee KPYTWILHOE HaIlpsiKe-
HUE G HE COMNpPSIKEHO C MapaMeTpoM Mepexona X,
Mo3TOMY MUK D OTCYTCTBYeT.

Bo3HukHOBeHME CKajbIBaIONIEeii KOMIIOHEHTHI
nedopmanuu xq, pyu PI1 Bo BKIIOUEHUSIX TTONTBEP-
XKIaeTcsl TaKKe CIIOHTAHHBIM 3aKpyYMBaHUEM O0-
pa3loB IIpy U3MEHEHUY TeMIIepaTyphbl B 00JIaCTU U -
ka D (puc. 1). OueHka BO3HUKAIOIIEH CITOHTAHHOI
nedopMaliu Xg, IO UBMEPEHHOMY YIJIY 3aKpy4yuBa-
HUSI TIO MeToAMKe [8] maer BenuuuHy Xxg ~ 1074
Cronp Majasli BeIMYMHA M3MEHEHUSI IIapaMeTpOB
3JIeMEHTAapHON STYeiiK1 HeJOCTYITHA A1l U3MEPEeHUI
PEHTTeHOCTPYKTYPHBIM METOIOM.

Takum 06pa3oM, COBOKYITHOCTD ITOJTYYSHHBIX pe-
3YJIbTATOB CBUIECTEIBCTBYET O TOM, UTO IMMK D COOT-
BeTcTBYeT PI1 mepBoro poma BO BKIIIOYEHUSIX.

IIukwm E. [Tvku BHyTpeHHETO TpeHUsI £ U COOTBET-
CTBYIOLIIME UM U3MEHEHUS MOAYJIs cABura G mpucyT-
CTBYIOT MOYTU BO BCEX UCCIEAOBAHHBIX KpUCTaiax
(puc. 1, 2). HanbGobliiee KOTUYSCTBO UCCICAOBAHUMA
npoBeneHo Ha Kpuctayuie KDP. OctanoBuMcst Ha pe-
3y/JbTarax, MoJy4eHHbIX JJI 9TOrO KpUCTasia.

Usmepenus Q' u G B okpectHoctr 90°C (nuk E),
BBINIOJIHEHHbIE Ha TIPEIBAPUTENIBHO OTOXKEHHBIX
npu 150°C o6pasnax X- u Z-opueHTaluit MOHOKpPU-
crauioB KDP Ha pasHbIX yacToTax, ToKa3ajiv, 4To
HaOII0gaeMbIi IPpU JaHHOM TeMIlepaType MUK SIBJIsI-
€TCSl peJlakCallMOHHBIM C 3HEprueil akTuUBallUU
~0.8 3B. B coctapeHHOM KpucTajjie Ha 3aBUCUMO-
ctsix O~ 1(7) nuk E He Habmopaics. UsMepeHus TeM-
nepatypHbIx 3aBucumocteit O~ '(7) 1pu pa3InyHbIX
aMIUIUTYyaX MEXaHU4YecKoil nedopmaiuu X,, B UH-

tepBasie oT 5 X 10~ go 1.5 X 10~* mokasanu, 4To 3a-

BUCHMOCTh BBICOTBI MAaKCUMyMa Q,;l OT aMIUIUTYIbI
JedopMallnu SIBASIETCS CTENEHHOM (yHKIIMEH ¢ Mo-
KazarejeM ~2. OTMeTUM, 4TO MUK E TIpUCYTCTBYET Ha
TeMITepaTYPHBIX 3aBUCUMOCTSIX BHYTPEHHETO TPESHUSI
IJ1s1 06pa3loB KaK X-, Tak U Z-OpUeHTALIUH.

[NomydgeHHBIE pe3yabTATHI TTO3BOJISTIOT TPEMTIOIO-
KUTh, YTO peIaKCAllMOHHBIN TMPOLEeCC, OTBETCTBEH-
HEI1 3a TIMK F, cBsi3aH ¢ TpyOouHoit nuddys3ueii, T.e.
¢ muddy3neit TodeuHbIX TedEKTOB BIOJb IUCIOKA-
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LIMM TON NeHCTBUEM BHEIIHUX MEXaHWYeCKUX Ha-
npsokeHuit. Takoit addexT HadaogaeTcss B TOM CIy-
yae, Korma 3akperuisiioline TUCIOKAI0 TOUYeUHbIe
nedEeKTHl SIBISIOTCS MOIBIKHBIMUA U MX INPy3us
BJIOJIb AUCJIOKALIMOHHOM JIMHUU TIPOUCXONUT JIeTye,
yeMm nuddysusi B oobeMme matepuana. OOHapyXKeH-

—1

Hasl 3KCTIEPUMEHTAJIbBHO 3aBUCUMOCTb (,, OT X, Ha-
XOOUTCSI B KadeCTBEHHOM CONIACUM C MOIEJBIO,
npemIoxkeHHo B [31] 1 pa3BuToii B [32], Toe mmonyde-
HO BBIpaxkeHUe IJIsI BHYTPEHHETO TPeHUsl, 00yCJIOB-
JIECHHOTO TpyOOo4YHOI nuddy3ueii:

T4 4n 2%

ALl"b"\G;

= 5 Y(1)

CkT 3

rme A — IUIOTHOCTBH AUCIIoKaluii, b — BekTop biop-
repca, C — JIMHEHOE HaTsDKeHUE nuciokauuu, L —
JUTMHA TUCIOKALMU, A — YIPYTHil MOIYJIb, Gy — Me-

0T __dn, 4)
1+ o1t

Q—l

XaHUYeCKOe HarpskeHue, | — CpeaHss UIMHA TVC-
JIOKAITMOHHOTO CeTMeHTa, Kk — TTOoCTOsTHHAsT BombIii-
MaHa, T — TeMIiepaTypa, ® — Kpyrosasl 4acTtoTa, T —
BpeMs peiakcanun, V(T) — HopMUpoOBaHHAsT Ha eIV~
HULTYy GYHKIMS pacTIpee]IeHIs BpeMeH peTaKCall.

HMcnonb3oBaB nosyyeHHoe B [32] BeIpaxkeHUe IS
koaddunreHTa TpydouHom nudhysuu

_4r
T

D, (5)
M TIONCTABUB B Hero / = 5 X 1075 cM, a Takxe omnpeze-
JIEHHOE M3 B3KcnepuMeHTta T = 1072 ¢, cmenaHa
OllcHKa KoadduuueHTa TpyOouyHOl Auddy3uu
D, =4 x 1078 cm?/c. IMonaras, uto B kpucramie KDP
3aKperieHUe TUCIOKALMU OCYIIECTBISIETCSI TPOTO-
HaMU, Koa3dduumeHT o0beMHO nuddy3nnu KoTo-
PBIX TIPU TeMIIepaTypax Imuka £ nMeert Bemauny D =
=~10"1 ¢cm?/c, T.e. HA MHOIO ITOPSIKOB MEHBIIE,
YyeM OlLleHEeHHas BeauuuHa D,;, MOXHO CUUTATh, YTO
HabJogaeMble B SKCIepUMEHTe MUKW E MOryT OBITh
CBsI3aHBI C TPYOOUYHOM T (Py3meit TOUeUHbIX 1e(PeK-
TOB BIOJIb AWCIOKALIMM IIOI OEHCTBUEM BHEILIHUX
MEXaHUYECKUX HAIIPSIKEHUIA.

IIuk F. ITuxk F Ha puc. 2B JOKaJIM30BaH B BEICOKO-
TeMmIiepaTypHoii objacTu, Iae paHee HaOJIOAATHCH
aHOMaJIWM B TMOBEACHUM MHOTUX (DU3NYECKUX
CBOWCTB (3JIEKTPOITPOBONHOCTH [ 1, 2], muanekTpude-
CKOI1 mpoHuLaeMocTu [4, 6, 33], cieKTpoB u3Iyde-
Hust [34, 35], auHelHOro pacmupeHus [36] u op.).
B HacTosi11ee Bpemsi cCUMTaeTcs, UTO B JAaHHOI 001a-
CTU TeMIepaTyp JIMOO CYlLIIECTBYIOT BHICOKOTEMITEpa-
typHbie DI1, 06ycIoBIEeHHBIE U3MEHEHUSIMU B BOJIO-
POIHBIX CBA3SIX |34, 36], 1100 IIPOUCXOINT TEPMUYE-
CKOE€ WIM XMMHUYECKOe pa3IoXXeHue Kpuctaua [3, 5,
7]. Ormetum, uto B kKpucramiax KDP u DKDP ano-
MaJIiM B TEMIIEPATYPHOM ITOBEICHUN MOIYJISI CIBUTA
U BHYTPEHHETO TPEHMUSI COIMTPOBOXIAIOTCSI HEOOpaTH-
MbIMU U3MEHEHUSIMU, KOTOPHIE TIPOSIBISIIOTCS B U3-
MEHEHUHU LIBeTa KpucTa/uia (Mocje HarpeBa BbIIe

TeMIIepaTyphl IePexo1a OHMU CTAHOBSITCS OCJIBIMU) U
MOSIBJIECHUM MUKPOTPEIIMH. B HEKOTOpBIX cliydasix
BBICOKOTEMIIEPATYPHBII HATPEB COIIPOBOXKIAJICS ME-
XaHUYECKMM pa3pylIeHUEM KCCIIETYEeMBIX KpUCTal-
JoB. TlosgBiieHe HeoOpPaTUMBIX U3MEHEHUI B KpHU-
craiax KDP u DKDP MoxeT ObITh 00YCITOBIEHO
TEPMUYECKUM Pa3I0KEHHEM, CBSI3aHHBIM C JTUTH]I-
paranuei Kpucrajia, Kak 3To Habdmonaiaoch B KDA
[3], RDP [7] u KDP [5, 37].

ITpu usMepeHusIX TeMnepaTypHbIX 3aBUCUMOCTE
BHYTPEHHETO TPEHUSI U MOAYJISl CABUTAa B KpUCTaJlie
CDA B okpecTtHOCTU KA F (pUC. 2B) BUOUMBIE HE-
obpaTnMble U3MEHEHUS 00pa3lioB HE BO3HUKAJIN, U
MOJTyJ4aIMCh BOCITPOM3BOAMMBIE pe3ybTaThl. Mccie-
JIOBaHUSI DJIEKTPUYECKOM IPOBOAMMOCTHU B KpUCTaJI-
e CDA 1oka3zanu: IIpH TOH 3Ke TeMIlepaType, 9To 1
IUJIsI TIUKa F, MPOUCXOAUT CKAaYKOOOpa3sHoe yBeanue-
HUE IIPOBOAMMOCTHU Ha 4 mopsiaka. [loaydyeHHbIE pe-
3yJbTaThl MCCJIEIOBAHUS IJEKTPUUECKOM IIPOBOIM-
MOCTH XOPOIIIO COIJIACYIOTCS ¢ pe3yabraTtamu [2, 37].
B [37] nannbie aHoMmanuu B CDP u RDP cBs3beiBaior
CO CTPYKTYpHBLIM (cyreprnpoTroHHbiM) PII. Tlomay-
YeHHbIE B HACTOSIIEN paboTe pe3yabTaThl UCCASI0-
BaHMsI BHYTPEHHETO TPEHMS M MOIIYJISI CIBUTA B KPU-
crayuie CDA B 007acTM BBICOKMX TeMIIepaTyp He
MPOTUBOpPEYAT MPEAIOJOKEHUIO O CYIIECTBOBAaHUU
BbICOKOTeMITepaTypHOro ®PI1, conpoBOXIaOILIErocs
MUKOM F 1 CMSITYEHHUEM YIIPYTOTO MOIYJISI.

PaboTa BeITTOTHEHA TPU (DMHAHCOBOM MOIIEPXKKE
MuHucTepCcTBa HAYKM U BBICIIIETO 0Opa3oBaHUs U B
paMKax 0a30BOI YacTU TOCYyJapCTBEHHOIO 3aJaHus
(tipoekt Ne FZGM-2023-0006).
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