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OBIIAA XAPAKTEPUCTUKA PABOTDI

AKTYaJIbHOCTH PadoThI

CrabunpHOCTh paboThl MHTErpasibHO-onTHUecKUX cxeM (MOC) Ha ocHOBe
H,Li,_,NbO3-BoanoBO10B, SIBJISIOIIUXCS 00BEKTOM HACTOSIIIETO
JVCCEPTAllMOHHOTO  HWCCIIEIOBAHMS, HMEET KIKOYEBOE 3HAYCHHE IIPU HX
skcruryatanuu. MOC na auodare nutusa (HJI) umeroT Hu3Kue onTudecKkue noTepu,
BBICOKYIO CKOPOCTh OOpaOOTKM ONTHYECKOTO CUTHAJIAa U IIUPOKYH) ONTHYECKYIO
MOJIOCY MPOIYyCKaHUsA. YKa3aHHbIE XapaKTEPUCTHUKHA IO3BOJIAIOT  IIHUPOKO
npuMeHiITh MOC B TEIEKOMMYHHUKAIIMOHHBIX CHUCTEMAx C BBICOKON CKOPOCTBIO
nepeiayn JIaHHbIX M BOJOKOHHO-ONTHYECKUX THPOCKOMNaxX, TJe HeoOXoauma
BHEIIHAS MOZYJALMS CUTHaja. B Hacrosiiee BpeMsi TaKHME€ CUCTEMBI MOTYT
nepeaBaTh JaHHbIE CO CKOpocThio Oosiee 100 I'Gut/c. PocT oOBemMa maHHBIX
OPUBOJAUT K HEOOXOAMMOCTH TOBBIIMICHHUS HAJEKHOCTH U  IPOIYCKHON
CIIOCOOHOCTH TaKUX YCTPOWCTB.

I'maBubiMu Hepoctatkamu MOC SBIAIOTCS HENMHEWHOCTh NEPEAATOYHOM
bynkuuu u npeitd padoueid Touku (PT), uz-3a wero mansa koppekuuu padotrsr MOC
HEBO3MOXXHO TMPUMEHATh IIUPOKO pacrpocTpaHeHHble cranaaptasie [1N/]-
KOHTpoJuUlepbl. Bo3HHMKaeT HEoOXOAMMOCTh B NPUMEHEHHH CHEIUATbHBIX
JpaliBepOB M TMOMCKE METOJ0B moBbimieHUs ctadbunbHoctu PT B MOC. Ot
HEJOCTaTKU MPOSIBISIIOTCS B TeueHHe Bcero cpoka ciayxosr MOC u moryr
OpUBOJUTH K owmMOKkam mnpu nepenade naHHeiX. Kpome Toro, MOC sBusercs
JOPOTOCTOSIIEN BBICOKOTEXHOJIOTUYHOM MPOJYKIMEH, MOITOMY SKOHOMHUYECKU
1eJ1eco00pa3HO UMETh KaueCTBEHHBIN BXOJAHON KOHTPOJIb IJIACTUH HUOOATa JIMTHUS
Y BBICOKHW MPOLIEHT F'OAHON IPOAYKLIHH.

Uccnenoanus crabuibHocTH padotsl MOC mpoBoauinch HEOJAHOKPATHO,
HO METO0/a, MO3BOJIAIONIETO MOJHOCThIO ycTpanuth apeid PT B HMOC He
npemyioxkeno. Kpome toro, anainsy nmoaBeprajuch KOHCTPYKIHMOHHBIE (haKTOPBHI,
pausitolne Ha Apeid PT, um coBcemM He paccMaTpuBaluCh BHYTPEHHUE
(matepuanbhbie) mapamerpsl HJI, BoiHOBOAOB 1, B kKoHeuHOM cuete, MOC.

H,Li; ,NbOs-BomHOBOMBI ~ OpMHPYIOTCS B  NPUMOBEPXHOCTHOM  CJIOE
mnactuHbl HJI ¢ rmyOunoit 3aneranus He Oonee 10 mxm. Ilocne mumudoBku u
nonpoBku miactuH HJI oOpasyercs HapylleHHBbIA NPUIIOBEPXHOCTHBIM CIION
VYkazanHele u3MeHEeHHs CTpYyKTyphl miuactuH HJI HeoOxoammo paccMarpuBath ¢
MUKPOCKOIUYECKON TOUKH 3PEHHUsSI KaK YBEIMUYEHHUE YMCIIa TOUCUHBIX Ne(EKTOB U
nucnokarmii B oonactu H,Li; \NbO3-BoHOBOIOB, UTO sIBIIsIETCSl BAXKHBIM C TOUKH
3peanst crabunmbHOCcTH padorel MOC. VYBemuueHwe 4duciIa JAUCIOKAllMA B
TNIPUNOBEPXHOCTHOM cjoe HJI mpuBOAMT K poOCTy MOABMKHOCTH HOHOB H,
BHOCHMBIX B CTPYKTYPY KpHUCTaJlIa B X0/€ (JOpMHUPOBaHMS BOJTHOBOJOB METOIOM
npotonHoro obmena (I10). B cBs3u ¢ 3TUM BO3HUKAET HEOOXOIWMOCTH B
(GbopMHpPOBaHUN BOJIHOBOJAOB C yYE€TOM HAapYyIIEHHOTO MPUIIOBEPXHOCTHOIO CJIOS, a
Hajau4Me Jerkux myted auddys3un B 00JacTU BOJHOBOJIOB MOXET MPUBOAUTH K
CO3JIaHUIO JIOKAJIBHBIX DJIEKTPUUECKHUX TOJIEN U MIEPEPACIIPEAECICHUIO 3apAI0B IIPU
W3MEHEHUH TEMIIEPATypPhl WU NOCTOSIHHOTO BHEIIHETO HAIIPSKEHHUS.



Takum o0Opa3om, Hacrosmiass paboTa HampaBieHa HAa KOMIUIEKCHOE
HCCIIEIOBAHUE COCTOSHUS TIPUIIOBEPXHOCTHOTO ciios miactud HJI, ucnonb3yembix
npu npousBojactBe MOC, a Takke Ha YCTpaHEHHE BHYTPEHHHMX HMCTOYHHKOB
nperipa PT wa  ocmoBe  H,Li; (\NbOs-BonmHoBOmOB  masi  mosydeHus
BeIcOKOcTaOMmIbHEIX MOC.

Iear pa6GoThI. BBIABUTH 3aKOHOMEPHOCTH BIIMSHHUS  HAPYIIEHHOTO
IPUIIOBEPXHOCTHOTO cios maactud HJI Ha cTaOMiIbHOCTH pabOTHl MHTErPAIbHO-
onTr4eckoil cxemsl Ha ocHose H,Li;,NbO3-BomHOBO1OB.

3agaum padoThI:

° Pa3zpaboTaTh METOMUKY HCCICOBAHUS CTPYKTYPhI, COCTaBa M CBOMCTB
IIPUITOBEPXHOCTHOTO ¢10s tuiactud HIT;
° HccnenoBate CBOWCTBAa NPHUIIOBEPXHOCTHOrO ciosi Iwractud  HIT

(coctaB, IIEPOXOBATOCTh IOBEPXHOCTH, XapaKTep CKOJia, BHYTPEHHHE
HAIPSDKEHUS, MCXaHUYECKUE XaPaKTCPUCTUKH);

o Pa3zpaboTaTh MeTO BOCCTAHOBIICHUS CTPYKTYPhI MPUITOBEPXHOCTHOTO
ciiost minactud HJI;

o Uccnenosars apeiidgonbie xapakrtepuctuku MOC nHa ocnoe HII ¢
BOCCTaHOBJICHHOW CTPYKTYPOI HAPYIIEHHOTO MPUTIOBEPXHOCTHOTO CJIOS;

o Pa3paboTaTh TEXHMUYECKHE PEIICHUS MJisi BXOJAHOTO KOHTPOJIS
rmactuH HJI u nmoBeimenust ctabmnpHOCTH padote MOC.

HayuyHnast HOBU3HA:

1. BnepBele  ycTaHOBI€HAa W HMCCIEAOBAaHA HEW3BECTHAs  paHee
OCOOEHHOCTh CTPOEHHUS MPUIIOBEPXHOCTHOIO CJIOSl IJIACTUH HUOOaTa JUTHS,
COCTOSIIIIasi B TOM, YTO JTaHHBIA CJIOW, XapaKTEPU3YETCS MOBBIILIEHHONW MIIOTHOCTHIO
ne(eKToB, B TOM YHCIE TUCIOKAUN KPUCTAIIMYECKOTO CTPOEHUS, UIMEET YETKO
BBIPDQKEHHYIO T'PaHUIly, OTIEISIONIYI0 €r0 OT OCTAJIBHOW YacTH KPUCTAala, Ha
KOTOPOH CKaYKOM HM3MEHSIOTCS KaK CTPYKTYpPHbIE NapaMeTpbl, TaK U (HU3HUUYECKUE
CBOWCTBA KPUCTAJLIA.

2. Bnepsele  ycTaHOBiI€HAa UM MCCIEAOBaHAa B3aUMOCBA3b  MEXAY
CTPYKTYPHBIM COCTOSIHUEM IPUIIOBEPXHOCTHOI'O CJIOS IUIACTUH HUOOATa JUTHUS U
nperioMm paboyeil TOUKM HHTETpaibHO-ONTHYECKUX CXEM, HM3TOTOBJICHHBIX Ha
3TUX MIacTuHaX. [IOMHMO W3BECTHBIX BHEUIHMX (PAKTOPOB, BIHUSIOIIMX Ha
CTaOMJIBHOCTh HMHTETPATBLHO-ONTHUECKUX CXEM Ha OCHOBE IPOTOHOOOMEHHBIX
BOJIHOBOJIOB B HHMOOAaTe JMTHUS, BBISBJICH M MCCIEAOBAH JOMOJIHUTEIbHBIN
BHYTPEHHUI (MaTepuasIbHbIi) pakTop.

HpaKTI/I‘leCKaﬂ SHAYUMOCTDb PE3YyJbTAaTOB UCCJICAOBAHUA:

1. [IpensioxkeHsl ¥ anmpoOUpPOBaHbl MPAKTUUYECKUE PEKOMEHIALUU IS
BXOJIHOTO KOHTPOJIS IMJIACTUH HHUOOATa JUTHUS MPU MPOU3BOJCTBE HHTETPaIbHO-
ONTHUYECKHUX CXEM.

2. [IpensioxkeHsl ¥ anmpoOMpPOBaHbl MPAKTUUYECKUE PEKOMEHIALUHU IS
MOBBIIICHHUS] CTAOUIBHOCTH padOThl ONTUYECKUX MapaMeTpOB HHTETPaIbHO-
ONTUYECKHUX CXEM.



3. [Ipennoxensl ¥ anmpoOUPOBaHbI METOIWKH KOHTPOJS Jper(oBbIX
XapaKTEePUCTHK UHTETPATIbHO-ONITUYECKUX CXEM.

O} heKTUBHOCTh JTaHHBIX PEKOMEHJAlMi Obljla JOKa3aHa Ha OIMBITHBIX
oOpa3lax HMHTErpajbHO-ONTHYECKUX CXEM, IIOJYyYCHHBIX Ha JICWCTBYIOIIEM
npou3BoOACTBE B IlepMckoli HayYHO-TTPOM3BOJCTBEHHOW MPUOOPOCTPOUTETHHOU
koMrianuu (akt BHeapenus Nel5/0-25-a ot 12.10.2020 1.).

OcHoBHbBIE IOJIOKE€HHU, BBIHOCUMbIC HA 3aIlIUTY

— OpWTHMHAJBHBIC IKCIIEPUMEHTAILHBIC PE3YIbTAThl UCCICIOBAHUS CTPYKTYPHI
Y CBOWCTB IIPUIIOBEPXHOCTHOIO ¢ioA mactud HII;

— MeTOoA TepMHUYecKor 00paboTku mmiactuH HJI ¢ 1enpio yMeHbIICHHS
Ne(eKTHOCTU UX MPUMOBEPXHOCTHOTO CJIOS U CHUKEHUE KaK KPAaTKOBPEMEHHOTO,
TaK W JIOJTOBpeMeHHOTO JperidoB padoueit Toukn MOC Ha ocHoBe HyLi; (NbOs-
BOJIHOBOJIOB;

— MPaKTUYECKHE PEKOMEHIAIMH IO MOBBIIMICHUIO cTabmibHOCTH paboThl MOC
ua ocHose H,Li;xNbO;-BomHOBOIOB.

JIMYHBIA BKJIAJ aBTOpPa

Bce akcnepuMeHTAIBbHBIE pPE3YNbTaThl ITOMYYEHBI NPH Y4YaCTHM aBTOPA.
Pentrenorpaduyeckue 1 3JIeKTPOHHO-MUKPOCKONUYECKUE UCCIEA0BaHUS (B 4acTh
CTPYKTYPHBIX METOJIOB), NPOBEIECHUE IPOTOHHOTO OOMEHA, BOCCTAaHOBJICHHE
HApyILICHHOTO IPUIOBEPXHOCTHOIO CJIOS KpHUCTaula HUOOaTa JMUTHUS U
UCCIIeIOBaHUE JpeH(OBBIX XAPAKTEPUCTUK HHTETPAIbHO-ONTUYECKUX CXeM (B
4aCTH MHTETPAIIBHO-ONTUYECKUX METOJOB) MPOBOJAWINCH aBTOPOM JIMYHO.

JlocToBEepHOCTH pe3y/ibTAaTOB

JIOCTOBEPHOCTH ITOJTyYEHHBIX pe3yJIbTaTOB obecnieunBaeTcs
B3aMMOJIOTIOJIHSIOIIUM [IPUMEHEHUEM PA3JINYHBIX CPEICTB COBPEMEHHOIO HAyYHO-
TEXHUYECKOTO HWHCTPYMEHTApHUs, CTATHCTUKOW BBIIIOJIHEHHBIX 3KCIIEPUMEHTOB,
OTCYTCTBUEM KaKUX-JIMOO TMPOTUBOPEUMH MEXAY HOBBIMH pe3yjibTaTaMu,
MOJIY4YEHHBIMH JIMYHO aBTOPOM UM JAHHBIMH JIPYTHMX aBTOPOB B T€X 00JIACTAX, I€
OTHU PE3YIBTATHI IEPECEKAIOTCS.

IMyoimkanuu U anpodanus padoTbl.

PesynbTaThl guccepTalliOHHONW pabOThl OMyOJUMKOBAaHBI B 25 TMEYaTHBIX
paboTax, U3 KOTOPBIX 5 craTeil B *ypHanmax, unaekcupyemsix B W0S/Scopus, 6
ctateid B »kypHanax u3 cnucka PUHI] (u3 mux 4 — BAK), 14 Tte3ucos
KOH(DepeHIInH.

OcHOBHbBIE pe3yNabTaThl JIUCCEPTALMU OBLIM JOJOXKEHBl HA CIEAYIOLIUX
KpPaeBbIX, BCEPOCCHICKUX W MEXIYHAPOIHBIX KOH(MEPEHIUSAX: KpaeBas Hay4dHO-
pakTU4YecKast KOHGEPEHITUS CTYICHTOB, aCITUPaHTOB M MOJIOABIX yueHbIX ([lepmb,
2013, 2016, 2020); 5-1 wmexayHapoaHas KoH(pepeHuus «DoToHHKA U
uHpopmanmonnas onrtukay (MockBa, 2016); mMexayHapoaHas KoHdepeHUus
«Cu60nTuka-2016» (HoBocubupck, 2016); 22-a Bcepoccuiickas Hay4yHas
KOH(EepEeHIUs CTYJeHTOB-(PHU3UKOB M MOJIOJLIX YueHbIX (PocToB-Ha-Ilony, 2016);

5



II Bcepoccuiickas HayqHO-TIpaKTHUYeCKasi KOH(EepPEHIHs acCIMPaHTOB U CTYIEHTOB:
byHIaMeHTaJIbHbIE U MPUKIIAHBIE UCCIIEIOBAHUS B 00JIACTH MaTepUAIOBEICHUS U
mamHoctpoeHus (Ilepmb, 2016); XV poccuiickas Hay4Hasi CTyJeHUYECKas
KoHpepeHius 1o (Qusuke TBepaoro Tena DTT-2016 (Tomck, 2016);
MexayHapoaHas KoHpepeHuus «ONTUKA U CIEKTPOCKOIHUS KOHJEHCHPOBAHHBIX
cpen» (Kpacnomap, 2016, 2017); Bcepoccuiickas KOH(MEpPEHIHS MO BOJOKOHHOM
ontuke (Ilepmb, 2017), X mexayHapoaHas KoHbepeHIus «DyHIamMeHTaIbHbIE
npobsniembl  ontukn»  (Caukrt-IletepOypr, 2018); Bcepoccuiickas HaydHas
KoH(epeHIUs ¢ MeXKIyHapoAaHsiM ydactreMm «EHucelickas ¢dortornka-2020»
(Kpacnosipck, 2020); 18-1 wmexayHapomHas HaydHas KOH(EpEHIMsI-IIKOJIA
«Marepuanasl HaHO-, MHKpPO- OITORJICKTPOHUKH W BOJIOKOHHOW  OITHKH:
dbusndeckue cpoiictBa W npuMeHnenue» (Capanck, 2020), 10-1 mexmyHapoaHAS
kKoH(pepeHusa «PotoHuka u uHdopmanronHas ontuka» (Mocksa, 2021).
UccnenoBanusi,  BBIMOJHSUIMCH  NpuU  B3aumojenctBuu  [lepMckoro
rOCyJapCTBEHHOTO  HAI[MOHAJIIBHOTO  MCCIEOBATEIbCKOTO YHUBEPCUTETA U
[lepMckolt  Hay4YHO-TIPOU3BOJCTBEHHOM MPUOOPOCTPOUTENHHOM KOMIAHUHM B
paMkax  ciuenyrommx — mpoekToB:  «Co3maHue — BBICOKOTEXHOJIOTHYHOIO
MIPOU3BOJICTBA UHTEIPATHLHO-ONTUYECKUX CXEM Ha HUOOATe JIUTUS JIJI1 BOJIOKOHHO-
ONTUYECKUX THUPOCKOMOB M CHUCTEM MOHUTOPHUHTA OJJIEKTPUUECKOTO TMONS H
owonorenimaioBy, Ne 13.G25.31.0004. «Pa3paboTka M OCBOCHHE B CEpUHHOM
MIPOU3BOJICTBE HMHTETPATBHO-ONTHYECKUX CBEPXBBICOKOYACTOTHBIX MOIYJISTOPOB
Ha 40 [Ty, Ne 188/11-DIII11-19.100k. «M3y4eHrne cTpyKTyphI, COCTaBa, CBOMCTB
POTOHOOOMEHHBIX BOJHOBOAOB B HHMO0ATE JIUTHUS ISl CO3AaHHUA MHTETPATBHO-
ONTHYECKUX (Pa30BbIX MOIYJIATOPOB C HU3KHMH ONTHYSCKUMH TIOTEPSIMU H
cTaOuIbHBIMU XapakTepuctukamm», Ne 17-43-590309. «M3ydenue mporeccoB
dbopMHpOBaHUS  TPOTOHOOOMEHHBIX  BOJIHOBOAOB  WHTETPATbHO-ONTHYECKHUX
($a30BBIX MOJYJIATOPOB Ha OCHOBE OTEYECTBEHHOTO HMOOATA JIUTHS VISl CO3IaHMS
HABUTAIIMOHHOTO OO0OPYJOBAaHMS IIUPOKOTO CHEKTpa NpuMeHeHus», Ne 20-42-
596001. «CoBepIiieHCTBOBaHHE HOHOOOMEHHBIX METOJOB  (HOPMHUPOBAHMS
ONTUYECKUX BOJHOBOJOB [Jii BBICOKOCTAOWUIIBHBIX WHTETPaIbHO-ONTUYECKUX

cxem», Ne C-26/848.
Crpykrypa padoThl U 00beM.

JluccepranmonHas paboTa COCTOMT M3 BBEJCHHUS, TPEX TJIaB, 3aKIIFOUCHUS,
OJlarogapHOCTEM, JBYX MNPUIOKEHUNW UM COUCKA LUTUPOBAHHOW JIUTEpaTypHI,
BKJItOUaroniero 125 nanmenoBanuit. OOmui o0beM aucceptaruu 115 crpanwuil,
BKJItOuas 43 pucyHka u 6 TabJuil.

COAEPKXAHUE JUCCEPTALIMHU

Bo BBenenmne gactcs o01mias XxapakKTeprucTUKa pabOThl ¥ €€ aKTyaJIbHOCTb.

B mepBoii riiaBe mpuBOIUTCS ONMUCAHWE WHTETPATBHO-ONTHYCCKUX CXEM:
TOTIOJNIOTHSI, TiepelaTouHass QyHKIUSA, dIEKTPOONTUIECKUA 3(P(HEKT, BOIHOBOIHBIC
MOJBl W BO3MOXKHBIE HWCTOYHUKH Jpeida paboueit Touku. Kpome Toro,
paccMaTpHUBAIOTCS CTPOCHHE, CTPYKTypa M CBOWCTBA MPHUIIOBEPXHOCTHOTO CIOS
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wractun  HJI, a Takke ocobenHoctn mporecca co3manms HyLi; yNbO;-
BOJIHOBOJIOB.

N3 nuteparypHoro o03opa cieayeT psll BaKHBIX BBIBOJOB. Bo-TIEpBBIX,
npeiidossie npoueccel B MOC paccMaTpuBaiIuch HEOJHOKPATHO, HO JO CHX TOP
OJIHO3HAYHOTO peIIeHUs] TpoOsieMbl He ObUIO HaljeHO. Bo-BTOpBIX, BIuUsiHUE
HEIMOCPEACTBEHHO CTPYKTYpbl M CBOWCTB mpunoBepxHOcTHOro cinoss HJI Ha
paborocniocobnocts MOC  He wuccnegoBanoch. B-TpeTbuX,  CTpyKTypa
IIPUITIOBEPXHOCTHOTO ciost HJI MOXKET CymecTBEHHO OTIMYAThCA OT CTPYKTYPBI
OCTAJILHOTO 00beMa KpHCTaIa. B-4eTBEpTHIX, KOMIUIEKCHBIE HCCIIEJOBAHUS
npunoBepxHocTHoro cnos mnactud HJI panee He mpoBomunucek. Kpome Ttoro,
POTOHOOOMEHHBIE BOJIHOBO/BI dopmupyrorcs UMEHHO B TOM
npunoBepxHocTHOM cioe HJI u 310 HeoOXoaumo yuyuThiBaTh. Takum 00paszoM,
nepBas riaBa AaeT MHPOPMALMIO, HEOOXOAUMYIO AJI MOHUMAHHS OPUTHHAIBHOU
yacTu paboThl, OOyclaBiIMBas €€ HAyYHYI0 M IPAKTUYECKYI0 3HAUYUMOCTb B
pELIEHNH TIOCTABJICHHBIX 3a/1a4.

Bropas riaBa COIECPKHUT OIKMCAaHUE DSKCIIEPUMEHTAIBHBIX METOOB
VCCJIEIOBAHMS CTPYKTYPBl IPUIOBEPXHOCTHOrO ciost mactuH HJI pasnnunbix
POU3BOAUTENIEH U IPEHPOBBIX MPOLIECCOB UHTETPAIBHO-ONTHUECKUX CXEM.

B Hacrosmieir pabore OBUIM HUCHOJIB30BaHbl CEPUIHHO-IIPOU3BOJUMBIE
UCXOJHbIC 00pa3ilbl KOHTPY?HTHOTO coctaBa X-cpe3a HJI mpomsBoactBa Sipat
(Kurait), Crystal Technology (CHIA) wu ®omoc-Marepuanc (Poccus),
ucrnoas3yemsie npu npoussoactee MOC.

JIns aHanu3za cocTaBa, CTPYKTYpPBI M CBOMCTB MPHUIIOBEPXHOCTHOTO ciost HJI
WCIIOJB30BAIM  CHEAYIOIIME  METOABI:  ONTHUYECKAs  MHUKPOCKONUSA  H
npo@uIOMeTpHsi, 3JIEKTPOHHAS] MUKPOCKOIHUS, aTOMHO-CUJIOBAash MHKPOCKOMHMS U
PEHTTCHOCTPYKTYpHBINH aHanu3. Merogamu ontudeckoid Mmukpockoruu (Olympus
MX-61) u npopunomerpun (New View 7300) mpoBOIMIA OLIEHKY COCTOSHHS
NOBEPXHOCTH MCXOAHbIX MiactuH HJI.  AHanu3 mnpoBoawid, CpaBHHUBas
3asBJICHHBIE TACIOPTHHIE JaHHBIE HCCIEAYEMBIX 00pa3loB € MOJIYYEeHHBIMU
HKCIEPUMEHTAJIbHBIMU  pe3ylbTaTaMd [0 YWUCIY LapanuH, JepeKToB U
LIEPOXOBATOCTH ITOBEPXHOCTH.
HccenenoBanne MpUIIOBEPXHOCTHOTO
cnosa mactuH HJI mpoogumu 1o
opuruHanbHOW  Metomuke. CyTb
JJaHHOM METOJUKHU 3aKjroyajlach B
TOM, 4To IuactuHbl HJI momanu
BPYUHYIO  BJOJb  INPOBEACHHOU
aJIMa3HbIM MHJIEHTOPOM LaparnuHbl

(puc. 1). Amnamu3  cocrasa,

CTPYKTYpPBI 51 CBOMCTB ;

IPUIIOBEPXHOCTHOIO CIIOS IUIacTHH | acrma i B

HJ1 nocne wmsmoma (¢ Topua Puc. 1. CxematnuHOE IIpencTaBICHUE
TTACTHHBI) OCYMICCTBIIAIN ¢ IpOLEAYPHI MOTYYEHHS MTONEPEIHOTO
IIOMOMIBIO CKaHUPYIOLICTO n3noma miactu HII

AIIEKTPOHHOTO MHUKpockoma Hitachi



S3400N u atomHO-crioBoro Mukpockona Bruker Icon. MccnenoBanue cTpyKTypsbl
uccienyeMbix o6pasznoB HJI mocne pasnuuHbiX ctaguit oOpabOTKH (IIPEIOTKHT,
OPOTOHHBIM  OOMEH, TOCTOOMEHHBI OTKWUT) TPOBOAWIM C  MOMOUIBIO
mudppakromerpa JIPOH VYM-1. B kadectBe MOHOXpoMaTopa MNPUMEHSIICS
KpUCTAILI 0€3 11 CIIOKAIIMOHHOTO Si, JTAFOIINI OTpAKECHUE OT
kpuctamorpaduueckoi mwiockoctu (111) Kg-munnn Co-usmyuenus A=1.62075 A.

NurerpansHo-ontuueckue xapakrepuctuku MOC (puc. 2) onpenemnsiiaiun Ha
Pa3JIMUHBIX CTaAUsAX WX M3roTOBIEHUS. C MOMONIBI0O MOJIOBOM CIEKTPOCKOIUU
onpeaensui nmpodib mokaszarens npeaomieHus HyLi; 4 NbOs-BomHOBOIOB M HX
riyOuHy.

KpartkoBpemennsiii apetid PT uccnemoBanu nmpu npriioKeHUN HAMPSHKCHUS
cmemeHust Vyias K anekrpogam MOC (puc. 3). Bpems kpatkoBpemeHHoro nperida
paboueit Toukn MOC uccnenoBanu npu CKaykooOpa3HOM M3MEHEHUN HAIPSKEHUS
B nuanazone =8 B ¢ marom 1 B u BbIJIEpKKOM B T€UEHHUE 5 MUHYT MOCJIE CMEHBI
3HAKa NPUJIOKEHHOTO HAMPSKEHUS K 3JIEKTPOJIaM MOAYJSATOPA OT MAJIOUTYMSIIIETO
MCTOYHUKA JIEKTPUYECKOTO MUTAHUSI.

Honrospemennslii  aperi¢p PT Ontronononie omonon  Cromoposmi
OLICHUBAJIM C IIOMOINBIO DHEPruu DaerTpobt MORyIE
aKTHUBallUU npeida PT. PT
buKCUpoBaIM  MPU  MOCTOSIHHOM
HalpsHKEHUN 4.5 B, 4yTO
COOTBETCTBYET JIMHEHHOMY YYacTKy
nepesaToyHo (QyHKIUU IS BCEX
uccienyembix MOC Ha J7IMHE BOJIHBI

Puc. 2. Cxematnunoe npencrasienne NOC

Ieus (50, 70, 90 °'C)

A=1.55 mxm. Jlanee, MOC nmomemnianu
B 1eub ¥ Harpesau 10 50, 70 u 90 °C (kzﬂ;';eh':m,) NOC ®otomnon
C BBIIEPKKOM B TeueHue 7 yacoB. Ha I
BBIXO/IE U3MEPSITU U3MEHEHUS Mepextouares
ONTUYECKON MOII[HOCTH, =
COOTBETCTBYIOIIEH CMEIIECHUIO Peryasitop
paboueit Toukn MOC. "a"p’:me"""

Tperbsi rnaBa 1UCcepTaruu | Mcrounuk nuranus |
MOCBSIIICHA UCCIIETOBAHUIO Puc. 3. Cxema usmepenuii aperidpa PT

CTPYKTYpPbl ¥ CBOMCTB NPUNOBEPXHOCTHOro ciosg HJI u ycraHoBieHuro ero
BIUSIHUA Ha apeiiosbie xapakTepuctruku MOC.

llepsas yacmo: uccneoosauue oeexmuoti CMpYKmypbl
NpUNoBepxXHoCcmuo20 caos naacmun HJI.

[ToBepXHOCTh U MPUNOBEPXHOCTHBIN ciou mactud HJI umeror kmroueBoe
3HaueHue npu npou3BojcTBe 31MeMeHToB MOC, T.K. HA NMOBEPXHOCTh HAHOCST
3JIEKTPO/IbI, @ B IPUITOBEPXHOCTHOM citoe hopmupyroT HyLi; NbOs-BomHOBOABI. B
pe3yibTaTe M3y4YeHUs MOBEPXHOCTH HccieayeMbix mactud HJI Obuto siBHO
BBISIBJICHO OOJIBIIOE KOJMYECTBO pa3HOHAMPABIECHHBIX LAPANUH 10 BCEH IUIOIIAIN
noBepxHoctu as tiactud HJI npoussoacta Sipat (puc. 4), a s mmactur HJI
npousBoacTBa Crystal Technology m ®omoc He3HAYHTETHHOE KOJIWYECTBO
JOKaJIbHBIX TOYe4HbIX AedekToB. lllepoxoBaTocTh MOBEPXHOCTH B IMpenaenax
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MOTPEIIHOCTH HU3MEPEHUI COriacyeTcs C 3asBICHHBIMU MACIOPTHBIMH JTaHHBIMH
Ra<0.7 um nmns obpasinoB ®omoc u Crystal Technology, a mis o6paszos Sipat
NPEeBBIIIACT JaHHOE 3HavyeHHe B 5 pa3. Takum oOpa3om, oOpa3isl MPOU3BOCTBA
®omoc u Crystal Technology umMeror 10cTaToOuHO BHICOKOE ONTHYECKOE KAUYECTBO
MOBEPXHOCTH [0 CPABHCHHIO C OOpa3lioM MpOM3BOJACTBA Sipat, KOTOpHIH He
COOTBETCTBYET CBOMM MAaCIOPTHBIM XapaKTepucTukaM. OnTHuecKass MUKPOCKOIIHSI
U NPO(QUIOMETPHUS SBJISIOTCS JOCTATOYHO MPOCTHIMH METOJaMH, MPUMEHHUMBIMH
JUISL BXOTHOTO KOHTpOJIs riactud HIL.

Puc. 4. IToBepxHocts mutactud HJI npousBozcTea Sipat

DNEeKTPOHHO-MHUKPOCKOIIMYECKHE HCCIEAOBAHMS IPOBOJMIM Ha CBEXKHUX
ckonax muactuH HJI (puc.5). Bpibop wumeHHo Takoi wmeromuku (puc. 1)
00YCJIOBIIEH TE€M, UTO CBEKHUI CKOJI 00pa3iia AaeT AOMOJTHUTENIbHYI0 HHPOPMALIUIO
O COCTOSIHUM Marepuaia, MOCKOJIbKY MOJIy4aeTcsl 3a CYET TPEIIMHbI, KOTOpas
JIBIKETCS B COOTBETCTBUU C MUHHMMAJIbHBIM dHEprosarpatamu. M3 moigydeHHBIX
MukpodoTorpaduil BUIHO, UYTO TPACKTOPHUS JABUKEHHUS TPEIIMHBI B XOJE
dbopMHUpOBaHUS CKOJIa MEHSIETCS] BOJIM3M MOBEPXHOCTH UccienyeMbix miactud HJI,
TO €CTb IPOUCXOJUT MHOIOYHUCIEHHOE JpOOJeHHE €OUHOW  TPELIUHBI.
PacnipocTpanenre TpemuMHbl TPOUCXOAUT IO TJIABHOMY HAMPAaBICHUIO, BIOJIb
OIpeIeNICHHON KpUCTAIIOrparuecKol IMIOCKOCTH, HO M3-32 CTOJKHOBEHHUS C
nedekTaMu M SApaMH  JTMCIIOKAIlMK  HampaBJeHHE TPEUIUHBI IpeTepreBaeT
W3MEHEHUs], KOTOPhIE Mbl HaOIIOaEM B BUJE U3MEHEHHOTO pelibeda MOBEPXHOCTH
ckosa. Jlanuplii 2¢@dexT O0O0yCIOBJIEH BBICOKOW KOHIIEHTpaluen naedeKToB
CTPYKTYpbI IPUNOBEPXHOCTHOTO ciosl riactudH HJI, mo cpaBHEHUIO ¢ OCTanbHOU
YacThIO MaTepuasa.

Takum o0pa3zoM, Tmocie pa3pylleHus uccienyeMbix miactud  HIJI
HaOMIoaeTcsl KapTUHA, XapakTepU3ylolllas COCTOSIHUE MX  HApYIIEHHOIO
IPUIIOBEPXHOCTHOTO CJIOS B 3aBUCUMOCTH OT KadecTBa pe3KH, HIIU(POBKU U
nonupoBku. Cpennsst T1iyOMHa HapyIIEHHOTO IPHUIOBEPXHOCTHOIO  CIJIOS
UCCIIeYeMbIX IIJIACTHH COCTaBisieT mopsiaka 15 mxm (Sipat), a mis o0Opasios
Crystal Technology u ®omoc nopsiaka 10 MKM.

HeoOxogumo OTMETHTH, YTO HWMEHHO B OTOM Je(PEeKTHOM  cJoe
dbopmupytoTcs Bce cBetompoBoasmue dmeMeHTsl MOC, d9TO CyIIeCTBEHHO



W3MEHSIET yCIIOBUS 170
(YHKIIMOHUPOBAHUS II0 CPAaBHEHHUIO C
6e31e(heKTHBIMU KpHUCTAJIIIaMHU.
[IpoucxoxaeHne CTPYKTypbl AAHHOTO
IPUIIOBEPXHOCTHOTO  CJIOS  HMEET
nehopMaIlMOHHYIO IPUPOLY,
XapaKTEPHYIO ISt peaTbHBIX
KpuctaiioB. CBOICTBa aHHOTO CIIOS
MOTYT OBITh Ka4e€CTBEHHO OITMCAHBI C
MTOMOIIBIO MIPOCTHIX KpPHUBBIX,
YCTaHABIIMBAIOIINX 3aBHCHUMOCTh
MEXIy TUIOTHOCTBIO IMCIOKAIUui p U
TEKY4YEeCThIO MaTepuasia o (KpuBas
bouBapa-Opunra), mpeicTaBlieHHbIX Ha
puc. 6 (BcraBka cmpama). Ha puc. 6
OPUBOJUTCS  aHAJIM3 MEXaHUYECKUX
CBOWMCTB wuccineayembix rmiractuH HIJI
20 o mociae  wm3aomMa  (C TOIMEPEYHOro
CEUYEHHs) C  TOMOIIBIO  KPUBOM
bouBapa-Opaunra Ha npumepe oOpasia
Sipat.

B obnactu 1, 4T0 COOTBETCTBYET
BHYTpeHHUM (TiIyOMHHBIM) ciosiMm HJI
MJIOTHOCTh JWCJIOKAIM MHHHMMAJbHA,
a mpeaen TekydecTH MakcumaneH. C
MOSIBJICHUEM  TIEPBBIX  JUCIIOKAIUi

3wew | TUIyOMHAa IIPOHMKHOBEHMS HHJIEHTOPA
Puc. 5. Tlonepeunoe ceuenne NCXOMHBIX  hesyq yBennunBaercs (061acts — 2),
rnactud HII mocne nsnoma: ®@omoc (A),  yro o kpuBoil  Bousapa-OjmHra

CryStaI TGChﬂOlOgy (B)’ Sipat (B) COOTBCTCTBYCT CTPYKTYPC pPCaJIbHBIX

KPUCTAUIOB C Majol IUIOTHOCTBIO JHUCIOKAlMK, a TEeKydecTb Marepuala
Bo3pactaeT. B obOmactu 3, BOMM3M camoii moBepxHocTu IutactuHbl HIJI, Tre
IJIOTHOCTh AUCJIOKAlMA MaKCUMalbHA, MPOUCXOAUT YNPOYHEHHE KpHUCTAIIa, B
COOTBETCTBUM ¢ KpuBOoW bouBapa-OauHra u TeKy4eCTh MaTeprualia YMEHBIIIACTCS.
[lonydeHHblE  pe3ysNbTaThl  XOPOLIO  COTJIACYIOTCS €  HM3MEHEHUEM
AJIEMEHTHOTO coctaBa. HawuOompime oTkiIOHeHUs B cootHomeHun Nb/O,
MOJIyYeHHBIE€ MOCIOWHO METOAOM 3HEProJMCIIEPCMOHHOIO aHalu3a AJjid oOpas3ua
Sipat npuBenensl B Tabyuie 1 W HAOMIOMAIOTCS UMEHHO B IPHIIOBEPXHOCTHOM
cioe riayouno g0 10 MKM, I8 KOTOPOrO XapaKTepHO MaKCHUMAaJIbHOE
pasMHOXKeHue nePeKToB CTPyKTypbl. OlIEHKa BEIUYUHBI MUKPOHANPSHKCHUN B
npunoBepxHocTHOM ciioe HJI, mpoBeieHHas Ha OCHOBE PacyeTOB YUIMPEHUS
TU(GPAKIIMOHHBIX KPUBBIX OT ABYX MOPAIKOB OTpaxkeHHil oT miuockoctei (110) u
(220) HJI, cooTBETCTBEHHO MOKa3bIBA€T CYIIECTBEHHO TMOBBIIIEHHBIC 3HAYCHUS

s mractuH Sipat (2.4:10) mo cpaemenmio ¢ mmactuHamu ®omoc u Crystal
Technology (1.5:107).
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Paccrosinue, MKM
Puc. 6. Mexannueckue CBOMCTBA MPUNOBEPXHOCTHOTO citost HJI

Tabmuna 1. CooTHomenue KoHIeHTpauu atoMoB ND kK aToMaM KHCIopoia B
3aBUCUMOCTH OT ITYOWHBI 3aJIeTaHMs UCCIIEOBaHHBIX clioeB macTuH HJI

['myOuHa, MKM NDb/O, at. %
0-10 26
11-20 32
21-50 33

Takum oOpa3zoM, Bce pe3ysbTaThl, MONMYYCHHBIE CTPYKTYPHBIMH METOJIaAMH,
B3aMMHO JOMOJIHAIOT ApYT Apyra. Jis Bcex mccinemyemMbix oOpa3IoB XapaKTEpHO
HaJW4Yue HEOJHOPOJHOTO0 TMPHUIOBEPXHOCTHOTO cjosi riyounou 10-15 mkm,
XapaKTEPHU3YIOIETOCS TOBBIIICHHOW IIJIOTHOCTBIO Je(EeKTOB, B TOM YHCIIEC
JTUCIOKAIMi, ¢ MaKCUMaJIbHBIM  OTKJIOHEHHEM  JJIEMEHTHOTO  COCTaBa.
CpaBHUTENBHBIN aHAMM3 HCCIEAYyeMbIX O0O0pa3oB TMOKAa3bIBAE€T CYIIECCTBEHHO
XYAIINE XapaKTePUCTUKK i1 o0pa3oB Sipat B ormimume oT oOpasioB Pomoc u
Crystal Technology, M03TOMY BOCCTaHOBJICHHUE HApPYIICHHOTO
MPUTIOBEPXHOCTHOTO CJIOST U uccienaoBanue napeindoBbix xapakrtepuctuk MOC
NPOBOJIWIM MCKIIOYMTEIbHO Ha obOpasuax Crystal Technology, pesymbrats
WCCJICIOBAHMS KOTOPBIX IIPEICTABIICHBI BO BTOPOM YacCTH.

Bmopasa uacmow. uccneoosanue Oopetigha paboueii mouku HOC npu
PA3TUYHBIX 6HEUHUX YCI08USX Ha ocHoge HII ¢ soccmanoenenHol cmpykmypotl.

Boccranosnenne  crpykrypsl  HJI  mpoussBommim ¢ IIOMOIIBRO
TOMOTCHHU3UPYIOIIETO TPEIOTKUTa IUIACTHH C IEJbI0 CHITHS BHYTPEHHUX
HanpsoKeHU U cHibkeHust nedextHoctu. ['omorenusupyromuii npegorxkur HII
npoBoAWIIM B Bo3ayiiHoM atMocdepe B unrepraie 400-800 °C ¢ marom B 100 °C.
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Janublii uHTEpBan ObLT BBIOpaH U3 cienyromux coobpaxenuil. Himke 400 °C
TPYIHO OXKHUJATh CEPbE3HBIX CTPYKTYPHBIX U3MEHEHHU, a Bhilie 800 °C kaTHOHHAas
noapenierka HJI Hapymiaercs, a mpolecc CHATUSL HaNpsDKEHU COMPOBOXKIACTCS
oOpa3oBaHUEM KHCIOPOIHBIX BakaHcuil. Kpome Toro, Bo3Mo)kHa MOTEpsl aTOMOB
Li. T'oMOreHM3MpYMOIIUH MNPEIOTKUT TMPOBOAMIN CO CKOPOCThIO HarpeBa
10 °C/mMuH ¢ mocienyrome BbIepKKoW B TedeHue 180 MHUHYT, moOcCie Yero
00pas3libl OCTHIBAIIH C TMEYbIO.

B pesynbrare npoBeneHHs SKCIEPUMEHTOB IO MOpenoTxkury riaactudn HJI
OblTa ompeneneHa HauOoJiee ONTUMAajbHAs TEMIEpaTypa BOCCTAHOBIICHHS
HapyIIEHHOTO MPUIIOBEPXHOCTHOTO cJ10s1, KoTopast coctaBuiua 500 °C. Ilpu nanHoi
TEMIIepaType IJIyOMHAa HapyUIEHHOIO CJIOS COCTaBiseT He Oonee 1 MKM H
XapakTepUu3yeTcsl HAMMEHBIIUMU HCHAKEHUSAMH KPUCTAIUIMYECKOW PEHIECTKU
(puc. 7). Ilpm Oosee BbICOKHMX Temmeparypax (Boime 500 °C) HaumHaercs
MepecTporika CTPYKTYpbl KpUCTaUla, MPUBOJAINIAS K TOBBIINICHUIO BHYTPEHHHUX
HAMpSODKEHUM  KPUCTAJUTMYECKOM — pemieTKu.  YIIUPEHHEe  HapyIIEHHOTO
IPUIIOBEPXHOCTHOTO ¢iosi B oOmactu temmepatyp 600-800 °C (puc. 7) HaxoauTCs
B Ipejesiax pa3dpoca 3HAYEHUHW U MOXKET OBITh CBSI3aHO C €ro pPa3MbITHEM.

10 2,0
z 1 21,5 -
w
=26 5 =
g % = 10 -
B, 20,5
=~
0 T ; i ; % 0,0 T T T
400 600 800 400 600 800
T, 0C T, °C

Puc. 7. 3aBUCMMOCTh TJIyOMHBI HApYIIEHHOTO MPUIIOBEPXHOCTHOTO ciosi (A) u
nedopmarun kpuctamudeckoi pemerku HJI (b) ot Temnepartypsl npenoTxura

[Mpodpumu  moxkasarens  mpenomtenuss  HyLi; yNbO3z-BomHOBOIOB B
3aBUCUMOCTH OT TEMIIEpaTyphl TOMOTEHU3UPYIOIIETO MPEIOTKUTA MPECTABIICHBI
Ha puc. 8. HezaBucuMo OT TemmepaTypbl NpeaoTKUra npoduib IMoKa3aTess
MPEJIOMIICHUS TTPOTOHOOOMEHHBIX BOJHOBOJOB OCTaeTCS TpagueHTHbIM, a AN
Bapbupyetrcs ot 0.02 no 0.03 Ha riry6une ot 4.5 10 5.5 MKM, 4TO COOTBETCTBYET
OJIHOMOJIOBOMY peXKUMY paboThl. [Ipu 3TOM C MOBBIIEHHEM TeMIEpaTyphl
npeaoTKura AN Ha IOBEPXHOCTH YMEHBIIAETCSA. DTO BEPOSITHO CBSA3AHO C TEM, YTO
KOHIIEHTpaIusi Je(eKTOB CTPYKTYpbI, KyJa MOTYT IONAacTh MPOTOHBI B XOJE
mpoiiecca MPOTOHHOTO OOMeHa, yMmeHbmaercsa. [loBbIIeHHE OTHOPOAHOCTU
CTPYKTYpbl C TOYKH 3peHHs crtabunbHOCTH paborer MOC  sBusercs
MPUHIIMITHATBHO Ba)KHBIM, a HEOOJbIIOE yMEHbIIeHHE AN, HEKPUTHYHO IS
paborocnocooHocTr MOC.

12



0,030

0e3 npenoTKUra
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['ayOouna, Mkm

Puc. 8. Ilpoduns Ane 0T TeMiiepaTypbl roMOTreHU3UpYomero npegotxkura HJI

Taxkum o0Opazom, ONTHYECKHE XapaKTEPUCTUKHU IJIaHAPHBIX
IPOTOHOOOMEHHBIX  BOJIHOBOJIOB  COIJVIACYIOTCSI C  paHee  ONUCAHHBIMHU
CTPYKTYPHBIMH M3MEHEHUSAMH KpUCTammdeckoil pemerku HJI B 3aBucuMOCTH OT
TEMIIEpaTypbl TOMOT€HU3UPYIOLIETO MPEJOTKATA.

Hpeitd PT BeipakaeTcss B € MOCTEIIEHHOM CMEIIEHUU 10 TepeaaTOYHOU
(GYHKIMM OT 33JJaHHOTO JIpallBEpOM ONTHUMAIbHOIO IMOJIOKEHUS MPU MOCTOSIHHBIX
BHEIIHUX YCIIOBUSAX, BKJIIOYAs BEIUYMHY JJEKTPUUYECKOTO  HaIPSIKEHUS,
noaaBaemMoro Ha cucremy snekrpoaoB MOC. B nayunoit nureparype apeid PT
pa3zeNsoT Ha KPAaTKOBPEMEHHOW W JOJTOBpeMEHHbIN. JloaroBpeMeHHbIN apend
PT xapakrtepusyer mnpouecchl, npoucxoasmme B kpucrtauie HJI B nmanazone
BPEMEHU OT JIeCATKAa MUHYT JI0 MECSILIEB U JIET, JT000 B TEUEHHE BCETO )KM3HEHHOTO
nukia pabdorsl MOC. KpatkoBpemenHnoit npeiid PT onuceiBaeT mnporieccsl,
MIPOUCXOIAIINE Cpa3y IOCJE MOJaYu HAaNpsbKEHUs Ha cuctemy siiekrponos MOC
¥, NpPEKpallarolnecs, Kak IIPaBWJIO, B TEUYECHHE HECKOJBKUX MHUHYT IOCIE
u3MeHeHus HamnpspkeHus. [lpeamonaraercs, uro oba Buga aApeidda HMEOT
OJIMHAKOBYIO TPUPOJY, CBA3aHHYIO C JBHKCHHEM 3apsOKEHHBIX J€(PEKTOB B
Kpucrasumyeckon pemerke HJL

Uccnenoanmne kpaTkoBpemeHHoro aperipa PT mpoBoamnu, momaBas Ha
anekTpoapl MOC moCTOSIHHOE HamnpsKEHHWE M 3aluchiBas MPU 3TOM HW3MEHEHUE
BBIXOJTHOM omTHdeckoil MomHocTu Py B orcyrctBue npeiida Poy momkna
MTHOBEHHO CTaOMJIM3UPOBATHCS MMOCHE MOJA4YM HANPSKEHUS Vpigs HA DJIEKTPOABI
NOC. Onnako uzMmepsieMoe 3HaueHUe Py, MEHSJIOCHh B TEUEHHUE HEKOTOPOTO
BPEMEHU TIOCJIe Mmojavyn HanpspkeHus (puc. 9). Bpewmsi, 3a kotopoe Py BBIXOIHUT
Ha W3HaYallbHOE 3HaveHue (pa3Huia Menee 1 %) mocie AByKpaTHOro (— — + — —)
MEPEKIIFOYEHUSI  MOJSPHOCTA  HANpPSDKEHUs  SBIAETCS, B  HAIIEM  CIydae,
xapakrepuctukoil MOC, mnoka3piBaomied, HACKOIbKO OBICTPO MPOUCXOIUT
noaasnenue apeiida PT. [lonaBnenue npeiipa PT Ha ocHOBE BOCCTAaHOBJIECHHOTO
HJI npoxomut Gonee yem B 2 pa3a OBICTpeE MO CPABHEHUIO C KOHTPOJIbHBIMU
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obopasmamu 11622 u 286+37 c¢. Takas cyliecTBeHHas pa3HHUIIA BO BpPEMEHU
nperipa PT moxkeT ObITh OOyCIIOBJIEHA TOJBKO 0OJiee OJHOPOJHOM CTPYKTYpOH
BCJICICTBHE BOCCTAHOBJICHHSI HAPYIIEHHOTO IMPHUIIOBEPXHOCTHOTO CJOS IJIACTHH
HJI. Torma mpu mpuiIoXeHUH HAMPSKEHUS Vpias 3apSHKCHHBIM JAeeKTaM ropas3zio
TpyAHEe TMEepeIBUTAThCS, CO37aBasi MPU STOM JIOKAIBHBIC AJIEKTPUUICCKUE IO B
obmactu  HyLi; \NbO3z-BomHOBOIOB, TpHMBOAS K H3MEHEHHIO IIOKa3aTellsd

npejaomiieHus u apeidy PT.
10 2 2

a % —&— Hcxoansrit HJI —&— Hcxouubiii HJI
o ; <O Tlpenoraxur HJI O Tlpenorxur HJI
S " : H
A : E

0 100 200 300 400 0 100 200 300 400
Bpewms, ¢ Bpewms, ¢

Puc. 9. I'paduku kparkoBpemennoro apeiida PT npu+3 Bu+/7/ B

JlonroBpeMeHHBIM Jpeiid aHaIM3UpOBaad Ha OCHOBE pPACUETOB JHEPrUU
aktuBanuu E, npetida PT. DxcnepuMmeHTanbHO 00HAPYKEHO, YTO TIPU U3MECHEHUHU
temriepatypbl PT cMmemnmaercss m B TeueHHE OMPEEICHHOTO BPEMEHH BBIXOIWT B
HOBOE PaBHOBECHOE COCTOsSIHUE. B 3TOM ciyuae 3HaueHue Pg i MOXKHO NpencTaBUTh
B BHJIC CTENIEHHOHN (PYHKITUU:

Pyt (£)/Py = Ag - t", (1)
rie t — Bpems, Py — BbIXOgHAs oONTHYECKas MOIMHOCTh Ipu Vo, Ag m N —
koadurmenTs! apeiida PT. B To ke camoe Bpemsi, Pyy 3aBUCUT OT TEMIIEpaTypHI:

Pout (6, T) /Py = (Bo(T) - )Y, 2)

—Ea
rne T — Ttemmeparypa, By(T)~e*kr — xoHcranta ckopoctu npeiida PT,

pONOpIHOHaNIbHAA QYHKIIMK AppeHuyca.

VYpaBaenue (1) HEe oTpaxkaeT IMOJHOCTBIO (U3UUYSCKUN CMBICT SIBICHUS
npeiida PT, a BeIpakaeT SKCIEPUMEHTAIBHO HAOIIOAAeMbIid TPOPHIIb U3MEHEHUS
Pout, KOTOpPBI MOHO HCIOJB30BaTh JUIsl CPABHUTEIBHOIO aHAIU3a JYHEPTUU
axtuBaruu Apeiida PT nns MOC no u mocne Bocctanosienus crpykrypsl HJI. Ha
puc. 10 mokazansl rpaduku AppeHuyca, paccuutanubie mis ucciaeayembrx MOC.
E. Ha skcmepuMeHTanbHBIX oOpasniax MOC mocie BOCCTAHOBJICHHSI CTPYKTYPHI
HapyleHHoro npunoBepxHocTHoro ciost HJI cocraBuna 1.5 3B, uto B nBa pasza
npeBbIllIaeT 3HaueHue E, nns xoHtponbHbIx o0paszuoB MOC 6e3 nmpumeHeHus
rOMOT'€HU3MpYyIomiero npenotmxkura, E;=0.8 3B. IlonyueHnHble pe3yabTaThl TOBOPST
O TOM, YTO JUIsl TEpEeBOJa CUCTEMbl B HEPAaBHOBECHOE COCTOSTHUE HEOOXOIUMO
NPWIOKUTh SHEPIMH B JBa pasza OoJibllie B CIydyae MCIOJb30BAHUS IJIACTHUH,
MOJIBEPTHYTHIX MPEABAPUTEILHOMY OTXKUTY. JTO MPOUCXOAMUT 332 CUET MEHBIIETO
KOJINYECTBA 3apPSHKCHHBIX JICPEKTOB M JUCIOKAIUI B 00JacTH KaHAIbHBIX HyLij.
«NDbO3-BoTHOBOIOB U pUmoBepXHOCTHOTO ctost HJL.
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Puc. 10. I'paduku Appenuyca

B 3akiaroueHum c@QopMyJIHpOBaHbI OCHOBHBIE PE3YJIbTaThl M BBIBOJBI
JTUCCEPTALIMOHHON PabOTHI.

OCHOBHBIE BbIBO/IbI

1. BbIsBIIEHO W HCCAEAOBAaHO OCO0OE CTPYKTYPHOE COCTOSIHUE IUIACTUH
HHOoOaTa JUTUS B BHJAE YETKO OTPAaHUYEHHOT0 W 000COOJIEHHOTO
IPUIIOBEPXHOCTHOTO CJIOSI, COJIEPKALIET0 BBICOKYIO IJIOTHOCTh JAE(PEKTOB, B TOM
quclie AUCIOKAUN KPUCTAIIIMUYECKOIO CTPOeHUs, C(OPMHUPOBAHHOTO B Ipoliecce
UX pe3KH, NUIM(OBKU M MOJUPOBKH; UMEHHO B 3TOM MPUIOBEPXHOCTHOM CIJIO€
pacnonaratorcs BojaHoBoiHbIE ciion MOC u umeHHO e(heKTHOE COCTOSIHUE ITOTO
cios yxyamaet pabouune xapakrepuctuku MOC.

2. YCTaHOBIJIEH ONTUMAJbHBIA PEXKUM TOMOTEHU3UPYIOLIETO MPENOTKUTA
TUTSI HaubOosee 3¢ hexTUBHOTO BOCCTaHOBJICHUS HapYILIEHHOTO
MPUMOBEPXHOCTHOTO CJIOS IJIACTUH HUOOATa IUTHUS U POpMUPOBaHUS B HEM OoJiee
CTaOMJIbHBIX, KaK MO KpPAaTKOBPEMEHHOMY, TaK M JOJITOBPEMEHHOMY Japerdam
padoueit Toukn MOC Ha ocHoBe HyLi; NDbO3-BOIHOBOIOB.

3. TlpennoxeHbl NpaKTUYECKWE PEKOMEHJALUU MO BXOJHOMY KOHTPOJIIO
KauecTBa UCXOAHbIX MmiacTuH HJI, moBbileHNI0 CTAOMIBHOCTH, MOTYyYae€MbIX Ha
ux ocHoBe MOC m MerogaM KOHTPOJII ONTUYECKHUX XAPAKTEPUCTHUK JaHHBIX
VHTETPAIBHO-ONTUYECKUX CXEM IIPU CEPUMHOM HX npou3BoiacTtBe B I[lepmckoit
HAYYHO-TIPOU3BOJICTBEHHOW MPUOOPOCTPOUTENIbHON KOMITAaHUU (aKT BHEAPEHUS
Ne15/0-25-a ot 12.10.2020 1.).
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