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IIpenyoxeH crmocob McCIenOBaHUS XKapOIPOYHOCTU 00pa3lioB BBICOKOTEMIIEPATYPHBIX KOMITO3UIIMOH-
HBIX MaTepHaIOB C TOMOIIBIO TOKAITBHOTO JIA36PHOTO HarpeBa uX MOBEPXHOCTU B CBEPX3BYKOBOM MOTOKE.
BrimonHsieMble MCCIeTOBaHMS IO3BOJISIIOT OIIEPaTUBHO MPOBOOUTH CEISKIINIO BBICOKOTEMITEPATypPHBIX
MaTepuaJioB TI0 MHTEHCUBHOCTU 3PO3UM TIPU OMHOBPEMEHHOM JIa3€PHOM M Ta30JMHAMWYECKOM BO3Ieii-
CTBUU. DKCIEPUMEHTAJIBHO ONpeaesIeHbl CKOPOCTH YHOCA KOMITO3UIIMOHHBIX MaTepHUAaJIOB IIPU pealn3ye-
MBIX TeMIiepatypax noBepxHocty ot 2100 mo 2300 K u o6ayBe cBepX3BYKOBBIM TTOTOKOM C Yuc/ioM Maxa
M = 2. [IpoBeneHHI UCCIeIOBAaHMS BIUSHUS Ha CKOPOCTb YHOCA MaTepraa pa3IMIHBIX 100aBOK, B TOM
yuciie KapounoB u okcunoB Hf, Si, Ta, Zr. [TomydeHHBbIe TaHHBIE MOTYT OBITh MCITIOJIb30BAaHEI B KAYECTBE
pPEeKOMEHOALMIi IIPU BEIOOPE PeleTyp IJIsi BRBICOKOTEMIIEPaTyPHBIX KOMITO3UIIMOHHBIX MAaTepHUAaJIOB.
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BBEJEHUWE

B Hacrosiimee BpeMs omHOI M3 aKTyaJbHBIX TeH-
JIEHIUN pa3BUTHS TEXHUYECKUX CHUCTEM SIBJISICTCS
YBEJIMYEHME B HUX JOJM UCHOJb30BaHUSI KOMIIO3U-
muoHHBIX MatepuanoB (KM) [1, 2]. DTo cBsg3aHoO
C YHUKaIbHBIMHU CBoOlicTBaMu pas3nmndHbix KM. OgHo
3 HarpaBjieHuit pa3Butuss KM — co3maHue BICOKO-
temrepaTypHbix KM (BKM), B ToM 4ucie cnoco6-
HBIX (PYHKIIMOHUPOBATDH B OKUCIUTEIBbHOI cpene [3].
3agauya BHeapeHusi BKM gBisgercss BaxkKHOM ISt
a’pPOKOCMUYECKOI, He(pTera3oBoii, aTOMHOI1 1 ApY-
rux orpaciueil nmpombinuieHHocTH. BKM Moryt mc-
MOJIb30BaThCS B 3JIEMEHTaX KOHCTPYKIIUY BHYTpUAT-
MOC(EPHBIX JIETATEJILHBIX allllapaToB M X ABUTATEIICH
[4, 5], TemnoHarpy:KeHHBIX 2JE€MEHTaX Ha3eMHBIX
1 O0BEKTOBBIX IHEPIeTUUYECKUX YCTAHOBOK, a TaKXKe
B Pa3IUYHBIX TEXHOJIOTMYECKMX W IIPOU3BOIACTBEH-
HBIX ycraHoBKax. IIpenBapurebHbIN aHAIU3 JAaHHBIX
[6—8] mokaswiBaeT, uro mpuMeHenrne BKM gact Bos-
MOXKHOCTbB IIOBBICUTH pab0o4YMe TEMIIEPATyPhI T'a30BO-
ro MOTOKa, CHU3UTh MAacCy KOHCTPYKIIMHU, paCIIv-
pUTH IUAITa30Hbl PpabOTOCIIOCOOHOCTU M YBEJIMUMTH
pecypc TeIIOHArpy>XeHHBIX 3JIEMEHTOB Pa3IMYHBIX
TEXHUYECKUX CUCTEM.

IlepcnieKTUBHBIMU MaTepuaiaMu C BbICOKOM
OKUCJIUTEIbHOM CTOMKOCTBIO SIBJISIIOTCS YIJIEPOIHbIE
BKM Ha ocHOBE KepaMUUYE€CKOM MaTPULIbl, KOTOPHIE
CIIOCOOHBI  COXPaHSITb CBOIO PabOTOCIIOCOOHOCTH
B OKMCJIUTEJIbHOW Cpejie JIMTEJIbHOE BpeMs Mpu
teMmrepaTtypax 6oiee 2000 K [8—10].

Ha ceronnsiiiHuii neHb uMeeTcsl 00JIbIIOE KOJIM-
YeCTBO pa3HOBUIHOCTEN yriiepoaHbix BKM, paznuu-
HBIX KaK I10 CBOEMY XMMHUYECKOMY COCTaBy, TaK U 110
crioco0y mosrydyeHust [10]. Paznuuus B TeXHOJOTUM
narotonpjieHuss BKM 3HauuTenbHO BIMSIOT Ha Xa-
pakTepucTUKU Marepuaia. IloaToMy mepen BbIOO-
poM BKM 119 M3roToBAeHUS pa3IWdHBIX JIeTalleid,
paboTaloluX IIPpU BBICOKMX TeMIlepaTypax, HeoO-
XOOMMBI CpPaBHUTEIbHBIC UCIIBITAHUS OOpa3lioB.
B ntepByto ouepenp s Beioopa BKM u nipenBapu-
TEJILHOTO aHaji3a BO3MOXHOCTU UX JaJbHEMIIEro
NPUMEHEHHUSI B TEIJIOHAIPYXEHHBIX 3JIEMEHTaX
KOHCTPYKIIMH a3POKOCMMUYECKONM TEXHMKM HYKHBI
9KCIEePUMEHTAIbHBIC UCCIeIOBAaHUS HA XapoIIpod-
HocTb. Clienyer OTMETUTDH, YTO OOTHUM M3 IPEabSIB-
JISIEMbIX TPEOOBAaHUI K IMTPOBEACHUIO CEIEKIIMOHHBIX
WCIIBITAaHUI MopaesibHbIX 00pa3uoB BKM sBisercs
MOJIyYeHNE CPAaBHUTEIbHBIX MAHHBIX O JIWMHEWHON
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JlazepHas Cucrema  AspomumHammyeckoe  Jlya Oo6wexkr bapokamepa OcnHactka [dudysop
YCTAaHOBKA BUIEOPETUCTpALIUUN COILIO Jlazepa WCIbITAHUI
Boszmyx o

Puc. 1. Cxema 3KCIIepUMEHTAJIbHOI YCTAaHOBKMU.

1 MacCOBOI CKOPOCTH yHOCA MaTepuajia Mpyu MUHU-
MU3aLNI BpEMEHHBIX M MaTepUaIbHBIX 3aTpar.

B pa6otax [11—13] moka3aHo, YTO Ha 3PO3UI0 Ma-
TepuaJja BJIUsIET He TOJbKO peajindyemasl TeMIepary-
pa MOBEPXHOCTH, HO U YCIIOBUS Ta30IUMHAMUYECKOTO
BO3ICIICTBUSI HA oOpa3ell MaTepuajia. B yactHocTH,
IIPU MOBBILIEHUN CKOPOCTU ITOTOKA MHTEHCUBHOCTh
S5PO3UU YBEJINYNBACTCS.

TakumMm obpaszom, ajist Bbioopa BKM, nmoaxoasiumx
JUIST TIOCJIEAYIOLIETO0 MCIIOJb30BaHUS B CUJIOBBIX
M DHEPreTUYECKUX YCTAHOBKAaX, aKTyaJbHBIM SIBJISI-
eTCsl TIPOBEICHUE CEJIEKLIIMOHHBIX SKCIIPECC-UCIIbI-
TaHUIA IPY MOAEIMPOBAHNY YPOBHSI TEIUIOBBIX ITIOTOKOB
WM Ta30AWMHAMMYECKHMX IMapaMeTpoOB TeUEHUsS BOJIU3U
HCITBITBIBAEMOTr0 O0pa3siia.

B HacTosiieii paboTe pacCMOTPEH METOJ MPOBe-
JIEHUSI CeICKLIMOHHBIX 9KCIIPEeCC-UCIbITAaHUN 00pa3-
moB BKM, yunThiBaomuii crienuKy X IIOCIEIy-
IOILETO MCHOJb30BaHUS B 3JI€MEHTAX KOHCTPYKIIUU
CUJIOBBIX U BHEPreTUYECKUX YCTAaHOBOK. MeTon 3a-
KJIIOYAEeTCSI B MHTEHCUBHOM JIa3€pHOM HarpeBe 00-
pazia BKM 1ipu ero o0ayBe cBEpX3BYKOBBIM ITOTO-
KOM Bo3ayxa. JlaHHBII MeTol MO3BOJISIET ONepaTUB-
HO OLICHUTH CTOMKOCTh MaTepuaja K BO3ICHCTBUIO
BBICOKHX TEMIIEPATYP B BLICOKOCKOPOCTHOM OKUCIIN-
TEJILHOM Cpele.

B 3amaum pa®oOTHI BXOANUT pa3padoTKa M arpoda-
LU TEXHOJIOTMU MPOBEASHUS CEJIEKLIMOHHBIX 3KC-
npecc-ucnblTaHuii o6pasuos BKM c¢ nocienyromm-
MU 3KCIIEpUMEHTAIbHBIM HUCCJIeIOBAHNEM 1 CPaBHU-
TEJbHOM OLIEHKOM KapOIIPOYHOCTU YTJIEPOIHBIX
MaTepuajioB, B TOM 4YKCJIe C JoOaBKaMu KapOMUIOB
n okcunoB Hf, Si, Ta, Zr.

METOJ10JIOT U DKCITPECC-UCIBITAHUN

Hcnbitanus Ha KapOoITPpOYHOCTb 06])33L[0B N3 BbI-
COKOTEMIICPATYPHbLIX KOMITO3MIIMOHHLIX MaTe€puaioB
BBIITOJIHEHBI HaA YCTAHOBKE JIAa3€PHOTO BO3,E[CI710TBI/I$I,
KOTOpasda COCTOUT M3 CBEPX3BYKOBOI'O aspoJMHaMM-

TEIMIIO®U3NKA BBICOKUX TEMITIEPATYP

yeckoro cormia (M®TU) CT-4 ¢ ycTaHOBICHHBIM
B HeM JjazepoM. CxeMa 3KCIIEpUMEHTAILHON ycTa-
HOBKM TIOKa3aHa Ha puc. 1.

MeTonmoiorusi IIPOBEeNeHUSI MCHBITAHUIT 3aKJIIO-
yanach B cienyoomeM. Oopazen n3 BKM 3akpenisii-
cs1 B OapokaMmepe Ha cpe3e a’3poaMHaMUYEeCKOro
coruia CT-4. Pabouast TOBEpXHOCTh OOBEKTA HCIIbI-
tanuii (ON) Haxoounach B INIOCKOCTHU, TIEPIIEHINKY -
JISIpHOI J1a3epHOMY J1yuy. ITocie 3Toro npoucxoaunio
BaKyyMHpOBaHUE OapoKaMepbl C YCTaHOBJIEHHbBIM
B Heil oopaszuoM u3 BKM no masnenust okosno 2 kIla
C TIOMOIIbIO rasrojpaepoB. [laree oOTKpbIBajgach
BXOJHAsl 3aJBUXKa COIUIa U BO3AYyX M3 aTMOChepbl
MOCTyIIajJ B 0apoKaMepy, OCYILIECTBIIsSISI CBEPX3BYKO-
Boit 00ayB OM. ITocne yctaHOBIIeHUST pexXKuMa o0Te-
KaHMUsSI MPOU3BOAWIOCH JIa3epHOE BO3JACHCTBUE Ha
noBepxHocTh OU.

JI1s1 ceeKLMOHHBIX AKCIpecc-ucibiTaHuii BKM
BBIOpaHO 00OpYyIOBaHME, KOTOPOE II03BOJISIET IIPO-
BOOUTH 3KCIIEPUMEHTAJIbHbBIE MCCIEeIOBAHUS IIPU
MaKCUMaJIbHOM paJWallMOHHOM IMOTOKE J1a3epHOTO
usnyuyenus Q = 1.27 TBt/mM? u 1auHe BOJHBI A =
= 1070 um. MccnenoBaHusI IPOXOIMIIN IIPU YCIOBU-
SIX OMMHOBPEMEHHOTO Harpesa 1 o0ayBa 0ObEKTa MC-
NBITAHUM MMOTOKOM BO3ayxa ¢ yucioM Maxa M = 2
Y TIOJIHBIM JaBjieHueM p = 10° Ia.

C 1enplo oIpeaeaeHUsT TeMIIepaTyphl OCYIIECTB-
Jggnack cbeMka OM Ha 1BeTHyto BUuneokamepy Red-
lake Motion Pro X3 ¢ BO3MOXHOCTbIO YCTaHOBKM
9KCIO3ULIMM KaapoB B quana3oHe oT 1 1o 40000 Mxc.
Buneokamepa ycraHaBImBaiach Iepel adpoaInHaAMM -
YEeCKHMM COIUIOM, 4YTO OOecrneyuBalio OecrpensT-
CTBEHHYIO PETMCTPALINIO U3TYYeHUs C TIOBEPXHOCTH
obpasna.

bnaromaps RGB-matpuiie BumeokamMepa MOXET
ObITh MCIIOJIb30BaHa KakK IIBETOBOU MUPOMETP ISt
aHaJM3a TEIJIOBOTO COCTOSIHUS moBepxHoctn OU.
Kaxnpiit mukcesb MaTpyullbl BUIeOKaMepbl (DUKCU-
pYET HWHTEHCUBHOCTb W3Jy4eHUS OT HCTOUYHMKA
Ne 3
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B TpeX Auaria3oHax IJIMH BoJH (Tpex KaHaiax R, G u B).
Ha puc. 2 npuBeneH rpaduk CHeKTpaJIbHOI 4yB-
ctBUuTenbHOCTH MaTpulibl Redlake Motion Pro X3,
B3SIThIM U3 TEXHUUECKON TOKYMEHTAIlMU KaMephl.
OnpeneneHue Temreparypsl 7 Harperoro obpasia
MIPOBEASCHO MO METOIy, OIMCaHHOMY B pabote [14].
B aToM ciyyae ucnonb3yercss OTHOIIEHWE WHTEH-
CUBHOCTEI U3Iy4yeHUs1 OT oOpaslia U OT KaTMOpOBaH-
HOTro MCTOYHWKA Ha OIpeNesIeHHON IJIMHE BOJHBI.
M31yyeHre npou3BOJIBHOIO TeJla Ha OMNpeneIeHHOMU
JUIVHE BOJIHBI B HamNpaBJIeHUU HOPMa [, ; MOXET
OBITh BbIpaXkeHO 4yepe3 dopmyny IlimaHka U cnek-
TPaJIbHYIO CTENEHb YEPHOTEI €; , JUTsl JUIMHBI BOTHBI A:

2
I —¢ 2hc
AT = ©hn o5 pe/AT-1Y°
A (e / )
rme 4 — mocTtostHHag IlmaHka, ¢ — CKOPOCTh CBeTa,
k — moctossHHasa boipiiMaHa.

B ymnpolineHHOM BuAe OTHOILIEHWE WHTEHCUBHO-
CTEl OT IBYX UCTOYHMKOB MOXET OBITh IIpeAcTaBlIe-
HO B cienyoieM Buae [14]:

G1 1)) esWTy)
MTe T nSCO\'aTC)’

rne C, = he/k; T, T — Temiiepatypsl obpasia u Ka-
JIMOPOBAHHOI'O UCTOYHMKA COOTBETCTBEHHO; £, £ —
CTEeNeHU YepHOThI o0paslia U KaJluOPOBAHHOIO
WCTOYHMKA; N — KO3 OUITUEHT, BRIpAKAIOIINI pa3-
JIMYMe ONTUYECKMX YCIOBUIA 3amucu obpaslia 1 Ka-
JIMGPOBAHHOIO UCTOYHUKA.

KannbpoBaHHBINM UCTOYHUK HPEACTABISIET COOOI
BOJIb(PpaMOBYIO JlaMIly, JUIsI KOTOPOM TOJy4yeHO
COOTBETCTBUE MEXIY MUHTEHCHMBHOCTBIO U3JIYYEHUS
U TeMIlepaTypoil HUTU HaKaJia JIaMIIbI.

HM3iayyeHue gaMIibl perUMCTPUPOBAIOCH MO TOMY
Ke ONTUYECKOMY MYyTH, YTO U B IKCIIEpUMCEHTE,
€IMHCTBEHHOE PA3INUME 3aKITIOYIOCH B IJIUTETLHO-
CTU 9KCITO3ULIMU (3TO pa3indue oTpaxkaeTcsl Koad-
durmenToM 1). YT0OB MUHUMH3UPOBATH BIIUSTHHE 1|,
HCIIOJIB3YETCS OTHOIIIEHNE MHTEHCUBHOCTEH OT IBYX
kaHasoB (R u G), T.e. U3nydyeHue Ha ABYX IJIMHAX
BOJIH (ITapaMeTphl, OTHOCSIIIIECS K Pa3TUIHBIM TV~
HaM BOJIH, yKa3aHbl MHAeKcaMu 1 u 2):

_ FO A, T) e5(M, Ts) €c (M, T) (1)
F, oy, Te)es(My, Ts) €c (M, Te)

—1”5 = exp

Ly,

Ik]aTs IkZaTC

I)\Z’TS IKI»TC

e F()\'177\’29TS)
F(}\'b;\'z’TC)

IMpenmonaraercs, 9To cTeneHb YEPHOTH 0Opasiia
He 3aBUCUT OT JUTMHBI BOJIHBI. B 3TOM cityyae creneHb
YepHOTHI oOpasiia B ypaBHeHUM (1) coKpalaercs.
CrerreHr 9epHOTHI MaTepraia KaTnOpOBaHHOTO HC-
TOYHMKa (BoJib(bpamMa) IJIsl 3adaHHBIX IJIWH BOJH
(TSI KpacHOTO M 3eJICHOT0 KaHaJOB) OIpeIesIeHbI
COIVIacHO JaHHBIM [15].

=exp| G, LA (0 .

il — -
A, M\ T
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Puc. 2. CnekTpaibHasi 4yBCTBUTEIBHOCTb KaMepbl Red-
lake Motion Pro X3: 1 — KpacHBII1 KaHa, 2 — 3eJICHBIHI,
3 — cuHMi.

O06J1acTh CHMMKA, COOTBETCTBYIOIIAS M300pake-
HUIO HarpeToit yactu nmosepxHoct OU, BoimesnsieTcst
C TIOMOIIbIO MMPUMEHEHUSI K M300pakeHUIO MacCKU,
KOTOpasi OTCEKAaeT IMUKCEIU CO 3HAYECHUSIMU MHTECH-
CUBHOCTHU HMXXE MAaKCUMAaJILHOTO 3HAYEHUSI CUTHAJIA
“mrymMa”, ypoBeHb KOTOPOTO OIIPEIEIISUICS C UCIIOIb-
30BaHMEM IIpOrpaMMHOTO TmakeTa XnView. Takum
obpa3oM, U3 Kaapa ¢ n300paxkeHrneM oodpa3slia Bblae-
JIIeTCsl TETUIOBOE MSITHO, CBEYEHUE KOTOPOro o0y-
CJIOBJIEHO HArPEBOM OT M3JIyYeHUs Jiazepa.

Jnst Kaxknoro mukcensi, GUKCUpYIOero n3jyde-
HUE OT HarpeToii yactu nopepxHoctu OU, BeIUMCIsI-
eTcs OTHOIIIeHne MHTeHcuBHOCTeN R- 1 G-kaHasos,
KOTOpoe moicTapisieTcss B opmyiy (1), u yucieH-
HBIM METOHOM HAaXOIWMTCS 3HAaYCHMHE TeMIIepaTyphbl
obOpasiia T B aT0i TouKe Kaapa. s Kaxknoro kaapa
onpeeisieTcs MaKCUMaJlbHOE U CpellHee 3HauYeHUs
TeMIlepaTyphl Harpetoii yactu nopepxHoct OU. Pe-
TUCTpalMs IIPOBOIUTCS IJISI Pa3IMYHBIX MOMEHTOB
BPEMEHH, YTO IO3BOJISIET OIIPEASINTh TMHAMUKY U3-
MEHEHUS TeMnepaTypbl moBepxHoct OU.

OLieHKA XXapoNnpOYHOCTU 00Pa3L0B OCYILECTBIISI-
ercs 1o maccoBoil U, u nuHeitHoit U; cKkopocTsim
yHoca Macchl BKM:

vy =Mo=M U
P ) L p F
av

3necy M, — Macca obpa3siia 10 ucnblTanuit; M, —
Macca o0Opasla Iocjie UCOBITAHUM; ¢ — BpeMsl BO3-
JeCTBUS 1a3ePHOTO U3JIYYEHUSI; P — TUIOTHOCTb UC-
ciaepyeMoro matepuana; F,, — cpenHsisl IUiolanb
BIIAIWHBI, oOpa3oBaBIIeiics Ha moBepxHoctTn OU
B pE3yJIbTaTe BO3ACHCTBUS JIA3E€PHOTO U3JyYEHMS.
Crenyetr OTMETUTD, UTO F,, ONIpeaessieTcs] U3 aHaIu3a
rEOMETPUUYECKON KOHGUTypallui BOAAUHbI, U3MeE-
PEHHOI C MOMOLIBIO MPOCTPAHCTBEHHOT'O JIA3€PHOTO

Ne 3 2020
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Puc. 3. O6pazenr u3 BKM 11 uctibiTaHuit Ha XKaporpod-
HOCTb.
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Puc. 4. MonenupoBanue 061yBa OU cBEpX3BYKOBBIM TTO-
TOKOM: (a) — moJie yrces Maxa, (6) — IoJjie CTaTU4eCKOro
nasneHus (I1a).

ckaHepa (3D-ckanupoBaHue). B pabore ucronb3y-
ercst 3D-ckanep RS6, ycraHOBJIEHHBIN HAa IOPTATUB-
HOM MHOTOCYCTaBHOM KOOPJAMHATHO-U3MEPUTEIIb-
HOM ycTpoiicTBe Absolute Arm M HO3BOJISTIOIINIA
MPOBOIUTH U3MEPEHUS C TOUHOCTHIO 10 0.06 MM.

Ta6auma 1. TTapameTpbl MOACIBHBIX 0OPA3II0B

APE®DBEB u 1p.

PE3VJIBTATHI AITPOBALIMA

DKCIIEpUMEHT MPOBOJIMIICS B YCIOBUSIX OJTHOBPE-
MEHHOIO TETJIOBOTO U Ta30JIMHAMUYECKOTO BO3/Eii-
ctBuit. I vccnenoBaHust ucnojib3oBanuchk OU u3
BKM c¢ reomerpuyeckoii KOHGUIrypauuei, mpem-
CTaBJICHHOM Ha puc. 3.

st onpeneneHus: mapaMeTpoB TeUeHUST BOJIU3U
MMOBEPXHOCTH 00pa3iia B YCIIOBUSIX 3KCIIEPUMEHTAJIb-
HOM YCTaHOBKHU MPOBEAEHO IpeABapUTEIbHOE YMC-
JICHHOE MOJIeJIMPOBaHUE Ta30IUHAMUYECKUX IPO-
eccoB. MoaenmpoBaHrue OCHOBAHO HA PEIIEHUM CH-
cteMbl ypaBHeHU HaBbe—CTOKCa, OCpEeIHEHHBIX 110
®aBpy B 0CECUMMETPUYHOI CTAallMOHAPHOM TOCTa-
HOBKE JIJISI BSI3KOI'O TEMJI0NPpOoBOAHOrO ras3a [16]. ITpu
MOAEIUPOBAHUN TYypOYJEHTHOI BSIBKOCTU MCHOJIb-
30BaHa OJIHOMapaMmeTpuueckass moaenb Crnanapra—
Aiumapaca [17]. Cucrtema ypaBHEeHUI pellieHa HesIB-
HBIM METOIOM C UcIonb30BaHueM cxeMbl AUSM [18].

ITonsa ymcna Maxa M CTaTUYECKOTO JAaBJICHUS
B obmactu OU, moydeHHBIe B pe3yJbTaTe YMCICH-
HOTO MOJEJIMPOBaHUsI, TpeACTaBlIeHbl Ha puc. 4.
B pe3ynbraTe 4MCIEHHOrO MOACIMPOBAHUS TTOKa3a-
HO, UTO COILIO paboTaeT B paCUETHOM pEKUMeE, CKO-
pOCThb sipa MOTOKAa Ha Cpe3e a3pOAMHAMUYECKOIO
coruia cooTBeTcTByeT M = 2. Ilepen KpoMKoii odpa3-
11a BO3HUKAET MPSIMOM CKAYOK YIIOTHEHMSI, CTaTUUe-
CKO€ JaBjieHME 3a KOTopbIM cocTaBiisieT p = 70 klla,
a ckopocTh cHrkaeTcst 1o M = 0.1. CinenyeT OTMETHUTb,
YTO 32 CPE30M a3POAMHAMUYECKOTO COILJIa IIPOUCXO-
JIUT cBOOOTHOE paclIMpeHHre MMOToKa B OapokamMepe
SKCIEPUMEHTAILHOM YCTAHOBKU M YBEJIUYEHUE €TO
CKOPOCTH [0 3HAYEHUI1, COOTBETCTBYIOIINX M > 3.

B ykazaHHBIX YCIOBUSIX OOOyBa IIPOBEICHBI MC-
MbITAHWUSI BOCbMU MOJEIBHBIX 00pa3lioB ¢ pa3iny-
HBIMU TYTOIUIABKMMU 100aBKaMM 1 0e3 HuX (Tabim. 1).
B xaudecTBe 100aBOK MCITOJB30BaHbBI MOPOIIKU Kap-
ounos u okcunoB Hf, Si, Ta, Zr, KoTopble UMEIOT BbI-
COKMe TeMITepaTyphl TU1aBiaeHus [19].

JInTeTbHOCTh UCTIBITAHUS KaXkKI0ro oopasiia co-
ctaBisia 1o 30 c¢. Tak Kak TemiIoBOil ITOTOK Ha II0-
BepxHocT OU OT 1a3epHOTo U3MYyYeHUST HAXOTUTCS
Ha ypoBHe 1 'BT/M?, yKasaHHOrO BpPEMEHM HOCTa-
TOYHO JIJISI OLIEHKHU KapOIIPOYHOCTU BBICOKOTEMIIE-
paTypHBIX KOMITIO3ULIMOHHBIX MaTepuasoB. Ha puc. 5
MpeaCTaBIeHbl O0Opa3lbl O U TMOCJE WCIBITAHUIA.

Ne o6pasiua p, r/cm? My, T JoGaBKu
1 2.03 13.75 HfC
2 1.80 9.60 ZrC
3 2.60 15.40 TaC
4 2.02 12.86 —
5 1.89 12.72 HfC + HureBunHbie kpuctauibl SiC
6 2.04 7.47 TaC + aureBunHBIe KpucTaLIbl SiC
7 2.01 8.34 HureBunnabre kpuctamibsl SiC
8 2.00 8.44 ZrO, + HuteBUaHbIE KpucTauibl SiC
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Puc. 5. O6paszist BKM: (a) — no ucrneltanuii, (6) — 1mociie UCIIbITaHUIA.

4 : 4 /f

b4

Puc. 6. Pesynbratel 3D-ckanupoBanust noBepxHoct OU.

BuaHo, yTo B nmpolecce aKcnepruMeHTa IIPOUCXOIUT
3HaYMTeIbHAasI 3po3us MaTepuaiia OU.

HJist olleHKM pa3MepoB 00pa30BaBIIMXCS BITAAWH
B MeCTax BO3IEHCTBUSI JJa3€pPHOTO U3JIyYeHUsI ITPOBE-
MIEHO CKaHWpPOBaHMWE ITOBEPXHOCTH OOpPa3IoB C IO-
momibio nazepHoro 3D-ckanepa. ITo pesympraram
3D-ckaHupoOBaHMS BUTHO, UTO BIAIMHBI HAa TIOBEPX-
HOCTU OOBEKTOB UCIIBITAHUM UMEIOT (hopMmy, OIn3-
KYI0 K KOHMYeCcKoit (puc. 6). 1151 pacyeTa JIMHEHOMN
ckopoctu yHoca Maccel BKM mo moiydeHHBIM
3D-MozmensiM onpenesieHbl CpeTHUE TIoImany oopa-
30BaBIIIMXCS YIIyOJIeHNI, KOTOPBIEC TSI pacCMaTpy-
BaeMbIX 00pasioB coctaBuwian F,, = 3—50 mm>2.

Ta6auua 2. Pe3yabTaThl UCIIBITAHUIA

Fg, Mm?

45 -
40}
35}
30F
25
20
15
10

5 -

0 5 10 15 20 25
f,c

Puc. 7. 3aBUCUMOCTb IJIOIIAAM TETUIOBOTO MSTHA OT BpeE-
MCHHMU.

ITo pe3yabTaTamM 3KCIIEPUMEHTOB B COOTBETCTBUU
C MpeAcTaBJICHHO METOAMKON paccurMTaHa CpeaHsIst
TeMmIiepaTypa B paboueit 0671acTu 0OBEKTOB UCTIbITA-
auit T,, = 2100—2350 K.

ITocpencTBOM TEIUIONPOBOAHOCTA B IIpoLiecce
SKCIIEPUMEHTAa MPOUCXOAUT MOCTENEHHOE YBeIuUe-
HME pa3MepoB TeIIOBOro IsiTHa. Ha puc. 7 mokasaHa
XapakTepHasl 3aBUCHMMOCTh M3MEHCHUSI ILIOLIAAN
TETUIOBOTO ISITHA Fg OT BpeMEHU BO3ACHCTBUS Ja3ep-

Ne o6paszua tc T, K M, F,, MM? Uy, Mr/c U, MM/c

1 20 2100—2200 13.69 28.27 2.90 0.05

2 20 2100—2200 9.51 38.48 4.31 0.06

3 20 2150-2250 15.38 23.76 0.61 0.01

4 20 2000—-2200 12.81 3.14 2.62 0.41

5 20 2100—2300 12.68 15.90 1.99 0.07

6 20 2200—2350 7.30 23.76 8.39 0.17

7 30 2100—2300 8.19 23.76 4.74 0.10

8 20 2100—2300 8.33 50.27 5.59 0.06
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Puc. 8. IToas Temiiepatypbl B pa3indHbie MOMEHTHI Bpe-
meHu: (a) —fr=1c, (6) — 5, (B) — 10, (1) — 20.
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Puc. 9. JIuHeiiHast CKOPOCTb yHOCA MAcChl C TTOBEPXHOCTHU
TSI pa3HBIX 00pa3loB.

HOro u3llydeHusl. PacrpeneneHust TeMrneparypbl Ha
IMOBEPXHOCTU 00Opaslia B pa3IMYHbIe MOMEHTBI Bpe-
MEHM NpUBEIEHEI Ha puC. 8.

KonnyecTBeHHbIE pe3yiabTaThl MCHBITAHUIT 00-
pasuoB BKM nipeacraBieHsl B Ta0a. 2. Macchl pac-
CMOTPEHHBIX O0pa3loB II0CJE MCHBITAHWUI CHU3U-
mmch Ha 0.4—2.2% OTHOCHUTENHLHO HavaJibHOUI. Mac-
COBasi CKOPOCTh YHOCA MaccChl IIPY 3TOM COCTaBUJIa
0.61—8.39 mr/c, a muneitHas — 0.01—0.41 mMm/c.

Ha puc. 9 npuBeneHa rucrorpamMma JUHEHHOI
CKOPOCTH YHOCA MAacChl C IOBEPXHOCTU OOpas3LoB,
Pa3INYHBIX II0 CBOEMY XMMMYECKOMY COCTaBY.

Haubosee BricOKHE MOKa3aTesu XapornpouHOCTH
(MUHUMaAJIbHAsA JIMHEHHAasi CKOPOCTb YHOCAa MaccChl
c noBepxHoct! U; i, = 0.01 mMm/c) HabmonaroTcs
y obpasia Ne 3, B XuMHUUecKuii cocTaB KOTOPOTO J0-
OaBJIeH TTOPOIIOK KapOouaa TaHTaua. IIpeamoyioxu-
TEJIbHO 3TO CBSI3aHO C TEM, YTO TTPU BBICOKUX TEMIIE-
patypax B Marepualie odpasiia ¢ KapOMIoM TaHTaja
0o0pas3yloTcsl XKUIKUE TUICHKW OKCHIIOB M KapOWIOB
KPEeMHUS U TaHTajla, KOTOpble 00eCIeunBaloT Mpo-
TEKTOPHYIO 3allUTy noBepxHocTH BKM.

SAKJIFOYEHUE

B pesynbpraTe nmpoBeaeHHOM arpobanuu pa3pabo-
TaHHOI METOMIOJIOTUU SKCIIPECC-UCTIBITAHUIA Ha Xa-
POIIPOYHOCTh IEPCIEKTUBHBIX yriaepoaHbix BKM
C IOMOIIBIO JIA3epPHOIO HarpeBa B CBEPX3BYKOBOM
MOTOKE OIIpeeIeHbl XapaKTEPUCTUKU KapOIIPOYHO-
CTH BOCBMU O00pa3LoB C pa3IMYHBbIM XUMUUECKUM
COCTaBOM.

CpenHue TeMmeparypbl MMOBEPXHOCTU 30HBI Ha-
rpeBa oopasiioB BKM cocrasigror ot 2100 no 2300 K.
ITpu 3TOM CKOPOCTH YHOCA Macchl y oOpa3siia 63 BbI-
COKOTEMITepaTypHBIX T00aBOK COOTBETCTBYET U . =
=0.41 mm/c. Ucnonp3oBaHue mOOABOK Ha OCHOBE
kapounoB 1 okcugoB Hf, Si, Ta, Zr mo3BoJsieT CHU-
3UTh CKOPOCTh YHOCA MAacChl B paccMaTpUBacMbIX
ycaoBUSIX. MUHUMAJbHAS JIMHEHAS CKOPOCTh YHO-
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ca Mmacchl coctaBuna U; ., = 0.01 Mmm/c y obpasna
BKM c nob6aBkoiif KapOuaa TaHTajA.

HOJ’IY‘{GHHBIC JaHHBIC MOTYT OBITh UCITOJIb30BAHBI
IIpu MaJbHEHUIINX UCCIENOBAHUIX BbICOKOTEMIICpA-
TYPHBIX KOMITOBUITMOHHBIX MaTCpMaIoB.

Pa6ota BeImonHeHa TTpy (DMHAHCOBOI MOAAEPXKKE
MuHHcTepcTBA HayKM M BBICIIEro 0Opa3oBaHUs
Poccuiickoit @enepauiy (YHUKaIbHBIN UIeHTUDU-
karop ITHUDP RFMEFI60719X0323).
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