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BbINO/IHEHO 3KCNepUMeHTaNlbHoe
uccnepoBaHue NOBeAEHUS CBEPXTYroniaBkoro
BbICOKOM/IOTHOrO Kap6uaa LLMpKOHMUS

B OKMCAUTeNbHOM cpepe (Bo3ayx).
Paspa6oTaHa 1 co3gaHa creuunanbHas
3KCNnepuMeHTaJ/ibHas yCTaHOBKA, BKlOYaoLWwas
MOLUHBIA TEXHONIOrUYECKUIA nasep Ans
CO3[4aHMs Ha NOBEPXHOCTM Kapbuaa

LMPKOHMS TEM/0BbIX NOTOKOB, KOTOPble
No3BO/SAIOT M3y4aTb 06pasoBaHue c/ios

OKMC/1a B LULMPOKOM JManasoHe TeMMNOB
Harpesa. [lpuMeHeHne BbICOKOCKOPOCTHOM
BMAEOCHEMKU B OTPaXKEHHOM cBeTe

B COYETaHMM C MHOTOKaHa/1bHOW NUpoMeTpuei
NO3BOJINJIO BbIACHUTb OCHOBHble 0CO6E€HHOCTH
$hopMUPOBaHUA C/105 OKMCIA MPY Pa3IUUHbIX
peXxumax Harpesa. C NOMOLLbIO 3/1eKTPOHHOW
MUKPOCKONUU, peHTreHodlyopecLeHTHOro
aHasM3a ¥ pamMaHOBCKOM CNeKTPoCcKonuu
noapo6Ho usyyeHa 30Ha BO3AENCTBUSA
Na3epHOro M3ny4eHUs B OKUCAUTENbHOW cpeae.

KntouyeBble cioBa: kKap6u LMPKOHUSA, AUOKCUA,
LUMNPKOHWNSA, NA3epHbLIA HArpes, onTuyeckas
NMUPOMETPUS, BbICOKME TEMMNEPATYPLI
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BBEAEHUE

B HacTosimee BpeMs 3HAa4YMTEIbHO BBIPOC HHTepec
K H3y4eHUIO IOBeJIeHUSl TaK Ha3bIBaeMBIX CBEPX-
TYTOIJIAaBKUX coefuHeHuM, uin UHTC (Ultra High
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The paper presents an experimental study of

the behavior of high-density zirconium carbide
in oxidizing atmosphere (in air flow). The

study has been conducted with a specially
developed experimental setup with a high-
power technological laser providing heating of
zirconium carbide in a wide range of heating
rates, which make it possible to study the
formation of an oxide layer at different regimes.
High-speed video recording of the heated
surface in the conditions of external illumination
in combination with the multichannel
pyrometry enabled to analyze the main features
of the formation of the oxide layer at the surface
of zirconium carbide. A detailed study of the
zone of laser radiation exposure in an oxidizing
atmosphere was performed using electron
microscopy, X-ray diffraction and Raman
spectroscopy.
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INTRODUCTION

At present, interest in studying the behavior of so-
called ultra-refractory compounds or UHTC (Ultra
High Temperature Ceramics) when exposed to high
energy flows. This study is aimed at investigation of
the resistance of materials and coatings made from
super-refractory transition metal carbides when
exposed to high energy densities and, development
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Temperature Ceramics), IpH BO3AEHCTBUU BBICO-
KO3HepreTH4ecKUX IIO0TOKOB. HacTOSIIMH IPOeKT
HallpaB/lleH Ha H3y4eHHe CTOMKOCTH MaTepHaJIoB
U TIOKPBITHH, U3TOTOBJIEHHBIX U3 CBEPXTYTOIIaBKUX
KapOU/I0B ITepeXOAHBIX METAI/IOB, IPH BO3LEHCTBUHU
KOHIIeHTPUPOBAHHBIX IIOTOKOB 3HEPIUU M CBSI3aH-
HYI0 C 5THM Pa3paboTKy MeTOHOB HX HCIBITAHHUI
B YCIOBHUSIX 3KCTPeMa/IbHBIX TeIUJIOBBIX II0TOKOB
U TeMIIepaTyp.

Kapbuasl IepexoAHBIX METaaI0B SBSIOTCS
Haubonee TyrorlaBKUMH MaTepuasamMu K3 UHTC
(OHHM HMMeIOT TeMIIepaTypbl IIJIABI€HHUS B OKPECTHO-
cTi 4000 K u Bpime). CHelHa’KCTBl pacCMaTpU-
BAIOT UX CerofiHsl B KaueCTBe OJHOTO K3 Hauboiee
[IepCIeKTHBHBIX KJIACCOB MaTepHasioB, CIIOCOOHBIX
BBIJIEP>KaTh BBICOKHME TeIJIOBble HAarpy3ku B «bes-
abnsnyroHHOM» pexxuMe [1,2]. BOABIIMHCTBO
M3 COBPeMEeHHBIX HCCIeNOoBaHUM (Hampumep, [2-3])
KacaloTCsI B OCHOBHOM XMMHKO-TeXHOJIOIHUYeCKHX
aCIeKTOB CHHTe3a IIOPOIIKOB TpebyeMoro cocTaBa
U KX [aJIbHEeHIIero BbICOKOTEMIIePAaTypPHOTO KOM-
MIaKTUPOBaHUS. OZHAKO IJISl CO3AAaHMS MaTepHalloB
U TIOKPBITHH, BBIJEPKHBAIOIIMX BO3JEHCTBHE 3KC-
TpPeMasbHbIX [IOTOKOB SHEPTUHU, Heobxomumo obecrie-
YUTh pellleHHe LeIOYKH B3aHMMOCBSI3aHHBIX 3aJau:
TeXHOJIOTHsSI H3rOTOBJIEHHSI 06paslioB MaTepHaia
3a[IaHHOI'O COCTaBa - M3y4eHHe ero CBOMCTB - HCIIbI-
TaHHe IO/l BO3ZEeLCTBHEM BBICOKOIHEepPreTHUeCKOIo
[I0TOKA. B HacTosllee BpeMs pe3yJbTaThl M3ydeHHUS
3aBUCHMOCTH CTOMKOCTH MaTepHaJIOB OT TexHO-
JIOTUHM HX H3TOTOBJIEHUS HOCAT $parMeHTapHBIH
xapakTep. Kak mpaBu/Io, peub HIeT 00 HcCCIeIoBa-
HHSX, B KOTOPBIX MCIIBITAaHHE H3Me/Hsl U3 CIleueH-
HOTO IIOPOIIKa IIPOBOJMUTCS B CTPye rasa, HarpeToro
B JIyTOBOM IITa3MaTpoHe [4]. IIpu 3ToM B 60IBIIMH-
CTBe paboT OTCYTCTBYeT H3MepeHHe TeMIIepaTypbl
[IOBEPXHOCTH — Ba’KHeEMIIero rapameTrpa, OIpemess-
fomlero GU3NKO-XMMHYeCKHe IIPOLIeCChl Ha IIOBEpX-
HOCTH. JTO ke OTHOCHTCSI U K HM3MepeHHSIM Xapak-
TePUCTUK I3aJAIOLIEr0 TeIIOBOIO IOTOKa. ITo3ToMy
COITOCTaB/IeHHE JAHHBIX PA3IMYHBIX 3KCIIePUMEHTOB
SBJISIETCS 3aTPyJHUTENBHBIM. [Jla)ke B TOM 3KCIIePH-
MeHTe, KOIZa TeMIlepaTypa IIOBEPXHOCTH HCIIBITYe-
MOrO MaTepuaja oIlpenessiach [5], TeNI0BOI IIOTOK
Ha [TI0OBePXHOCTH OLIeHUBAJICSI BeCbMa Ipybo.

AJIBTepHAaTHUBHBIN IOAXOA — 3TO HCIIO/NIb30BaHHLE
MOIIHBIX MHOIOKHJIOBATHBIX THCKOBBIX M BOJIOKOH-
HBIX TeXHOJIOTHYeCKHUX JIa3epOB B KayeCTBe MCTOY-
HMKa BBICOKO3HEPIreTUYeCcKOIo IIO0TOKA. 37,eCh MOXKHO
OTHOCHTEeJIBHO IIPOCTO U BecbMa HallexKHO oIlpeje-
JUTh IUIOTHOCTh MOILIHOCTH, IaJAIOLIYI0 Ha I10BepX-
HOCTb UCIIBITyeMOTr0 MaTepHasa. BaskHO, YTO UCII0/Ib-
30BaHMe JIa3ePHOI0 HarpeBa II03BOJIsSeT IIPOBOJUTD
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of the corresponding methods for their testing under
extreme conditions.

Transition metal carbides are the most refractory
UHTC materials (they have melting points in the
vicinity of 4000 K and above). They are considered
as one of the most promising classes of materi-
als capable of withstanding high thermal loads in
a “non-ablative” regimes [1, 2]. Most of the recent
studies (e. g. [2-3]) mainly concern the chemical -and
technological aspects of the synthesis of powders of
the required composition and their further high-tem-
perature sintering. However, in order to create mate-
rials and coatings that can withstand extreme energy
fluxes, one have to solve a number of interrelated
tasks: the manufacturing of samples of a given com-
position - studying their properties - testing under
the influence of a high-energy fluxes. At present, the
results of studying the dependence of the resistance
of materials on the technology of their manufacture
are fragmentary. As a rule, we are talking about
studies in which the testing of a sample is carried
out in a plasmatron gas jet [4]. At the same time, in
most studies there is no measurement of the surface
temperature, which is the most important parameter
that determines the physicochemical processes on
the surface. The same is related to measurements of
the characteristics of the applied heat flux. Therefore,
the latter makes it difficult to compare data from dif-
ferent experiments. Even in the experiment where
the surface temperature of the test material was
directly measured [5], the heat flux on the surface
was estimated very roughly.

An alternative approach is the use of the power
multi-kilowatt disk or the fiber technological lasers
as a source of high-energy fluxes. Here one can
relatively easy and quite reliably determine the laser
power density at the surface of the testing sample. It
is important that the use of laser heating makes it
possible to test materials at heat flows inaccessible to
electric arc heaters or gas burners and, most impor-
tantly, in conditions of an almost uniform distribu-
tion of power density over the heating spot, which is
achieved by using optical fibers for delivery of laser
radiation to the focusing optics. In addition, that
makes it possible to program the time power shape
arbitrary, which broaden the possibilities for using
laser radiation for the high-temperature testing of
the UHTS materials.

It is important to note that such tests can be car-
ried out in various gas environments, as well as in
vacuum. In the latter case, it is possible to obtain
important information about both the high-temper-
ature release of molecular products and to study the
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HCIIBITAHHE MAaTepUaJIOB IIPU TEIUJIOBBIX IIOTOKAX,
HeJOCTYIIHBIX [JIsS 3JIeKTPOLYTOBBIX II0JOTpeBaTe-
JIeHl WM Ta30BBIX TOPENIOK M, YTO 0COOEHHO BaSKHO,
B YCJIOBHSIX IIPAKTHUYeCKH OJHOPOLHOIO pacIpese-
JeHUs IJIOTHOCTH MOINHOCTH IIO IISITHY Harpesa,
YTO [OCTUraeTcs IIpHMeHeHHeM CBeTOBOLOB IS
«IOCTAaBKK» M3/Ty4eHUs] K QOKYCHPYIOUIEH CHCTeMe
M IpUMeHeHHeM CIIelHaJ]bHON (OKYCHPYOLIek
onTHUKUA. KpoMe TOro, MOXKHO H3MEHSTh MOIIHOCTb
BO BPeMeHH IIPOM3BOJIBPHBIM IIPOTPAMMHUPYyEMBIM
crrocoboM, UTO 3HAYHTENBHO PACLIHpPSIeT KPYyr BO3-
MOXKHOCTEHN HCII0JIb30BAHUS JIa3ePHOIO M3JyueHHs
IJISI KCIIBITAHUS. MaTepPHAJIOB.

BaskHO OTMETHTbH, YTO TaKHe KCIIBITAHUSI MOSKHO
[IPOBOAMTL B Pa3/IMYHON Ta30BOM Cpele, a TaKKe
B BaKyyMe. B mocienHeM ciydae ynaeTcs HONY4YHTh
BKHBIe CBefleHHS KaK O BBICOKOTeMIIEPATYPHOM
BBIXOZIe MOJIEKY/ISIPHBIX IIPOAYKTOB, Tak K O MoJe-
KyJISIDHOM COCTaBe Ilapa [PH BBICOKOTEMIIEPATYp-
HOM HCIapeHHU Matepuana [6,7]. Hcmonap3oBaHHe
MOILIHOI'O JIA3ePHOTO M3/Iy4YeHHUS ISl H3ydeHUs
[I0Be/IeHHsI CBEPXTYIOIIJIABKUX KEPAMHK IIPH 3KCTpe-
MaJbPHOM TeIUIOBOM BO3[eHCTBHH MOKHO paccMa-
TPUBATh KaK OAMH W3 Haubosiee O4eBUAHBIX CIIOCO-
60B. HecMOTpst Ha 9TO, B HACTOSILee BpeMsi TOBOPUTD
06 O0TpabOTAaHHOCTH TaKOM TEXHOJIOTHH HeJb3sl.
B coBpeMeHHOM JIUTepAType COLEPSKATCS efUHUYHBbIe
YVIIOMHUHAHHS O COOTBETCTBYIOIIMX CIIELHMAJIbHO CO3-
JAHHBIX YCTAHOBKAaX, HarpuMmep [8].

IIpy HCHOBITAHHMM MaTepHaloB Ha TaKOHM YCTa-
HOBKe [9] HcIIONIB30BaHHE OAHOIO - ABYX CTaHIAPT-
HBIX IIHPOMETPOB SBJSIETCS OIpeleeHHO HelLo-
CTaTOYHBIM YyCIOBHeM. JIeHCTBUTEIbHO, BOIIPOC
0 JOCTOBEPHOM HM3MepeHHH TeMIIepaTyphl II0BepXHO-
CTH B TaKHX 3KCIIEPHMEHTAX SIBJISeTCS [IepBoovYepe[-
HBIM: 37IeCh HCII0JIb30BaHHE SIPKOCTHOH (MOHOXPO-
MaTHYeCKOH) ITHPOMeTPHUH IIPHUBOSUT K OOTBIIUM
omubkaM, B OCHOBHOM H3-32 HEH3BECTHOI'O 3Hade-
HUS H3/Iy4aTelbHOM CIIOCOOHOCTH MaTepuana IIpHU
BBICOKOHM TeMIIepaType B YCJIOBHUSX CIOKHBIX IIPO-
11eCCOB Ha II0BEPXHOCTH — HAIIPUMeP IIJIaBIeHHUS HIH
XMUMHYeCKOH peakiuu. HcIonb3oBaHue OUXpOMaTH-
YeCcKoro (1IBeTOBOr0) IIMPOMeETpPa, KOTOPBIH, I10 MHe-
HUIO psiia aBTOPoB [6], mo3BossieT Oosee TOUHO
OIlpesleIUTh UCTHHHYIO TeMIIepaTypy (4To, I10 MeHb-
el Mepe, HeNOCTAaTOYHO OOOCHOBAaHHO) IIPHBO-
OUT K CYLIeCTBEHHBIM M TPYLHO IIPOrHO3KUPYeMBIM
omubkam. Ecim B cny4dae HM3y4eHHS YIJIEPOAHBIX
MaTepHaoB, SIBASIOIIMXCS JOCTATOYHO «CephIMU»
M31y4daTeasMu, OHUXpoMaTHuecKas I[IHPOMETPHS
He IIPHUBOAUT K GaTaJIBHBIM OIIKMOKaM, TO IJISI Kap-
OMAHBIX M HUTPUAHBIX MaTepPHAJIOB OMHKOKA IIpHU
TeMIlepaTypax, OIM3KHUX K TeMIlepaTypaM IIjaBie-
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molecular composition of the vapor during high-tem-
perature evaporation of the material [6, 7]. The use of
high-power laser radiation to study the behavior of
the UHTS ceramics under high energy densities can
be considered as one of the most obvious ways. How-
ever, presently, there are very limited number of pub-
lication concerning the above issue (see, e. g. [8]).

When testing materials using for example the
setup in a ref [9], the use of one or two standard
pyrometers cannot be sufficient. Indeed, the issue
of reliable measurement of the surface temperature
in this kind of experiments is of paramount impor-
tance - here the use of brightness (monochromatic)
pyrometry leads to large errors, mainly due to the
unknown value of the emissivity of the material
at high temperature under conditions of complex
processes on the surface as, for example, melting
or possible chemical reactions. The use of a bichro-
matic (color) pyrometer, which, according to some
authors [6], allows for more accuratedetermination
of the true temperature (which, at least, is insuffi-
ciently justified), leads to significant and unpredict-
able errors. While bichromatic pyrometry does not
lead to fatal errors in the study of carbon materials,
which are sufficiently “gray” emitters, for carbide
and nitride materials, the error at temperatures
close to their melting points can reach hundreds of
Kelvins.

An alternative method for determining the tem-
perature is a polychromatic (or multichannel) pyrom-
etry, which was used by the authors of the present
study to investigate the phase diagrams of UHTC car-
bides [9] and the melting of refractory oxide ceram-
ics [10]. It is important to note here that with the
help of polychromatic pyrometry, the true tempera-
ture and emissivity are simultaneously defined in
a wide range of wavelengths from about 450 to 900
nm. The latter makes it possible to reliably extrapo-
late its value to the domain of about 1000 nm, which
corresponds to the wavelengths of the modern high-
power technologycal” disk and fiber lasers and, thus,
to monitor the variation in the absorbance of the
material at the laser wavelength, which latter is
important for the correct interpretation of the mea-
surement results.

Obviously, the main process of degradation of
refractory carbides at high temperatures in an oxidiz-
ing environment is the formation of an oxide scale on
the surface, the thickness and structure of which is
determined by many factors. Among them: tempera-
ture, duration and the regime of heating, structure
and stoichiometry of the particular carbide samples.
As for the zirconium carbide, which is the subject
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HUS 9THUX BellleCTB, MOXKET LOCTUIaTh COTeH eIHHHUI]
KeJIbBUHOB.

ANTbTepHAaTHBHEIM MeTOJOM OIlpe/le/ieHHs] TeMIle-
paTypsl SBJSeTCS IOAMXpOMaTH4yeckas (MHOTOKa-
HaJIbHasl) IIMPOMETPHsI, HCII0/Ib30BAHHAS AaBTOPAMHU
IJIs. HCCIefoBaHUSL (a30oBBIX AHAarpaMM CBepXTYro-
IJIaBKUX KapbumoB [9] U IaBIeHUS TYroIlIaBKUX
OKCHIHBIX KepaMHK [10]. 3mech BakKHO OTMeETHUTb,
YTO C IOMOIIBIO MOJTUXPOMATHUECKON ITHPOMETPHUH
OJHOBPeMEHHO OIlpefie/isieTcsl MCTHUHHas TeMIlepa-
Typa X HU3JIy4daTelbHas CIIOCOOHOCTD B INMPOKOM XA~
IMasoHe [JIMH BOJIH, HIpUMepHO oT 450 mo 900 HM.
ITocnenHee II03BO/SIeT HaleXKHO 3KCTPAIIONIHPOBATh
ee 3HayeHHe B ob61acTb 0K0JIO 1000 HM, YTO COOTBET-
CTBYeT [JIMHaM BOJH COBPEeMEHHBIX MOIIHBIX THC-
KOBBIX KM BOJIOKOHHBIX JIa3€POB «TeXHOJIOTHYeCKOr0
KJIacca» M, TakKUM o06pa3oM, OTC/IeKHBATh H3Me-
HeHHe IIOIJIONATeIbHOM CIIOCOOHOCTH MaTepHasIa
Ha jJla3epHOL JJIMHEe BOJIHBI, YTO BaXKHO [/I IPaBH/Ib-
HOI MHTepIIpeTalluy pe3ybTaTOB U3MepPeHHH.

OueBUJHO, YTO OCHOBHBIM IIPOLIECCOM Jerpaza-
LM TBEPZbIX BEICOKOTEMIIEPATyPHbBIX KapOHJ0B IpH
BBICOKMX TeMIIepaTypax B OKHCIHTENbHOM Cpefe
SIB/IsSeTcsl obpa3oBaHHe CJI0SI OKKCIA Ha IIOBEPXHO-
CTH, TOJIIHMHA U CTPYKTypa KOTOPOIO OIlpefesseTcs
MHOrUMHU dakTopamu. Cpegu HHUX: TeMIlepaTypa,
IJIUTeNbHOCTh HarpeBa, 0CO6EHHOCTH AHUHAMHKHU
HarpeBa, CTPYKTypa KM CTeXHOMeTPHS MCXOJHOIO
Kapbumga. [oBops 0 Kapbujax, B YAacTHOCTH O Kap-
buge LIUPKOHHUS, KOTOPOMY IIOCBSINEHA HACTOSIIAs
paboTa, He0O6XOAMMO OTMETHUTh, UTO ITPOLIECCY OKHC-
NneHUs - 06pa30BaHUI0 OKUCH LIMPKOHUS Ha I10OBEPX-
HOCTH KapbuJa LIMPKOHHUS - IOCBSIIEeHO 6osbIloe
yncno pabor (cm. [11]). Kak mpaBulIo, OHH BBIIOJ-
HeHbl B “HJeaJIbHBIX”?, XOPOIIO KOHTPOJHPYeMBIX
YCTIOBHSX OKHC/IeHMSs: obpasel] pasMelleH B Kamepe,
B KOTOPOH IIOAJepKHBaeTCs OIpele/leHHas TeMIle-
paTypa U rasoBasl cpefia C 3aJaHHBIM IapLHaJIbHBIM
IaBleHHeM Kucnopoza. [Tocie obpa3oBaHUS OKCHAA
Ha IOBepPXHOCTH obpasua M3 ZrC MNpoBOAUTCS IOJ-
POOHBIN aHATH3 30HBI XMMHUYECKOTO ITpeBpaIleHHUs
C IIOMOIIBIO PA3IHYHBIX AHAIUTHUYECKUX MeTOIO0B.
3mech ocoboe BHUMaHHe He0OXOAUMO yIeNUTh He[laB-
Hel pabote [12], BBIIIOJIHEHHOM C HCIIOJIb30BAHHEM
TaKOHM MeTO[O/OTHM. TeMIlepaTypa B TaKHX IKCIIe-
pHMeHTax obbI9HO He mpeBbimaer 1500 K (To ecTs
JHIIb Ha HECKOJIBKO COTeH TPajyCoB IIPeBOCXOLUT
TeMIlepaTypy HadajJla aKTHUBHOTO OKucaeHHUs ZIC),
a BpeMsl IIpoLiecca COCTaB/IsieT OT [eCSITKOB MHHYT
0o 4dacoB. TonIIyHA OKCHOHOM IUIEHKH IIPH 3TOM
IIpeBbIIIaeT COTHHM MHKPOH. TaKHe 3KCIIepHMEeHTHI
[I03BOJISIOT [IOBOJIBHO IIYOOKO HM3YYHUTh KHUHETHKY
OKHCJIeHUSI U HeKOTOphble 3/IeMeHTapHEIe IIPOLIecCHI,
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of this work, it should be noted that a large number
of works have been devoted to the oxidation process,
i.e., the formation of zirconium oxide scale on the
surface of zirconium carbide (see [11]). As a rule, they
are performed under “ideal”, well-controlled oxida-
tion conditions: the sample is placed in a chamber in
which a certain temperature and a gas mixture with
a given oxygen partial pressure are maintained. After
the formation of oxide scale on the surface of the
ZrC sample, a detailed analysis of the zone of chemi-
cal reaction is carried out using various analytical
methods. Here, special attention should be paid to
the recent work [12], carried out using the above
methodology. The temperature in such experiments
usually does not exceed 1500 K (i. e., being only a few
hundred degrees higher than the temperature at
which active oxidation of ZrC begins), and the dura-
tion of the oxidation ranges from tens of minutes
to hours. The thickness of the oxide scale in this
case exceeds hundreds of microns. With this kind of
experiments one can perform rather deep study of the
kinetics of oxidation and study some basic processes
occurring near the carbide-oxide interface. However,
the possibility of their application to predicting the
behavior of zirconium carbide under high-energy
fluxes in an oxidizing environment needs additional
confirmation.

Thus, the purpose of the present work was to study
the behavior of zirconium carbide of various compo-
sitions within the homogeneity domain (solid solu-
tion) under exposure of laser radiation in an oxidiz-
ing medium (air). In this case, the experiments were
carried out with the different duration of heating,
while the maximum heating temperature remained
constant.

METHOD AND APPARATUS

The scheme of the experimental setup is shown in
Fig. 1. A sample of zirconium carbide with a diameter
of about 5 mm and a thickness of 1.5 mm, manufac-
tured as described below, was in an air flow directed
perpendicular to the surface at a speed of about 1 m/s
for elimination of the influence of the natural convec-
tion on the oxide formation on the sample surface.
Heating was carried out using a disk laser; in this case,
three heating regimes were used with the different
durations and the corresponding temperature excur-
sions (Fig. 2).

The exact duration of the individual laser shots
was limited by the time for reaching a temperature
of 2530 K, which was controlled with a brightness
pyrometer. The sighting spot of the pyrometers was
about 0.3 mm. This ensured that the temperature
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IpoTeKaolue BOJIM3M TIPaHUIBl KapOHUI-OKCHL.
OZHAaKO BO3MOXKHOCTb MX IIPUMEHEHHS K IIPOTHO3H-
POBAaHHIO IOBeIEeHHIO Kapbuma LUPKOHHUS IIPH BO3-
IEeNCTBUM BBICOKOHEPIeTHYEeCKOro II0TOKa B OKHC-
JIUTE/IBHOM CpeJle HYXXIAeTCs B JOMOJHHUTETbHOM
IIOATBEPKIEHUH.

TakuMm obpa3oMm, LieJbl0 HACTOSIIIEH paboThl SIBH-
JIoCh H3y4YeHHe 0COOeHHOCTeH IIOoBefeHHs Kapbuza
LIPKOHHUS PAa3IMYHOIO COCTaBa U3 06/1aCTH FOMOIeH-
HOCTHU (TBEPAOTO PacTBOPA) IIPH BO3JEHCTBUU JIa3ep-
HOTO M3Jly4eHHUSI B OKHUCIHUTENBHOH cpele (BO3AYX).
[Ipy1 3TOM S5KCIIEPUMEHTHl IIPOBOSU/IKCH C PA3HOM
IJINTEJIBHOCTBIO HarpeBa, a MaKCHMaJbHas TeMIle-
paTypa HarpeBa 0CTaBaJIach IIOCTOSIHHOM.

METOA N AMNMAPATYPA

CxeMa OSKCIEpPUMEHTAJIBHOM YCTAaHOBKHU IIOKa3aHa
Ha puc. 1. Obpasern u3 Kapbuma LIUPKOHHS AHAMe-
TPOM OKOJIO 5 MM H TOJIIMHOM 1,5 MM, U3TOTOB/IEH-
HBIM I10 TeXHOJIOTHH, OINMCAHHOMN HUXKe, HaXOOUJICI
B [IOTOKE BO3/yXa, HallpaBJIeHHOM IIePIIeHIUKYISPHO
IIOBEPXHOCTU CO CKOPOCTBIO OKOJIO 1 M/C IJIsl UCKIIIO-
YeHHUs BIMSHUS CBOOOJHOM KOHBEKLIMH HA KapTHHY
bopMHUpOBaHUS OKCHIA Ha IIOBEPXHOCTH obpasua.
Harpes ocy1uecTB/s/ICs C IIOMOLIBIO JMCKOBOIO Jla3epa,
IIpY 3TOM MCIIO/NB30Ba/IMCh TPH pekKHMMa Harpesa
C Pa3/IUYHOM CKOPOCTBIO HapacCTaHHS TeMIIepaTyphbl
1 COOTBETCTBEHHO JJIMTEeIbHOCTHIO (PHUC. 2).

was measured at the center of the isothermal zone of
the sample. The brightness pyrometer measured the
brightness temperature starting from about 1200 K,
while the spectropyrometer, operating in the spectral
range 400-900 nm with a time constant of 1.5 ms,
measured the true temperature starting from 2000 K.
Both the pyrometers were specially designed for exper-
iments with laser heating and adapted to the given
heating rates and the expected temperature ranges.

The spectropyrometer was calibrated up to a tem-
perature of 3300 K using a high-temperature black
body model, which temperature was measured by
a CHINO IR-RST 65H reference pyrometer. The basic
principles of the true temperature evaluation and
spectral emissivity using the spectropyrometer are
described in [11, 13].

During the experiment the processes on the surface
were controlled with the high-speed video camera at
frequency of 2000 frames per second at a spatial reso-
lution of about 900x900 pixels. Due to the fact that
the intensity of the sample’s self-radiation during
heating varied by several orders of magnitude, the use
of video recording of the surface in the self-radiation
was inappropriate. Therefore, the sample surface was
uniformly illuminated by the radiation of a diode
laser at a wavelength of 808 nm, and an appropri-
ate filter was installed in front of the camera, which
enabled video recording in reflected light with almost

O6pa3er;
Sample
ZrCx

JIMONHBIM 1a3ep
Diode laser

Puc. 1. Cxema 3kcnepumeHma
Fig. 1. Scheme of the experiment

CKOpOCTHas KaMepa
High-speed camera

JIMICKOBBII
CreKTPOIIUPOMETP n1asep 5 KBT
Spectropyrometer Disc

laser 5 kW

SIDKOCTHBIH ITUPOMETD
Brightness pyrometer

T

PerucTpalys JaHHBIX U yIIPaBleHue
Data acquisition and control
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TouyHoe Bpems 3KCIEPUMEHTA B Ka’KIOM OTHeE/b-
HOM ¢«BBICTpeJIe» OIpefensaach BpeMeHeM [OCTH-
SKeHHS TeMmmepaTypsl 2530 K, KOHTpoiHpyeMou
SPKOCTHBIM ITHPOMETpPOM. IIATHO BH3MPOBAHMSI
IIMPOMETPOB COCTaBJIsIo OKoysio 0,3 mMM. Takum
obpasomM, H3MepsiIach TeMIIepaTypa H30TepMHUe-
CKOM 30HBI B IleHTpe obpasua. SIPKOCTHBIM IIHPO-
MeTp I103BOJIS/I U3MEPATh APKOCTHYIO TeMIIepaTypy,
HayMHasg IpuMepHo ¢ 1200 K, Torga Kak CIIeKTPOIIH-
poMeTp, paboTaroUyMKi B CHeKTPaJbHOM JHalla3oHe
400-900 HM C NOCTOSIHHOM BpeMeHH 1,5 mc, m03BO-
JISAJT YBEPEHHO H3MEPATh HCTUHHYIO TeMIIepaTypy
HauuHas ¢ 2000 K.O6a mupomerpa ObUIM CIELH-
a7pHO pa3paboTaHbl AJIsI SKCIIEPUMEHTOB C Jia3ep-
HBIM HarpeBOM M [IOIIOJHMTEIbHO afallTHPOBAHBI
K JaHHBIM TeMIIaM HarpeBa H TeMIIepaTyYpHOMY
JHaIla30HYy.

KanubpoBKa CIeKTPOIIHMPOMeTpa OCYILeCTBISIACh
o teMmmepatypsl 3300 K ¢ HMCII0/Ib30BAHKEM BBICOKO-
TeMIIepaTypHOH MoOJe/lIH 4epHOro Teja, HMCTHHHas
TeMIlepaTypa KOTOPOM H3Mepsiiach IpPelM3MOHHBIM
nupomerpoM CHINO IR-RST 65H. OCHOBHBbIE IIPHH-
LIMIIBl U3MEepPeHHS UCTHHHOM TeMIIepaTyphl U CIeK-
TPaJIbHOM H3/1y4aTe/bHOU CIIOCODHOCTU C IIOMOIIBIO
CIIeKTPOIIMPOMeTpa U3/I0KeHH! B [11,13].

KoHTpo/b 32 HpoLeccaMy Ha ITOBEPXHOCTH, IIPO-
HUCXOOAIKMMH B XOZe 3KCIIePHMEHTA, OCYILeCTBIISA/ICS
C TIOMOIIBIO BBICOKOCKOPOCTHOM BHJ€0KaMepHhl
¢ 4actoton 2000 KafgpoB B CeKyHAy IPH MPOCTPaH-
CTBEHHOM paspelmeHuH O0Koao 900x900 muKce-
70B. B CBSI3M C TeM, YTO MHTEHCHUBHOCTb COOCTBEH-
HOI0 M3JIyYeHMs B IIpollecce HarpeBa H3MeHsIach
Ha HECKOJIbKO IIOPSAKOB, IpUMeHeHHe BHIeOperu-
CTpallMM IIOBEPXHOCTH B COOCTBEHHOM H3y4YeHHHU
61710 HellesnecoobpasHbIM. I[103TOMY IOBEPXHOCTb
obpaslia paBHOMEPHO OCBelllaJach H3TydeHHeM
JHOIHOTO Jiasepa Ha [IMHe Bo/IHEL 808 HM, a Iepe[
KaMepoH OBl yCTaHOBJIEH COOTBETCTBYIOIIUE QUIBTP,
YTO IIO3BOJISJIO OCYIIEeCTB/IATh BHUIAEOCHEMKY B OTpa-
JKEHHOM CBeTe IPH I0JTHOM O/JIOKMPOBaHHUHU CO6-
CTBEHHOTO M3JIYYeHUS IIOBEPXHOCTH BIIJIOTh J0 MaK-
CHMaJIbHOU TeMIIepaTyphl. OTpakeHHOe H3/lydyeHHe
Jasepa Ha IvHe BOJHBEL 808 HM CYILIeCTBEHHO IIpe-
BbILIAIOIIee QOH TEeIIOBOTO M3JIyYeHHs, YBepPeHHO
PerucTpUpOBaAIOCh CIIEKTPOIIMPOMETPOM (CM. Xapak-
TePHBII CIIeKTP Ha PHUC. 3). PeruCTpUpyeMbli TAKUM
06pa3oM OTpaskeHHBIN CUTHAJI XOTSI U He IPSIMO CBSI-
3aH C HaIpaBJIeHHO-IO0AyChepHUeCcKOM OTpaskaTesb-
HOM CIIOCOOHOCTBIO B CBSI3U C U3MeHEeHHeM YIJIOBOTO
pacipene/ieHHs OTPaKeHHOI0 M3JIyYeHHUs B XO[e 3KC-
IIepHMeHTa, OJHAKO I103BOJISET IIO/IYYUTh JOIIOIHU"
TeJIbHYI0 KauyeCTBeHHYI MHOOPMALIHIO O IIpolleccax,
[IPOTeKAMIIKX Ha HarpeBaeMOU II0OBePXHOCTH.
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Puc. 2. PazauyHble pexxuMpl Hazpesa
Fig. 2. Various heating regimes

complete blocking of the surface’s own radiation up
to the maximum temperature. Reflected diode-laser
radiation at a wavelength of 808 nm, which signifi-
cantly exceeded the background of thermal radiation,
was reliably recorded by a spectropyrometer (see the
characteristic spectrum in Fig. 3). The reflected sig-
nal recorded in this way, helped to obtain additional
qualitative information about the processes occurring

Puc. 3. /lazepH0-3p0o3UoHHas 0bpabomka obpasua kapbuoa
UupKoHus

Fig. 3. Laser-erosion processing of a zirconium carbide
sample
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noaroToBKA ObPA3LLOB
HECTEXUMOMETPUYECKOIO

KAPBUAA LULNPKOHUA

B cBs3u ¢ TeM, UuTO Kapbupa uupkoHus ZrC, (x<1)
IIpefCTaB/sieT CobOM BelecTBO C MIMPOKOH 061acThio
TOMOTeHHOCTU C BAaKaHCHSIMHU B HeMeTa/lJIMYeCKOU
HofpelleTKe, IpeACcTaB/IsIeTCsl MHTEePeCHbIM HCCIIe[l0-
BaTb IIPOLIECC BBHICOKOIHEPreTUYecKoro BO3ZELCTBUS
Ha 3TOT Kapbu/ ¢ pasHBIMHU IIapaMeTpaMH CTeXHOMe-
TPUH X. [IJIsT 5TOro 6bUIM M3TOTOBIEHBI 06pa3LIbl TPex
COCTaBOB €O 3HaueHUusamu x=0,98, 0,9 u 0,7/. Cpenu
0cobbIx TpeOOBAaHUM, IIpembsBAsSEeMBbIX K obpaslaM:
OTCYTCTBHE 3HAYMUTEeJIbHOIO KOJIHUYecTBa IpUMecel
B MaTepHaJie, ero FOMOTeHHOCTb, HU3Kasi IOPUCTOCTb.
HICXOOHBIN IIOPOIIOK Kapbuaa MUPKOHHUS IIOIY4YasICs
[I0 METOHy CaMOPACIIPOCTPAHSIOLIErOCs BBICOKOTEM-
nepatypHoro cuHTesa (CBC). [laHHAasi TeXHOJIOTHS
6bl7a BEIOpaHa M3-3a BO3MOSKHOCTH II0Ty4eHHs boree
YHCTBIX 06PA3L0B 10 CPABHEHHIO C METOLaMH Kapbo-
TepPMHUY€eCKOI0 BOCCTAHOBJIEHHUSI OKCHUIOB U APYTUMHU
MeToZaMH. [Is CHHTe3a Kapbuaa LUPKOHMS HaBeCKH
IIOPOLIKOB LKUPKoHUS (Mapka IIIPK-1) u aneTHIeHO-
BOM Ca’kKH CMEIIMBAIMCh B IIaPOBOM MeJIbHHUIIE, II0C/Ie
Yero B IIOJIYyYeHHYIO CMeCh BBOJOMJ/IACh BpeMeHHas
TeXHOJIOTHYeCKas CBSI3Ka — LieTaH. K3 mony4eHHOHU
CMeCH IpecCOBAIMCh LMJIMHIPHUYECKHe 3aroTOBKH
Il CHHTe3a. 3aTeM BpeMeHHasli TeXHOJIOTHYecKas
CBS3Ka YZAA/IsIach IIPH HarpeBe B BBICOKOTEMIIEpa-
TYPHOM BAaKyyMHOM ITe4dH. Jlajiee Ie4yhb 3aIIONHS/IACH
aproHoM, U TeMIlepaTypa IOBHIIIAIAchk 40 1673 K mjia
OCYILeCTBJIEHHSI peakIIMU CHHTe3a Kapbuaa.

[ist mony4deHus: 06pa3oB ¢ HU3KOM IIOPHCTOCTBIO
CHHTe3HMPOBAHHBIN Kapbup LUPKOHUS IHUCIIEPrHpo-
BaJICS B IIaHeTapPHOM MeJbHHLe. M3MenbdeHHBIH
IIOPOLIOK II0C/Ie OTMBIBKM OT MaTepHhajla MeJIIIHX
TeJl CIIeKaJICsi B YCTAHOBKE IOpSYero IIPeccoOBaHHS
C HMHOYKUHOHHBIM HarpeBOM IIpH TeMIlepaType
2130 K v pmaBineHuu 60 MIla. ToalmuHa CriedeHHBIX
06pa3noB cocTaBisia 0OBIYHO OKOIO 2 MM IIPH AHa-
MeTpe OKO0JIO 12 MM, 4YTO OIIpeleJsiioCh BHYTPeH-
HUM AUaMeTpoM IpaduToOBON Ipecc-GOPMBI IOps-
yero mpecca. CreyeHHBIN o06paselr; obpabaTsiBancs
Ha WIXMGOBAJBHOM CTaHKe JJid YAAJdeHus rpadura
YU YMEHbIIeHUS TOJIIHHBI 06pa3ua no 1,5 MmMm. 3atem
obpazer; kapbuma LIHMPKOHUS IIOABEPrajiCs JIa3epHO-
3pO3MOHHOM 06paboTKe IS MOAy4eHHUs M3 Hero 3-X
yMeHBIIeHHBIX 00pa3lioB AUamMeTpoM 5 MM (puc. 3),
IIocjIe 4ero 3TH 06pasLbl MOBTOPHO HLIH(OBAIKCE.
B pe3sysbpTare monydaance Tpu obpasua kapbuma Lup-
KOHMS JUaMeTpPoM 5 MM U TOJILIMHOM 1,5 MM c ofu-
HaKOBBIMH XapPaKTePUCTHKAMH (IIJIOTHOCTb, COCTaB),
HeobOXo#MMBle [JIsl IIPOBEeleHHUS CePHUM HCIIBITAHHUHI
B Pa3sHbIX peKHMMax Harpesa.
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on the heated surface, although this signal was not
directly related to the directional hemispherical reflec-
tivity due to the change in the angular distribution of
the reflected radiation during the experiment.

PREPARATION OF SAMPLES OF
NON-STOICHIOMETRIC

ZIRCONIUM CARBIDE

Due to the fact that zirconium carbide ZrC, (x<1) is
a substance with a wide homogeneity domain with
vacancies in the non-metallic sublattice, it seems
interesting to study the process of high-energy impact
on this carbide with different stoichiometry param-
eters x. For this purpose, samples of three composi-
tions with x=0.98, 0.9, and 0.77 were prepared having
insignificant amount of impurities in the material,
high homogeneity and low porosity. The initial pow-
der of zirconium carbide was obtained by the method
of self-propagating high-temperature synthesis (SHS).
This technology was chosen due to the possibility of
obtaining cleaner samples compared to the methods
of carbothermal reduction of oxides and some oth-
ers. For the synthesis of zirconium carbide, weighed
portions of zirconium powders (PTsRK-1 grade) and
acetylene soot were mixed in a ball mill, after which
a temporary technological binder, cetane, was intro-
duced into the resulting mixture. Cylindrical green
pellets for synthesis were pressed from the resulting
mixture. Then the temporary technological bond was
removed by heating in a high-temperature vacuum
furnace. Next, the furnace was filled with argon, and
the temperature was raised to 1673 K to carry out the
carbide synthesis reaction.

To obtain samples with low porosity, the synthe-
sized zirconium carbide was dispersed in a planetary
mill. The crushed powder after washing away from
the grinding media material was sintered in a hot
pressing unit with induction heating at a temperature
of 2130 K and a pressure of 60 MPa. The thickness of
the sintered specimens was typically about 2 mm with
a diameter of about 12 mm, which was determined
by the internal diameter of the hot press graphite
mold. The sintered sample is processed on a grinding
machine to remove graphite and reduce the thickness
of the sample to 1.5 mm. Then the zirconium carbide
sample was subjected to laser-erosion treatment to cut
it to three reduced samples with a diameter of 5 mm
(Fig. 3), after which these samples were re-ground.
As a result, three samples of zirconium carbide with
a diameter of 5 mm and a thickness of 1.5 mm were
obtained having the same characteristics (density,
composition) necessary for conducting a series of tests
in different heating regimes.
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Comep>kaHHe yrieposga B obpasuax Kapbuuaa Iyp-
KOHMSI OIpefensiioch MeTOAOM JHHaMHYeCKOu
BCIIBIIIKM Ha 37eMeHTHOM aHanu3atope Combustion
Master CS (NCS, ['epMaHus); cofep>kaHHe KUCI0poa
M a3oTa - MeTOJOM BOCCTAaHOBHTE/BHOIO ILlaBje-
HUS Ha 37leMeHTHOM aHanu3aTtope Fusion Master ON
(NCS, Tepmanmus). PeHTreHoda3oBblil aHaIU3 (POA)
06pa3noB Kapbuia IIUPKOHUS ITPOBOAMIICS Ha IU-
pakToMetpe SmartLab SE (Rigaku, SImoHwus) c ucrons-
30BaHueM Cu Ko-usnydenus. Ha nudpaxkrorpaMmmax
(puc. 4) IpHCYTCTBYIOT TO/NBKO pediieKkchl, COOTBET-
cTByloIMe dpase Kapbupa LUPKOHMS. Obuive xapak-
TepUCTUKHU 06pa31|oB IIpe/CTaB/leHsl B Tab. 1.

PE3YJIbTATblI 3KCNMEPUMEHTOB

DKCIIePUMEHTHI IIPOBOJMJIKCE Ha obpasuax Kapbuma
LIMPKOHHMS TPeX PasIHYHBIX COCTABOB: ZrC, ,;, Z1C o,
Z1C, o5. Obpaser; JHaMeTpPOM 5 MM yCTaHaBIMBa/ICs
B IpadUTOBBIM JepskaTeilb. I[IoBepxHOCTb o6pasia
obmyBanace cr1abbpIM IIOTOKOM BO3fyxa. H3nyueHue
MOIIIHOTO IMCKOBOI'0 M AMOAHOrO ja3epa $poKyCcHpoBa-
JI0Ch Ha IIOBEPXHOCTB HCC/IeyeMoro obpasia, mpuiem
IOYaMeTpsl IsiTeH GOKYyCHPOBKU ObLIM OMIM3KHU K AHa-
MeTpy obpasua. SKCIepuMeHTHI
c obpasmaMu KaXX[Oro cCocTaBa
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Puc. 5. XapakmepHblll cnekmp u3ay4eHus nogepxHocmu
ZrCy 9g+ZrO,. OmpaskeHue 0uodH020 ra3epa (808 HMm) - NuK
Ha coomaemcmayrouiell 0AUHE 80AHbI — ddem 8aXkKHYH0
UHGOPpMAyUIo 0 COCMOSIHUU N0BepXHOCMU

Fig. 5. Characteristic radiation spectrum of the

ZrC, og+ZrO, surface. Reflection of a diode laser (808 nm) -
a peak at the corresponding wavelength -provides impor-
tant information about the state of the surface

The carbon content in zirconium carbide samples
was determined by the dynamic flash method with
a Combustion elemental analyzer Master CS (NCS,
Germany); the content of oxygen and nitrogen with
the method of reduction-melting in the elemental
analyzer Fusion Master ON (NCS, Germany). XRD
phase analyses of zirconium carbide samples was car-
ried out with a diffractometer SmartLab SE (Rigaku,
Japan) using Cu Ka radiation. The diffraction patterns
(Fig. 4) contain only reflections corresponding to the
zirconium carbide phase. General characteristics of
the samples are presented in Table 1.

EXPERIMENTAL RESULTS

The experiments were carried out on samples of
zirconium carbide of three different compositions:
ZrCy 5 ZrCyo ZrCye A sample of 5 mm in diam-

Ta6nuua. XapakTepucTuikn 06pasLoB Kapbuaa LMpKoHUs

IIPOBOAMIMCE C pas3snuuHbIMM  Table. Characteristics of zirconium carbide samples

TEMITaMH  HATpeBd, IORd3aH” C,macc% O,macc% N,macc% C/Zr MopucTocTb, %
HBIMHY Ha puc. 2. [Ipu 3ToM TeMIl

pocTa TeMIIepaTyphl Hd IIOBEpPX- ZrChes 11,30 0,49 0,19 0,98 4,687 10,11

HOCTH COCTABJISI COOTBETCTBEHHO

700-1000 K/c, 2000-3800 K/c ZrCyq 10,52 1,05 0,05 0,90 4,691 5,55

1 8500-12000 K/c. ITlyTeM ammpok- 2C,,y | 897 215 0.09 0,77 4679 981
CHMMalLlMK CIeKTPOB TeIlJIOBOTO
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H3J1y9eHHs II0OBEPXHOCTH 06pa3ua

(puc. 5) mpousBeneHHeM OQYyHK- L5
uuy I[1aHKa M H371y4aTe/lbHOU 3000 -

Cr1ocOGHOCTH  PaCCUMTHIBATHUCH { =
3HAYeHUS] KCTHHHOM TeMIlepa- = 2700k 7
TYpbl IIOBEPXHOCTH M CII€KTpaJib- 3 &
HOM H3/1y4aTeIbHOM CIIOCOOHOCTH g 2400 - 1888 Efﬁ 110 g
B IIPeAIIONIOKEHUH, YTO B OTHO- g 5
CHUTeJIbHO Y3KOM JHalla30He [JIMH E 2100 - A i §
BOJTH M3JIy4aTesIbHasl ClIOCOOHOCTD . E
HEe 3aBUCHUT OT [JIMHBI BOJIHBI g 3
(mpubnukeHUe Ceporo Tena). g; Lsoo | 795 5
ATIITPOKCUMAIIHSI OCYILeCTBIISIIACh = o
B ABYX [HAIla30HAX [JIMH BOJH = 00l i )
(730-790 HM 1 820-870 HM), UTOGHI =
HCKIOYUTh K3 PACCMOTPeHHUS 900 - | | | | | | | .
B/IMSIHHE H3JTy4eHHsS OHOAHOIO0 0 250 500 750 1000 1250 1500 1750 2000

nasepa. C ygeToM TOro, 4To, Kak
bymeT mOKa3aHO HIDKe, 3HAYHU-
TeJIbHBIM CI0M OKCHIA LIUPKOHHUS
yke obpasyercss Ha IIOBEPXHOCTH
K MOMEHTY [JOCTHKeHHS HIDK-
Hero TeMIIepaTypHOIo IIpefena
L7 CIeKTporiupomeTrpa (a 3To
npumepHo 2000 K), mnpubnu-
SKeHHe Ceporo Tenaa /s OKCHIA

O6paszer ZrC0.77

— HCTHUHHAs TeMIlepaTypa
True temperature

— SIpKOCTHas TeMIiepaTypa 1,4 MKM
Brightness temperature, 1.4 pm

Puc. 6. Tepmozpamma Hazpesa 06pasua kap6uda UUpKOHUS ZrC ,,
Fig. 6. Heating thermogram of a sample of zirconium carbide ZrC, ,,

BpeMs, Mc | Time, ms

— U3ny4aTenpHas ClIoCO6HOCTh
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CurHai oTpaskeHus (808 HM), OTH. efl.
Reflected signal (808 nm), arb. un.

- - Temriepatypa (3KCTPATIOIAIIU)
Temperature (extrapolation)

LM PKOHMS BBIIISAOUT JOCTATOYHO
aZleKBaTHO [14].

Ha puc. 6 moOKasaHbl pe3yabTaThl THUIIMYHOIO
3KCIIepUMEeHTa C [JMTEeJIbHOCTbIO HarpeBa OKOJIO
1,5 ¢ gis obpasta ¢ MHHUMAJIBHBIM COAepsKaHHeM
yrnepoga. CIeKkTpa/lbHasi H3JlydaTelbHasi CIIOCO6-
HOCTb B [JMalla3oHe [JMH BOJIH, HCIIOJIb3YeMBbIX
IS HeMUHeHHOU monrodHku (730-870 HM) B obna-
CTU TeMIlepaTyp, PeruCTPUpPyeMBIX CIIeKTPOIIHPO-
MEeTpOM, JIeKUT B AuarasoHe oxono 0,6-0,75. ITo
JOCTaTOYHO XOPOLIO COOTBETCTBYeT M3MEpPeHHSIM,
BBIIIOJITHEHHBIM B [16] B YCTIOBHSIX JIa3epPHOIO Harpesa
MaccuBHOro obpasua M3 [JBYOKHCH LIMPKOHHS, CTa-
OMIM3KMPOBAHHOK OKMCBIO HMTTpHUsi. Ha HadalbHOM
3Talle HarpeBa OTMEYaeTCsl pe3Koe CHMKeHHe OTpa-
JKeHHUSI ITOBEPXHOCThIO 06pasla, KOTOpoe HadYHHa-
eTCs IIpU TemIiepaType B okpecTHocTH 1000 K.VYka-
3aHHas TeMIlepaTypa, coriacHo [12, 13], HaxomUTCs
B XOpOIIeM COOTBETCTBUHM C TeMIIepaTypol, IpH
KOTOPOM HauMHAeTCsl aKTHUBHOe OKHC/IeHHe Kapbuiaa
LIUPKOHUSI. OTpaskaTelbHasl CIIOCOOHOCTH BYOKHCH
LIMPKOHMS IIPHU 3TOM TeMIlepaType SB/ISeTCS BecbMa
BBICOKOM [17] M cpaBHHMa C OTpakaTe/lbHOH CIIO-
cobHOCTBIO Kapbuaa LHUPKOHHS. HecMoTps Ha 3To,
TOHKas IJIeHKa OKM(JIa, BOSHHKAIOIIAs Ha I10BePXHO-
CTH, CKOpee BCero IpefcTaBisieT cobor cybcTrexruome-
TPHUYECKHUU OKCHJ, KOTOPBIH MMeeT BeCbMa HU3KYIO
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eter was placed in a graphite holder. The sample
surface was blown with a weak air flow. Radiation
from the high-power disk laser and the diode laser
was focused onto the surface of the sample, with
the diameters of the focusing spots being close
to the diameter of the sample. Experiments with
samples of each composition were carried out with
different heating rates shown in Fig. 2. In this case,
the temperature increase rate on the surface was
700-1000 K/s, 2000-3800 K/s, and 8500-12000 K/s,
respectively. By approximating the thermal emission
spectra of the sample surface (Fig. 5) by the product
of the Planck function and emissivity, the values of
the true surface temperature and spectral emissiv-
ity were calculated under the assumption that in
a relatively narrow wavelength range, the emissiv-
ity does not depend on the wavelength (graybody
approximation). The approximation was carried out
in two wavelength ranges (730-790 nm and 820-870
nm) in order to exclude from consideration the effect
of diode laser radiation. Taking into account the fact
that, as will be shown below, a significant layer of
zirconium oxide is already formed on the surface by
the time the lower temperature limit for the spec-
tropyrometer is reached (which is approximately
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OTpa’kaTeNbHYI0 CIIOCOOHOCTb. PerucrpaLus IIpo-
Llecca HarpeBa C [IOMOIIbI0 CKOPOCTHOM BH,E0KaMepPhl
TakKe IOATBEPKAAeT pe3Kkoe IOTeMHEeHHe II0BepX-
HOCTH, 0671y4aeMoM na3epom. B6i1u3u MoMeHTa Bpe-
MeHH A (CM. pHC. 6) H3/lydaTenbHas CIIOCOBHOCTH
M CHUTHAJI OTPaskeHUS JeMOHCTPUPYIOT 0COOeHHOCTb,
KOTOpasi XOPOIIO BHMJHA Ha TepMOIpaMMme Harpesa.
CoOTBeTCTBYyIOIIAs el TeMIlepaTypa, okono 2600 K,
6/113Ka K M3BeCTHOMY IlepeXofly AUOKCHA LIUPKOHUS
13 MOHOKJIMHHOM da3sl B KyOHYecKyIo.

Takoe moBeneHHe 06pasoB u3 ZrC, KaueCTBeHHO
Hab/TI01a7I0Ch [/IS1 BCeX TPeX MCXOLHBIX CTEXHOMETPH-
YeCKHUX COCTABOB M IIPOSB/ISJIOCh B 3KCIIEPHMEHTaX,
BBIIIOJIHEHHBIX C Pa3TMYHBIMU CKOPOCTSIMU Harpesa.
[Ipu HarpeBe c 6oylee HHU3KOH CKOPOCTBIO M, CIeJ0-
BaTe/lbHO, C Oolee MemJIEeHHBIM TeMIIOM H3MeHe-
HHS TeMIIepaTyphbl TONIIMHA CI0S OBYOKMCH LIMPKO-
HUS 6blIa MaKCHMAaTIBHOM - IHopsifKa 20 MKM. IIpu
HarpeBe CO CpelHE CKOPOCThIO (CM. PHC. 2) TONIIMHA
ciost 6pl1a okoymo 10 MKM, M HpPHU caMoOM OBICTpOM
Harpese — OKOJIO 5 MKM.

ITocse IpoBe/ieHUS SKCIIepHMeHTa 06pasIibl Ucciie-
MOBa/IMCh Pa3/IMYHBIMU MeTomaMu. Ha puc. 7 npuse-
JleHa peHTreHOBCKag AUPpPaKTOorpaMmMa [IOBEPXHOCTH
obpasia Iocie 3KCIIepHMeHTa, CHSTasi C [IOMOIIBIO
nudpakromerpa SmartLab SE. Okasanock, uTo obpa-
30BaHHOe Ha IIOBEPXHOCTH IOKpPHITHE 6enoro 1seTa
COOTBETCTBYeT MOHOKJIIMHHOMY Z10,.

CriekTpbl PaMaHOBCKOTO pacCesHUs MOIUHUIIK-
POBAHHOK IIOBEPXHOCTH MCXOLHBIX KapOUIHBIX
0bpas1oB 6bUIM IONy4YeHBl C IIOMOIIBIO PaMaHOB-
CKOro MHKpOCKoIla Mb532, 00/1aJaloIero BEICOKUM
IIPOCTPAHCTBEHHBIM U CIIEKTPAJIbHBIM Pa3pelIeHreM.
Ha puc. 8 mokasaH paMaHOBCKHU CIIeKTP OKHCHOU
IIJIEHKY, 06pa30BaBIIelics HA IOBEPXHOCTU Kapbuzma
LIMPKOHHS, B CPaBHEHUHU C BBICOKOYHMCTHIM IIOPOII-
KOM [BYOKHMCH LHPKOHHSA. Ilo/lydeHHBIe CIIeKTPBI
KOMOMHAILIMOHHOTO PacCesiHUS He 3aBUCeIH OT UCXO/-
HOT'O CTEXHOMETPHUUECKOr0 COCTaBa 06pa3IioB K3 Kap-
61Ja HMPKOHHUS U XOPOILIO COOTBETCTBOBA/IM IIOPOILKY
13 yncToro ZrO,. ITony4eHHBIN CIeKTp KOMOMHALIH-
OHHOTO PacCesHHs COOTBETCTBOBAJI MOHOK/IHMHHOM
daze ZrO, B COOTBETCTBUU C JaHHBIMU [18].

TakuM 06pa3oM, O0Ka3anock, YTO B AUOKCHJE LIUP-
KOHHS, 0b6pa3oBaBIIeMCsl Ha IOBePXHOCTH Kapbuia
LMPKOHHUS IIPU MHTEHCHBHOM JIa3epHOM Harpese,
obHapykeHa TOIBKO MOHOKIMHHAas ¢asa, XOoTs
B pabore [13], Hapsily C MOHOKIMHHON $a30i, OpUIH
obHapy>KeHbI KaK TeTparoHaabHasl, Tak U Kybrdeckas
¢dasa. BrIgCHeHHe 3TOT0 BOIIPOCa IIpeAroJaraercs
OCYILIeCTBUTD B XOJle JaJbHeHIINX HCCIeJOBAHHH.

[l onipenieieHUs TONIIMHBL M CTPYKTYPHI 06J1aCTH
TEPMOXHMHYECKOr0 ITpeobpa3oBaHUs IOBEPXHOCTH

Syl 4

JudpaxkTorpaMma
OKCHJJHOTO IIOKPBITUS

2000 |- XRD pattern of the oxide layer
—— JludpakTorpaMma
3TajioHa Zro,
B XRD pattern of the ZrO, reference
1000 (-

)

20 40 60 80 100 120 140
26, rpaf | 20, deg

HWHTEeHCUBHOCTb, OTH. ef. | Intensity, a. u.

Puc. 7. PeHmzeHozpamMma nogepxHocmu 0bpasuo8 nocae
/A3epH020 Hazpesa
Fig. 7. XRD pattern of the sample surface after laser heating

2000 K), the gray body approximation for zirconium
oxide looks quite adequate [14].

Fig. 6 shows the results of a typical experiment
with a heating time of about 1.5 s for a sample with
a minimum carbon content. The spectral emissivity in
the wavelength range used for the non-linear fitting
(730-870 nm) in the temperature range recorded by the
spectropyrometer lies in the range of about 0.6-0.75.
This is in a good agreement with the measurements
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Puc. 8. Cnekmpbl KOMEUHAUUOHH020 (paMaHo8cko20) pac-
CesHUsl nogepxHocmu 06pasu08 u3 ZrCx
Fig. 8. Raman spectra of the surface of ZrCx samples
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performed in [16] under conditions
of laser heating of a bulk sample
of with the yttria stabilized zirco-
nium dioxide. At the initial stage
of heating, a sharp decrease in
reflection by the sample surface is
observed, which begins at a tem-
perature in the vicinity of 1000 K.
According to [12, 13], this tem-
perature is in a good agreement
with the temperature at which
an active oxidation of zirconium
carbide begins. The reflectivity of
zirconia at this temperature is very
high [17] and is comparable to the
reflectivity of zirconium carbide.
Despite this, the thin oxide scale
that appears on the surface is most
likely a substoichiometric oxide,
which has a very low reflectivity.

IMoBepXHOCTH O6pasLa
Sample surface

SEM HV: 20,0 kV
View field: 28.5 ym Det: SE
SEM MAG: 9.98 kx  Date(m/dly):

SEM HV: 20.0 kV WD: 14.61 mm
View field: 134 um Det: SE
SEM MAG: 2.12 kx | Date(m/dly): 01/13/22

Puc. 9. COM-u3o6paxkeHus ckona yepe3 obpasel, ZrC, 7, noche AazepHozo 8030eli-
cmaus 8 oOKucAumenbHoli cpede 8 meuyeHue1,5 ¢

Fig. 9. SEM images of a cleavage through a ZrC, ,, sample after laser exposure in
an oxidizing environment for1.5 s

Kapbuga IUPKOHHUS B JIHOKCH]
LIMPKOHUS OBl BBIIIONHEH COM-
AHAJIM3 30HBI [IOBEPXHOCTH, IIOJ-
BeprHYTON HarpeBy. Ha puc. 9
nmokasano COM-usobpaskeHuUe
CKona, MepIeHAUKYISIPHOTO
IIOBEPXHOCTH obpasua. Ha meBom
CHHMMKEe [IBeTHBIMH JIMHHUSAMHU
[I0Ka3aHbl pa3jIM4YHbIe 30HBI:
[IOBepXHOCTb obpasla; 30HaA
CKOJIa - HCXOOHBIM MaTepHasl
obpasua ZrCy; |1 repexon-
Hasi 30HAa KapbUAHOro MartepH-
ana; 2 - obpa3oBaBIIUIICS OKCHL,.
CrrpaBa - 30HBI | 1 2 11pu 6omblIeM
yBeIUYeHHUH.

PacmpenmeneHue  3JIeMEHTOB
B OKPeCTHOCTHU 30HBI OKHMC/IEHHUS
M3y4eHo ¢ momoipio COM-3]C
aHanu3a nuirda, BBIIIOTHEHHOIO
[epIIeHAUKY/ISIPHO [OBEPXHOCTHU
obpasua. Pe3ynbTaThl TaKoro aHa-
JM3a IIpefcTaBleHbl Ha puc. 10.
Okasamoch, YTO OKHCIeHHas
0671aCTh MMeeT BecbMa 4YeTKYIO
FpaHMIy pasfena C HCXOAHBIM
Kapﬁmnom. Ha pucynke 10a moxka-

Zr (Lal)

THIC. UMII./C
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PaccTosiHUE OT [IOBEPXHOCTH, MKM
Distance from the surface, pm

_
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(o)

3aH HUIMG, CAe/NaHHBIN IIepIleH-
IOUKYJISPHO IIOBEPXHOCTH obpasiia
C yKasaHuUeM O067acTH 37IeMeHT-
Horo  JDJC-KapTHpPOBaHHUA  —
A ¥ HaIpaBjIeHUS CKAaHUPOBaAHUSA
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Puc. 10. PacnpedeneHue LupKoHUs U KUCAOPOOd 8 NpUN0BEPXHOCMHOM CAO€ NocAe
Aa3epH020 6030elicmeaus

Fig. 10. Distribution of zirconium and oxygen in the near-surface layer after laser
exposure
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pacmpezeneHus 31eMeHToB - B. M3 puc. 10b u 10d
C/leflyeT, 4YTO paclpefe/ieHHe KHC/IOPOJa B IPHIIO-
BEPXHOCTHOM CJI0€ TOJIIIMHOM OKO/IOo 20 MKM BechbMa
ogHOPOogHO. EMy COOTBeTCTByeT MeHbIIas IIO CpPaB-
HEHHUIO C UCXOJHBIM 06pa3lioM IIOTHOCTD ITUPKOHUS
B 3TOM cj1o0e (cM. puc. 10b u 10c). B Liesom pacrpene-
JeHHe KaK LIMPKOHHS, TaK U KKCI0pPoJa BeCbMa OfHO-
POIHO KaK B MCXOJHOM 30He Kapbuaa, Tak U B OKHUCIIE.
Bo Bcex pe>kKMMax J1a3epHOTO BO3JeHCTBUS W [JIs
BCeX PACCMOTPEHHBIX COCTaBOB 06Pa3IloB OTMeYaeTCs
IIJIOTHOE IIPHJIeraHHe OKCHUJHOTO C/I0SI K MCXOMHOMY
Kapbupny. Takum obpa3om, BO3MOXKHO, 4YTO 0bpasy-
IOIMICS OKCUIHBIN C0K 6yneT 3¢deKTHUBHO IIpe-
IATCTBOBaTb OKUCIHTENIBHOM [Jerpafilaliii Kapbuzaa
LIMPKOHUS IIPH OIlpe/le/leHHBIX PeSKHMax Harpesa.

BJIATOAAPHOCTHU

VccnemoBaHHe BBIIIOJIHEHO MPHU (HMHAHCOBOM IIOA-
Iepxkke POOH u ['ockopriopaniiu «PocaToM» B paMKax
Hay4HOro mpoekrta N2 20-21-00115.
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Registration of the heating process using a high-speed

the surface irradiated by the laser. Near time point
A (see Fig. 6), the emissivity and reflection signal
show a feature that is clearly visible in the heating

zirconium dioxide from the monoclinic phase to the
cubic one.
This behavior of ZrC, samples was qualitatively

positions and manifested itself in experiments
performed with different heating rates. During
eating at a lower rate and, consequently, wi

heating at a 1 t d quently th

ness of the zirconium dioxide scale reached the
an medium rate (see Fig. 2), the scale thickness was

5 pm.
After the experiment, the samples were studied

fraction pattern of the sample surface after the
experiment, taken with a diffractometer SmartLab
SE. It turned out that the white scale formed on the
surface corresponds to the monoclinic ZrO,
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video camera also confirms the sharp darkening of

thermogram. The temperature corresponding to it,
about 2600 K, is close to the well-known transition of

observed for all three initial stoichiometric com-

a slower rate of temperature increase, the thick-
maximum value of about 20 pm. During heating at

about 10 pm, and during the fastest heating, about

by various methods. Figure 7 shows the X-ray dif-
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Raman scattering spectra of the modified sur-
face of the initial carbide samples were obtained
using an M 532 Raman microscope. Fig. 8 shows
the Raman spectrum of an oxide scale compared to
high purity zirconia powder. The obtained Raman
spectra did not depend on the initial stoichiometric
composition of the zirconium carbide samples and
were in a good agreement with a pure ZrO, powder
The resulting Raman spectrum corresponded to the
monoclinic phase of ZrO, being in accordance with
the data of [18].

Thus, it turned out that only the monoclinic
phase was found in zirconium dioxide formed on
the surface of zirconium carbide during intense
laser heating, although in [13] both the tetragonal
and cubic phases were found along with the mono-
clinic phase. This issue is expected to be clarified
in the course of further research.

To determine the thickness and the structure of
the region of thermochemical transformation of
the surface of zirconium carbide into zirconium
dioxide, the SEM analysis of the surface area sub-
jected to heating was performed. Fig. 9 shows
the SEM image of a cleavage perpendicular to the
sample surface. In the left image, the colored lines
show different zones: the surface of the sample;
the cleavage zone is the initial ZrC,, sample;
1 - transition zone of carbide material; 2 - formed
oxide. On the right, the zones 1 and 2 shown at
higher magnification.

The distribution of elements in the vicinity of
the oxidation zone was studied using SEM-EDS
analysis of the thin section, made perpendicular to
the sample surface. The results of the analysis are
presented in Fig. 10. It turned out that the oxidized
zone has a very clear interface with the original
carbide. Fig. 10a shows a section made perpen-
dicular to the sample surface with an indication
of the area of elemental EDS mapping - A, and
the direction of scanning the distribution of ele-
ments - B. From Fig. 10 b and 10 d, it follows that
the distribution of oxygen in the near-surface layer
with a thickness of about 20 pm is very uniform.
It corresponds to a lower density of zirconium in
this layer compared to the original sample (see
Fig. 10b and 10c). In general, the distribution of
both zirconium and oxygen is very uniform both
in the initial zone of the carbide and in the formed
oxide scale. In all regimes of laser exposure and
for all the compositions of the samples considered,
a tight fit of the oxide layer to the initial carbide is
noted. Thus, it is possible that the forming oxide
layer will effectively prevent the oxidative degrada-
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KOHM®EPEHLIVIA

-9 MEARKAVYHAPOAHAHA

/IASBEPLI, T1O/1YTIPOBOAHVIKOBbLIE N31YVHATE/IN
1 CVICTE/BLI HA "X OCHOBLE
23-27 mag 2022 r., MuHck, benapycb

KoHdepeHums aBnsieTcd NPOAOIKEHNEM CEMUHAPOB «[101YyNPOBOAHMKOBbIE lA3epbl M CUCTEMbI HA UX OCHOBE>,
KOTOpble opraHm3oBbiBanucb UHcTutyToM dpusmnku umeHu b.U. CtenaHoBa HauunoHanbHoOM akageMum HayK
Benapycu Ha NPOTSKEHUM NOCAeHNX 20 NeT. Ha KoHPepeHLMn 6yayT NpeacTaBieHbl 0630pHbIe M OPUTMHAbHbIE
HayuHble COOBLLEHMS, OXBaTbIBaOLLME LLIMPOKMIA KPYT akTyaslbHbIX BOMPOCOB Kak Mo GU3NKe, TEXHUKE U MPUMEHEHMIO
Na3epHbIX U3fyvaTenien, Bkoyas TBepaoTesibHbIe slasepbl C AMOAHOW HaKauyKow, Na3epHble Auoabl, KBAHTOBO-
KacKafHble fla3epbl, 1a3epbl € /IEKTPOHHbIM U ONMTUYECKMUM BO3BY)XAEHUEM, a TaK)Xe ApYyrue TUNnbl UCTOYHUKOB
M NPUEMHUKOR ONTUYECKOTr O U3JTyUeHNs, TaK U MO GU3MKe 1 TEXHONOM MM CO30aHWs MOy NPOBOAHMKOBbIX MaTEPMAsIOB,
reTepoCTPYKTYP M ONTOSNIEKTPOHHbIX YCTPOWCTB Ha X OCHOBE.

KoHdepeHuus 6yaet npoBoAUTbLCS B OUHOM pexkume (MuHck, MHcTtutyT dpmnsukmn HAH Benapycu) c Bo3MOXKHO-
cTblo on-Lline yyacTusi c ucnonb3oBaHuem nnat¢popmbl Zoom.

Paboune a3bikmn KoHbepeHunm: pycckmm n aHranInCcKmni.

3aseku Ha ysacmue 8 LSES Minsk 2022 cnedyem abicbindmb HA aAeKmMpOoHHbIU adpec u.malashenok@ifanbel.bas-net.by YosHbi
ManaweHok (MuHck) unu zina.sokolova@mail.ioffe.ru 3uHaudsr Cokonoeol (CaHkm-llemepbypa). B 3aseke yka3elearomcs
ceedeHus O rpedrnoyumaemMoM mure OoKAada (MAeHAapHbIl, ycmHeil, cmeHooesili 00KNAd, OOKNAO OAs Kpyano020 CMOAQ;
G0KNaO 8 OYHOM pexkuMe uau Ha naamegpopme ZOOM), ceedeHusi 0 doknadyuxe (PUO, cayxebHeili adpec, menedoH, 3A. mouma).
K 3asieke npuknadsisaromcs abecmpakm 0okAadd (150-200 cA08 MAKCUMYM) HA PYCCKOM UAU AH2AUUCKOM $3bIKe.
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