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Ynamoe M.I. OpepxaHHs, CTPYKTypa Ta BIIACTUBOCTI CIPSIMOBAHO
3akpucranizoBanux cmiaBiB cuctem B,C-NbB,-SiC 1 B,C-TaB,-SiC. -
KBamidikariitHa HayKoBa mparis Ha IpaBax PyKOIHUCY.

Huceprariisi Ha 3100yTTS HAyKOBOTO CTyIeHs JokTopa (imocodii 3a
crnetianbHicTIO 132 «Marepiano3HaBctBo». — HallloHanbHUI TEXHIYHUN
yHiBepcuTeT YkpaiHu «KuiBChKHMI TOMITEXHIYHUN I1HCTUTYT 1MeHi Irops
Cikopcbkoroy, Kuis, 2021.

Hucepramiitna ~ poboTa  MPUCBAYEHA  BUBYCHHIO  CIPSIMOBAHO
3akpucTanizoBanux ciasiB cucteM B,C-NbB,-SiC 1 B,C-TaB,-SiC, 30kpema
JOCHIDKEHHIO 1X CTPYKTypu, ¢a3oBoro ckiaay, (pi3MKo-MeXaHIYHUX 1
BUCOKOTEMIIEpPAaTYpHUX  BIIACTUBOCTEHW, a  TaKoX  3aKOHOMIPHOCTEU
CTPYKTYpOYTBOPEHHS KBa31MOTPIMHUX €BTEKTUYHUX CILJIaBiB.

ABTOpPOM TIPOAHAJI30BaHO BIJIACTUBOCTI KOMIIOHEHTIB JOCIIKYBaHHX
CUCTEM, PO3IISIHYTO METOIU OTPHUMAHHS CHPSIMOBAHO 3aKPHUCTAII30BAHUX
EBTECKTUYHUX CIUIABiB, MPOBEACHO OIS IMOABIHHUX €BTEKTUYHUX CUCTEM THITY
B,C-MeB,, SiC-B,C 1 SiC-MeB, Ta nDoTpiiHUX €BTCKTHYHHX CHCTEM
B,C-Me“B,-SiC. Po3misHyTO 0COOMMBOCTI CTPYKTYPOYTBOPEHHS B €BTEKTUYHHX
CUCTEMax 1  MPOAHAII30BAHO  MEXaHIYHI  BJACTUBOCTI  CHPSIMOBAHO
3aKPHUCTAII30BAaHUX CILIABIB.

3a gomomororw MetajorpadiqyHOro aHamizy BU3HAUYEHO EBTEKTUYHUI
CKJIaJ CILIaBIB CHCTEM B,C-NbB,-SiC 1 B,C-TaB,-SiC:
B,C-(15-20)NbB,-(33-40)SiC Ta B,C-(8-12)TaB,-(38-42)SiC  (mon. %)
BIJIIIOBIJTHO.

VYhepiie — eKCIEepUMEHTAIBHO  OTpUMaHO  Tpu(da3oBi  €BTEKTHYHI
xomno3utu B,C-NbB,-SiC 1 B,C-TaB,-SiC 13 piBHOMIPHOIO CTPYKTYpOIO

B3JI0BXX YCbOI'O 3pa3Ka.



VYcraHOBIIEHO, 1[I0  €BTEKTUYHA  CTPYKTypa  CIUIaBIB  CHCTEMH
B,C-NbB,-SiC wmictute Tpu daszu: B,C, NbB,, SiC. Tpudazoa eBrekTHKa
(B4C-15NbB,-35S1C mon. %) mae nmamemnsipHy CTPYKTYpY, B sKiii kap0Oim OGopy
BUCTYyNA€ SIK MaTpUllsl 3 PIBHOMIPHO PO3MNOAUIEHHUMH IO BChOMY 00’ €My
BKJIFOUCHHSAMH KapOimy KpemHito Ta mubopumy HioOit0. [IpudoMy BKITIOYCHHS
aubopuly HI001I0 yTBOPIOIOTHCS, SK TpaBuUiio, Ha ¢azax KapOigy KpEeMHII.
PentrenodazoBuil aHaii3 Moka3aB HasiBHICTh TEKCTYPOBAHOCTI. JJi1 KOMIIO3UTIB
y TONEPEYHOMY [0 BHPOIIYBaHHS HAaIpsIMKYy CIPSIMOBAHOIO € TEKCTypa Qa3
NbB, y nanpsmky (100), SiC — y nanpsmky (111) ta B,C — y nanpsimky (104).
Haii6inpm Hampasnenoro € ¢aza SiC y Hanpsamky (111), sk y mo3q0BKHEOMY,
TaKk 1 B MOMNEPEYHOMY [0 BUPOIIYBAaHHS HANpsMKaXxX, IJsl SIKOI po3paxoBaHUM
¢akrop Jlotrepunra nexuts y wmexax 0,8-0,9. CTpykTypHi CKIafoBl Yy
TpuazoBiii eBTeKTHIll MalTh Takuii po3mip: B,C — 4-6 mxm, NbB,— 1-3 mMkmM,
SiC — 2-3 MKkMm.

Bu3HaueHl Takli MEXaHIYHI BIJIACTUBOCTI €BTEKTUYHOIO KOMIIO3UTY
B,C-15NbB,-35SiC: tBepaictsh 3a Bikkepcom (35,8 I'TIa), TpimuHOCTIHKICTS 3a
naBanTaxenus 9,8 H (6,4 Mlla-m'?), monynp IOHra 3a iMImynIbCHEM METOIOM
(462 I'Tla), mutoma eneKTpompoBimHicTs (2,85-5,36x10* Cm/m); mocmimkeHo
KOC(DIIIEHT TEPMIYHOTO PO3MIUPEHHS y MPOMiIKKY Temmeparyp 22—1600 °C,
MIIHICTh Ha 3TMH 3a KIMHaTHOi Temmneparypu (220 MlIla) ta 3a 1600 °C (395
MIIa).

Crpykrypa TtpudazoBoro eprekruyHoro kommnosuta B,C-8TaB,-40SiC
(Mmon. %) sBhsie Cco0OI0 PpIBHOMIpHY TpH(a30By €BTEKTUKY CHCTEMHU
B,C-TaB,-SiC namensipHOro TUIly 1O BChOMY 00’ €My 3pa3ka, B SIKiii MaTpHIICIO
BUcTynae kapoin 6opy, a SiC ta TaB, € apmyrouumu ¢pazamu. 3arajgoM CIUIaBU
cucrem B,C-TaB,-SiC Tta B,C-NbB,-SiC wMmaioTh mnomiOHy eBTCKTHUHY
CTpyKTypy. PeHTreHodazoBuii aHami3 Moka3aB HasBHICTh JIMILIE Takux Qas:
kap0Oiay kpemHio (SiC), kapOigy Oopy Ta IuOOpUAY TAHTAILY; MKOAHUX 1HIIAX

(a3 He BUSBICHO, a HAABHICTh BeIMKUX MikiB TaB, Ha peHTreHorpami, CBiIUUTh



OpO  HAsABHICTH  TEKCTYpoOBaHOCTI. s  TMO3JOBXKHBOTO  HAIPSMKY
crioctepiraeTbes TekcTypyBanHs TaB, y nanpsmky (001) ta (101), Tomi ax amns
nomnepeyHoro — y Hanpsamky miomunn (100), mo xapakTepHO sl eBTEKTUYHUX
koMno3uTiB cucremu B,C-MeB,-SiC 3aranom. BcTaHOBIGHO B3a€MO3B’S30K
MDK IIBHAKICTIO KpHUCTami3aiii Ta JIHIMHUM TapamMeTpoM eBTEKTHYHOI
CTPYKTYPH BIATIOBITHO 0 piBHSAHHA [[>KekcoHa — XaHTa.

BusznaueHo Taki MeXaHIYHI BJIACTUBOCTI €BTEKTUYHOIO KOMIIO3UTA
B,C-8TaB,-40SiC: tBepaicTs 3a Bikkepcom (33-34 I'Tla), TpimuHOCTIHKICTH 3a
napantaxenus 9,8 H (3,9 Mlla-m'?), mocmimkeHo KoedillieHT TEpMi4HOTO
po3mupeHHs y mpomixkky 22—1600 °C.

JlocnmimpkeHo BIUIMB IIBUIAKOCTI KpUCTami3alii Ha CTPYKTypy 1
BJIACTUBOCTI OTpPUMaHMX KoMmo3uTiB. I[lokazaHo, 1m0 31 30LIBLICHHSIM
IMBUJIKOCTI Kpucrtam3amii Big 1 mo 10 MM/XB. BigOyBaeTbcsl 3MCHIIICHHS
PO3MIpIB CTPYKTYpHHX CKJIagoBux Big 5,2 - 95 MM g0 1 - 3 MkM.
ExcriepumMeHTanbH1 JOCHIDKEHHS MIKPOMEXaHIYHUX BIACTUBOCTEH IMOKa3allH,
0 TBEPICTh 3a Bikkepcom 1 TPINUHOCTIHKICTh 3pOCTAIOTH 31 301IBIICHHIM
IIBUJIKOCTI KpHUCTami3alii sSK Yy MO3J0BKHbOMY, TaK 1 B IONEPEUHOMY JO
BHUPOIIYBAaHHA HaNpsSMKaX. 3MEHIICHHS PpO3MIpIB BKJIIOYECHb AUOOPHUIIB 1
KapO1y KpeMHI0, a TAaKOXK BIJICTaH1 MI’)K HUMH 3a OJTHAKOBOI 00’ €MHOT YaCTKH €
HACHIAKOM 30UIbLIEHHS iX KUIBKOCTI B MaTpuyHii ¢azi kapoigy Oopy, a oTxke, 1
KUIBKOCTI MDK(})A30BUX MOBEPXOHb TPaHUIh PO3ALTY B KOMIO3UTI. Takum
YUHOM, 3O0UIBIICHHS TBEPAOCTI 3 TIJABMINCHHSIM IIBUJIKOCTI KpHUCTasi3ali
CIpsIMOBaHO  3akpucTaiizoBanux  cimaBiB  cuctem  B,C-NbB,-SiC i
B,C-TaB,-SiC BinOyBaeTbcs momiOHO 10 mpaBwia Xota—Ilersa. Ilo
CTOCYEThCS  TPIIIMHOCTIMKOCTI, TO 3MEHUIEHHS pO3MIPIB CTPYKTYPHHUX
CKJIQJIOBUX CHPHSIE 3MEHIIIEHHIO KPUTUYHOTO PO3MIPY 3apOJKOBOI TPIIIIUHHU, sIKa
MOXK€ YTBOPHUTHCS TMpU HaBaHTaxeHHI. Lle Takok € XapakTepHuM JUis
CIPSIMOBAHO 3aKPUCTANII30BAHUX KEPaAMIYHUX E€BTEKTHK 1 CHPUSE MIIBUIIICHHIO

iX MeXaHIYHUX BJIACTHBOCTCH.



Pe3ynbraru aHamizy MOMIMPEHHS TPIIUHU MICIS 1HASCHTYBAHHS CB1I4aTh,
10 HAHOUIBII JIETKO TPIIIMHA MPOXOAUTH M0 AUIIHKAX MaTPUYHOI (pa3u kapoimy
O6opy abo BKIIOYEHb KapOigy KpemHito. BojgHouac HasSBHICTH y CTPYKTYpI
BKJIIOUEHb KapOimy KpemHilo 1 AuOOpHIIB MPUBOAUTH, SIK MpPaBUiIo, ado 0
3MIHHM HaMpsIMKY MOMIUPEHHS TPIIMHU, TOOTO 70 ii BiAXuiIeHHs, ab0 B3arali J0
il 3yNWHKH, 110 CBOEI YEProro CHpHSE MiJABUIICHHIO €Heprii pyidHyBaHHSA 1,
OTK€, TPIILUHOCTIMKOCTI KOMIIO3UTA.

[IpoanainizoBaHo OCOOIMBOCTI CTPYKTYPOYTBOPEHHSI Ta BCTAHOBJIIECHO
MEXaHI3M POCTy TpuU}a30BOi YOTUPUKOMIIOHEHTHOI EBTEKTUKH B CHCTEMI
B,C-NbB,-SiC, BiAmoBiIHO A0 SIKOrO KpucTami3amis Tpu(pa3oBOi €BTEKTUKU
(B,C+NbB,+Si1C) BinOyBaerbes sik Oe3nepepBHUIM CYMICHUN PIiCT ACHAPUTHUX
da3, womu gABodazoBa cCTpykTypHa ckiagoBa (SiC+NbB,) pocte B
KOOIIEpPaTUBHOMY pexumi, a Tpetd (aza B,C cuHXpoHHO pocTe B aBTOHOMHOMY.

[TobynoBaHO TPOCTOPOBY MOJENH €BTEKTUYHOI KOMIPKH JUISI CUCTEMH
B,C-NbB,-SiC.

KuarwuoBi cioBa: tpudaszoBa eBTeKTHKa, KapOig Oopy, KapOia KpeMHilo,
aMO0puA TaHTaly, AMOopH HI00110, TBEPAICTh, TPIIIMHOCTIMKICTD, COPSIMOBaHA
KpHUCTaJli3allisi, CIpsSMOBAaHO 3aKPUCTAJII30BaHI €BTEKTUYHI CIUTABHU, KOC(IIIEHT

TEPMIYHOTO PO3IIUPEHHS, MIITHICTb HA 3T'HH.



ABSTRACT

M.I. Upatov. Preparation, structure and properties of directionally
solidified alloys of B,C-NbB,-SiC and B,C-TaB,-SiC systems. — Qualifying
scientific work on the rights of the manuscript.

Dissertation for the PhD degree in specialty 132 "Materials Science". —
National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic
Institute", Kyiv, 2021.

The dissertation is devoted to the study of directionally crystallized alloys
of the B,C-NbB,-SiC and B,C-TaB,-SiC systems, in particular to the study of
their structure, phase composition, physical-mechanical and high-temperature
properties, as well as regularities of structure formation of quasi-triple eutectic
alloys.

The author analyzes the properties of studied systems' components,
considers the methods of obtaining directionally crystallized eutectic alloys,
reviews double eutectic systems such as B,C-MeB,, SiC-B,C, and SiC-MeB,
and ternary eutectic systems B,C-MeB,-SiCd. Features of structure formation
in eutectic systems were considered, mechanical properties of directionally
crystallized alloys were analyzed.

The eutectic composition of alloys of the B,C-NbB,-SiC and
B,C-TaB,-SiC systems was determined by metallographic analysis:
B,C-(15-20)NbB,-(33-40)SiC and B,C-(8-12)TaB,-(38-42)SiC  (mol.%),
respectively.

Ternary eutectic composites B,C-NbB,-SiC and B,C-TaB,-SiC with a
uniform fine structure along the entire sample were experimentally obtained.

It is established that the eutectic structure of the B,C-NbB,-SiC system
contains three phases: B,C, NbB,, SiC. The ternary -eutectic
(B4C-15NbB,-35SiC mol.%) has a lamellar structure in which boron carbide

acts as a matrix evenly distributed throughout the volume inclusions of silicon



carbide and niobium diboride. Moreover, the inclusion of niobium diboride is
formed, as a rule, on silicon carbide phases. X-ray phase analysis showed the
presence of texturing. For composites in the transverse direction, there is a
directed texture of phases of the NbB, in the direction (100), SiC in the
direction (111), and B,C in the direction (104). The most directional phase is the
SiC phase in the direction (111), both in the longitudinal and in the transverse
directions, for which the calculated Lotgering factor is in the range of 0.8—0.9.
The structural components in the ternary eutectic have the following sizes: B,C
—4—6 um, NbB, — 1-3 um, SiC —2-3 um.

The following mechanical properties of the eutectic composite
B,C-15NbB,-35SiC were determined: Vickers hardness (35.8 GPa), fracture
toughness under load 9.8 N (6.4 MPa-m'?), Young's modulus by the impulse
method (462 GPa), electrical conductivity (2.85-5.36x10* Cm/m); the
coefficient of thermal expansion in the range of 22—1600 °C, flexural strength at
the room temperature (220 MPa) and 1600 °C (395 MPa) were investigated.

The structure of the ternary eutectic composite B,C-8TaB,-40SiC
(mol.%) is a uniform ternary eutectic system B,C-TaB,-SiC of a lamellar type
throughout the volume of the sample, in which boron carbide is the matrix, and
SiC and TaB, act as reinforcing phases. In general, the systems B,C-TaB,-SiC
and B,C-NbB,-SiC have a similar eutectic structure. The X-ray phase analysis
showed the presence of only the following phases: silicon carbide, boron
carbide, and tantalum diboride; no other phases were detected, and the presence
of strong TaB, peaks indicates the presence of the texturing. For the longitudinal
section, the texturing of TaB, in the direction of the planes (001) and (101) is
observed, while for the cross-section one — in the direction of the planes (100),
which is characteristic of eutectic composites of the B,C-MeB,-SiC systems in
general. The correlation between the crystallization rate and the linear parameter

of the eutectic structure was established.



The following mechanical properties of the eutectic composite
B,C-8TaB,-40SiC were determined: Vickers hardness (33—34 GPa), fracture
toughness under a load of 9.8 N (3.9 MPa-m'?), the coefficient of thermal
expansion in the range of 22—1600 °C was investigated.

The influence of crystallization rate on the structure and properties of the
obtained composites has been investigated. Increasing the crystallization rate
leads to a change in the morphology of inclusions from the plate-like one to
more lamellar, as well as to a natural size reduction of the structural
components. Experimental studies of micromechanical properties have shown
that Vickers hardness and fracture toughness increase with increasing
crystallization rate in both the longitudinal and transverse to the growth
directions. The size reduction of diborides and silicon carbide inclusions, as
well as the distance between them at the same volume fraction, is a consequence
of increasing their number in the matrix phase of boron carbide, and hence the
number of interface phases in the composite. Thus, the increase in hardness with
increasing the rate of crystallization of the directionally crystallized alloys
B,C-NbB,-SiC and B,C-TaB,-SiC occurs similarly to the Hall-Patch rule. As
for fracture toughness, reducing the size of the structural components helps to
reduce the critical size of the germinal crack, which can be formed under load,
which is also a characteristic of directed crystallized ceramic eutectics and
increases their mechanical properties.

The analysis of crack propagation after indentation showed that the crack
most easily passes through the areas of the matrix phase of boron carbide or
silicon carbide inclusions.However, the presence of silicon carbide and
diborides inclusions in the structure leads either to a change in the direction of
motion, ie deviation of the crack, or to its cessation in general, which, in turn,
increases the fracture energy and, consequently, fracture toughness of the

composite.



Peculiarities of structure formation were analyzed and the mechanism of
growth of the ternary four-component eutectic in the B,C-NbB,-SiC system
was established. According to this mechanism, crystallization of ternary
eutectic (B,C-NbB,-SiC) occurs as continuous compatible growth of dendritic
phases, while the two-phase structural component (SiC-NbB,) increases in the
cooperative mode, and the third phase B,C grows synchronously in the
autonomous mode.

A spatial model of an eutectic cell for the B,C-NbB,-SiC system was
constructed.

Keywords: ternary eutectic, boron carbide, silicon carbide, tantalum
diboride, niobium diboride, hardness, fracture toughness, directional
crystallization, directed crystallized eutectic alloys, coefficient of thermal

expansion, flexural strength.
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B,C-TaB,-SiC. XIII Hosi mamepianu i mexuonoeii 6 mawunodoyoysanni-2021 :
matepianu XIII mixknap. Hayk.-texH. koH®., M. Kwuis, 28-29 ksit. 2021. C.
181-182.  Ocobucmuui enecox 3000ysaua: MIATOTOBKA 3pa3KiB 10 IUIABKH,
MIJTOTOBKA 3pa3KiB JI0 MIKPOCTPYKTYPHHUX 1 MEXaHIYHUX JTOCIIIKEHb, 00poOKa
EKCIIEpUMEHTAILHUX JAaHUX, MIJrOTOBKA 10 MyOTiKaIii.

12.  V¥YmaroB M. L., €dimenko M. 0., boromon 1O. 1. MexaniuHi BIaCTUBOCTI
eBTekTuyHOro kommosutry cucremu B,C-TaB,-SiC. Hoei mamepianu i
mexHonozii 6 mauwiunobyoysanni-2021 : marepianu XIII mixHap. HayK.-T€XH.
koH(., M. KuiB, 28-29 kait. 2021. C. 183—185. Ocobucmuii enecox 30006ysaua:
MiJTOTOBKA 3pa3KiB JI0 IJIABKH, MIATOTOBKA 3pa3KiB 0 MIKPOCTPYKTYPHUX 1
MEXaHIYHHUX JOCIHIIKEHb, 00pOoOKa eKCIEpUMEHTAIbHUX JTaHUX, MIATOTOBKA 10

myOJTiKarri.



