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1. OJEP)KAHHS, CTPYKTYPA TA BJIACTHIBOCTI CITPSIMOBAHO 3AKPVCTAJII3OBAHVX CITJIABIB CUICTEM B4C-
NbB2-SiC i B4C-TaB2-SiC

2. Preparation, structure and properties of directionally solidified alloys of B4C-NbB2-SiC and B4C-TaB2-SiC
systems

Pedepar:

1. luceprarifina po6oTa MprucBsAYeHa BUBYEHHIO CIIPSIMOBAHO 3aKPUCTaJi30BaHUX CryiaBiB cuctrem B4C-NbB2-SiC i
B4C-TaB2-SiC, 30kpeMa JOCiIKeHHIO iX CTPYKTYpH, (pa3oBOro ckiany, Qisuko-mMexaHiyHuX i
BHCOKOTEMIIEPATYPHUX BJIACTUBOCTEN, @ TAKOXK 3aKOHOMIPHOCTEN CTPYKTYPOYTBOPEHHS KBA3iNOTPIHUX
€BTEKTUYHUX CIIaBiB. ABTOPOM IIPOAHaJIi30BaHO BJIACTUBOCTI KOMIIOHEHTIB JOCiIKYBaHAX CUCTEM, PO3IJISIHYTO
METOJM OTPMMAaHHS CIIPSIMOBAHO 3aKPUCTAIi30BaHNX €BTEKTUYHUX CIIJIABiB, IPOBEJEHO OTJISA, TOABINHUX
eBTEeKTUYHUX cucTeM tTuny B4C-MeB2, SiC-B4C i SiC-MeB2 ta noTpiiiHux eBTeKTnYHux cucrem B4C-MedB2-SiC.
Po3risiHyTO 0COGMBOCTI CTPYKTYPOYTBOPEHHS B €BTEKTUYHUX CUCTEMAaX i MpoaHali30BaHO MEXaHiuHi BJIaCTUBOCTI

CIIPSIMOBAHO 3aKPUCTAJi30BaHUX CIJIaBiB. 3a JOIIOMOroi0 MeTanorpadidyHoro aHasizy BU3HAUEHO eBTEeKTUYHUIN



ckyag cnnasiB cuctem B4C-NbB2-SiC i B4C-TaB2-SiC: B4C-(15-20)NbB2-(33-40)SiC Ta B4C-(8-12)TaB2-(38-42)SiC
(mo71. %) BifmoBinHO. Yiiepiue ekcliepuMeHTaIbHO OTPUMaHO TpUPasosi eBTeKTuYHi komno3utu B4C-NbB2-SiC i
B4C-TaB2-SiC i3 piBHOMIPHOIO CTPYKTYPOIO B3[IJOBXK YCbOIO 3pa3Ka. YCTaHOBJIEHO, IO €BTEKTUYHA CTPYKTYpa
crasiB cuctemu B4C-NbB2-SiC mictuts Tpu dasu: B4C, NbB2, SiC. Tpudazona esrexkTtrka (B4C-15NbB2-35SiC
MOJL. %) Mae JlaMeJISIPHY CTPYKTYPY, B SKiil Kap6is 60py BUCTYIAE SIK MaTpULs 3 PiBHOMIPHO pO3IOAiIEHUMU 110
BCbOMY 00'€MY BKJIIOUEHHSIMU KapOiny KpeMHilo Ta Aubopuay Hiobito. [17151 KOMIIO3UTIB y [TOIIEPEYHOMY 10
BHPOIIlYBaHHSI HAlIPSIMKY CIIPSIMOBaHOIO € TekcTypa (a3 NbB2 y nanpsimky (100), SiC - y HanpsiMky (111) Ta B4C -y
HanpsMKy (104). Haii6insm HanpasseHoo € ¢asa SiC y HanpsMKy (111), K y MO3I0BXXHbOMY, TaK i B [IONIEPEYHOMY JO
BUPOILyBaHHS HAIPSIMKax, [Jis IKoi po3paxoBaHuii paxkrop Jlorrepunra jgexuTs y Mexkax 0,8-0,9. CTpyKTypHi
CKJIaZloBi y TpM(a30Bill €BTEKTHUL MaIOTh Takuil po3mip: B4C - 4-6 mkm, NbB2 - 1-3 mMkM, SiC - 2-3 mxM. BusHaveHi
Taki MexaHiYHi BaCTUBOCTi eBTeKTUYHOro Komnosurty B4C-15NbB2-35SiC: tBepzicTs 3a Bikkepcom (35,8 I'Tla),
TPIlMHOCTINKICTb 32 HaBaHTaxeHHs 9,8 H (6,4 MITa-m1/2), moxynb FOHra 3a imnynbcHuM metoznom (462 I'Tla),
IIMTOMA eJIeKTPONPOBiTHicTb (2,85-5,36x104 Cm/M); nocigkeHo KoedillieHT TePMiYHOTO PO3LIMPEHHS Y TPOMIKKY
temrepatyp 22-1600 °C, MiljHiCTb Ha 3THH 3a KiMHaTHOI TemnepaTypu (220 MIIa) ta 3a 1600 °C (395 MI1a).
Crpykrypa Tpu(azoBoro eBTEKTUYHOro komnosura B4C-8TaB2-40SiC (MoJ1. %) sBysie cO6010 PiBHOMIpHY
TpudazoBy eBTeKTUKy cuctemu B4C-TaB2-SiC samesisipHOro TUILy 110 BCbOMY 00'€MY 3pasKa, B SIKill MaTpHULEI0
BUCTYIIa€e Kap6in 6opy, a SiC ta TaB2 e apmytlounmu dpazamu. 3aranom cruiasu cuctem B4C-TaB2-SiC ta B4C-NbB2-
SiC maroTh 1of1i6Hy €BTEKTUYHY CTPYKTYPY. PeHTreHoa30BuMil aHasli3 II0Ka3aB HASBHICTh JIMIIE TakKuX ¢as: Kapoiny
kpeMHilo (SiC), kap6iny 60py Ta An60puAY TaHTaly; )KOAHUX iHIKX (a3 He BUSBIEHO. BCTaHOBJIEHO B3a€MO3B' 130K
MIXK IIBUJIKICTIO KPUCTaTi3allii Ta JIiHIMHUM [IapaMETPOM €BTEKTUYHOI CTPYKTYPHU BiJNIOBIIHO O PiBHSHHS
JIKekcoHa — XaHTa. Bu3Ha4eHO Taki MexaHi4Hi BJIaCTUBOCTi €BTEKTUYHOr0 KoMnosura B4C-8TaB2-40SiC: TBepgicTb
3a Bikkepcom (33-34 I'Tla), TpimMHOCTINKICTb 32 HaBaHTaxXeHHs 9,8 H (3,9 MIla-m1/2), nocinkeHo KkoedilieHT
TEPMIYHOTO pO3MUpPeHHs y NpoMixKy 22-1600 °C. [TokazaHo, 10 3i 36ibLIIeHHIM MBUAKOCTI KprcTasizauii Bif 1 1o
10 MM /XB. BiiOyBaeTbCsl BMEHIIEHHS PO3MipiB CTPYKTYPHUX CKJIALOBUX Bif 5,2 - 9,5 MKM 110 1 - 3 MKM.
ExcriepruMeHTasbHi JOCIiIKEHHS MIKDOMEXaHIYHMX BJIACTUBOCTEN [10KA3aJly, 10 TBEPLICTh 3a BikkepcoM i
TPIlIMHOCTINMKICTb 3pOCTAIOTH 3i 361/IbIIEHHSIM IIBUAKOCTI KpUCTasIi3alii SIK y 103[J0B)KHbOMY, TaK i B TIOIIEPEYHOMY
IO BUPOIILyBaHHS HanpsiMKax. 306i7bIIeHHs TBEPLOCTI 3 MiBUIIIEHHSIM MIBUKOCTI KpUCTasi3aLlii ClIpsIMOBaHO
3aKpHUCTasi3oBaHux ciasiB cucteM B4C-NbB2-SiC i B4C-TaB2-SiC BifgbyBaeTbcs ofibHO [0 NpaBuia
Xonna-Iletya. Ilo cTocyeThCs TPILIMHOCTIMKOCTI, TO 3MEHIIEHHS PO3MIPiB CTPYKTYPHUX CKJIAIOBUX CIIpUSsiE
3MEHIIEHHIO KpUTUYHOTO PO3MIPY 3apOJKOBOI TPIllIMHY, 5IKa MOXKE YTBOPUTHUCS IIPY HAaBaHTAXKEHHI. Lle TakoxX €
XapaKTePHUM [JIs1 CIIPSIMOBAHO 3aKPUCTAII30BaHNX KEPAMiUHUX €BTEKTHK i CIIPUSE MiJBUILIEHHIO X MEXaHIYHUX
BJIACTMBOCTE. Pe3ysIbTaTy aHasi3y NOMMPEHHS TPIlMHY MicJIsl iHI€eHTYBaHHS CBiAYaTh, 110 HANOIbII JIETKO
TPillMHA IPOXOAUTS 10 AiJITHKAaX MaTpU4HOI a3y Kapoimy 60py abo BKIIOYEHb Kap6iny KpeMHilo. BogHouyac
HasIBHICTb Y CTPYKTYPi BKJIIOYEHb Kap06ifly KpeMHIIO i ubOpUIiB IPUBOIUTS, SIK [IPaBUJIo, 200 IO 3MiHU HaIIPSIMKY
IIOIIMPEHHS TPilllMHU, TOOTO 10 ii BinxuieHHs, abo B3arasi [0 ii 3ylI1HKHY, 1110 CBOEIO YEPIOI0 CIPUSsIE MiABUILEHHIO
€Heprii pyliHyBaHHS i, OTXe, TPIMHOCTIMKOCTI KoMII03UTa. [IpoaHanizoBaHO 0COOJIMBOCTI CTPYKTYPOYTBOPEHHS Ta
BCTAHOBJIEHO MEXaHi3M pocTy Tpru(da30BOi YOTUPUKOMIIOHEHTHOI eBTeKTUKH B cucteMi B4C-NbB2-SiC, BinnosinHo
IO SIKOTO KpucTasisdalist Tpudasonoi eBTeKTUKU (B4C+NbB2+SiC) BinbyBaeThcs K 6e3nepepBHUIL CyMiCHUH picT
IeHIPUTHUX (a3, Konu ABo¢a3oBa CTPYKTypHa cki1anosa (SiC+NbB2) pocTte B KOOIepaTUBHOMY PEKUMI, & TPETS
¢aza B4C cCMHXPOHHO pOCTE B aBTOHOMHOMY. [106y0BaHO [TPOCTOPOBY MO/I€JIb €BTEKTUYHOI KOMIPKU 1151 CUCTEMU
B4C-NbB2-SiC.

2. The dissertation is devoted to the study of directionally crystallized alloys of the B4C-NbB2-SiC and B4C-TaB2-
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 B4C-MeB2, SiC-B4C, and SiC-MeB2 and
ternary eutectic systems B4C-MedB2-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



B4C-NbB2-SiC and B4C-TaB2-SiC systems was determined by metallographic analysis: B4C-(15-20)NbB2-(33-
40)SiC and B4C-(8-12)TaB2-(38-42)SiC (mol.%), respectively. Ternary eutectic composites B4C-NbB2-SiC and B4C-
TaB2-SiC with a uniform fine structure along the entire sample were experimentally obtained. It is established that
the eutectic structure of the B4C-NbB2-SiC system contains three phases: B4C, NbB2, SiC. The ternary eutectic
(B4C-15NbB2-35SiC 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. For composites in the transverse
direction, there is a directed texture of phases of the NbB2 in the direction (100), SiC in the direction (111), and B4C
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: B4C - 4-6 pm, NbB2 - 1-3 um, SiC - 2-3 ym. The
following mechanical properties of the eutectic composite B4C-15NbB2-35SiC were determined: Vickers hardness
(35.8 GPa), fracture toughness under load 9.8 N (6.4 MPa-m1/2), Young's modulus by the impulse method (462
GPa), electrical conductivity (2.85-5.36x104 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 B4C-8TaB2-40SiC (mol.%) is a uniform ternary eutectic system B4C-TaB2-SiC of a
lamellar type throughout the volume of the sample, in which boron carbide is the matrix, and SiC and TaB2 act as
reinforcing phases. In general, the systems B4C-TaB2-SiC and B4C-NbB2-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. The correlation between the crystallization rate and the linear
parameter of the eutectic structure was established. The following mechanical properties of the eutectic
composite B4C-8TaB2-40SiC were determined: Vickers hardness (33-34 GPa), fracture toughness under a load of
9.8 N (3.9 MPa-m1/2), 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 increase in hardness with
increasing the rate of crystallization of the directionally crystallized alloys B4C-NbB2-SiC and B4C-TaB2-SiC
occurs similarly to the Hall-Patch rule. 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 B4C-NbB2-SiC system was established.
According to this mechanism, crystallization of ternary eutectic (B4C-NbB2-SiC) occurs as continuous compatible
growth of dendritic phases, while the two-phase structural component (SiC-NbB2) increases in the cooperative
mode, and the third phase B4C grows synchronously in the autonomous mode. A spatial model of an eutectic cell
for the B4C-NbB2-SiC system was constructed.
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