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1. Incepraniliny po60Ty IPUCBSIYEHO AOCIIIPKEHHIO 3aKOHOMIPHOCTEH BILIMBY TYTOIUIaBKUX 006aBokK (Cr3C2, CrB2,
Mo2C, MoSi2, WC, WSi2, W2B5 SiC, HfC, TaC) Ta TexHOJO0Ti OTpMMaHHS (rapsiye IPecyBaHHs1, BAKyyMHE CITiKaHHS
Ta KOMOIHOBaHa TEXHOJIOTis) Ha POPMYBaHHS CTPYKTYPHO-(a30BOT0 CKJIaAy Ta BIACTUBOCTEN KepaMiku Ha OCHOBI

In6opuay nupKoHio. OcobiuBa yBara npuainsersest cucremMi ZrB2-SiC, gk Halbinbll NepCIeKTUBHIN 1715

[IPaKTUYHOTO BUKOPUCTaHH. TepMoAHaMiYHi PO3paxyHKU [Jisl IPOTHO3YBAHHS CKJIaZly KOMIIO3ULIIKHO]I KEpaMiKu



Ha OCHOBI ZrB2 nmokasanu, mo nopaBaHHsa Kap6inis (VC, NbC, TiC, HfC, TaC, Mo2C, WC) ta cuniuuais (WSi2, MoSi2)
IIPU3BOJUTH 10 B3a€MOii Mi>K KOMIIOHEHTaMU. Y BUIALIKY NOJABAHHS CUJIILUIIB B3aEMOJIis BilOyBa€ThCS 3
YTBOPEHHSIM CTabinbHOro 6opuny nodasku (WB, MoB). IIpu nogaBaHHi Kap6ifHOi CK1a0BOi B3a€EMOis
BifOyBaeThCs, y IEPILY Yepry, i3 okcugamu (ZrO2, B203), siki 3Hax0I4ThCs Ha TOBEPXHI AUO0PUAY LUPKOHIIO, 110
IIPU3BOJUTH 10 YTBOPIOEThCS ZrC Ta 60puay L06aBku. 30aTHICTb 40 BifHOBIEHHS OKCUIiB 3pocTae B psai VC > NbC
> TiC > HfC > TaC > Mo2C > WC. Pe3ysibTaTy TEpMOAMHAMIYHUX PO3PAXYHKIB MiTBEPIKEHO
€KCIIEPMMEHTAIbBHUMU JOCIIiIPKEHHSIMU. Y POOOTI METOJ0M rapsiioro NpecyBaHHsl OTPUMYBaJIM KOMIIO3UTHU Ha
OCHOBI Tu60opuay HUpKoHio 3 nobaBkamu Cr3C2, CrB2, Mo2C, MoSi2, WC, WSi2, W2B5 y kinbkocTi 3-20 06.%. Y
Pe3yJIbTaTi BUBYEHHS CTPYKTYPU KOMITO3ULiNHMX MaTepiaiB [10Ka3aHo, 0 NoAaBaHHS BXe 5 00.% kapbiny (Cr3C2,
Mo2C, WC) akTuBye Npolec CIiKaHHS 332 PaXyHOK B3aeMO/Iii Mi’K KOMIIOHEHTaMU 3 YTBOPEHHSIM HOBUX TYTOIIJIABKUX
crionyk. Kap6igni go6asku (Cr3C2, WC, Mo2C), ski 6e3nocepeHbO BBOOUIMCH Y LINXTY, BiICYTHi B CTPYKTYpi
OTPUMaHOTO Marepiany. HaTomicTs, 32 paxyHOK peakuii B3aeMmo[lii Kap6iny i3 OKCUOM LUPKOHIIO, IKUK BUCTYIIA€E B
POJIi JOMILIKY, YTBOPIOIOThCS TBEPAi PO3UMHM Ha OCHOBI KapoOify LIMPKOHIIO, sIKi € HaW6i/IbIll TEPMOAUHAMIYHO
crabinpHMMU (pazamu. [Ipu gopasanHi cuninuaHux fo6asok (WSi2 yu MoSi2) ciocrepiraetbcst yrBopeHHs WB un
MoB, SiC Ta serkomnnaBkux rnpouapkis Ha ocHoBi SiO2. ITpu gonasanHi CrB2 un W2B5 yTBOPIOIOTbCS TBEPi
PO34YMHU Ha OCHOBI ZrB2. He3asexxHo Bif BUny 706aBKY Ha rpaHuUlli 3epeH Jubopuay LUPKOHIIO BiOyBaeThCs
YTBOPEHHSI TBEPAUX PO3UMHIB Ha IOI0 OCHOBi 3 POPMYBaHHSIM CTPYKTYPHU sIAPO-000JI0HKA, 110 MiITBEPIPKEHO 3a
MiKpOPEHTErHOCIEeKTpaibHMM aHasizoM (MPCA) Ta MeTogamu peHTreHiBcbkoi gudpakuii (POA). MinnicTs
KepaMiku ZrB2-TyroraBka CIojyKa Ipy KiMHaTHIN Temneparypi cranoBuia 500-600 MIla. [Tpu nigsuieHHi
TemrepaTypu BUnpoo6ysaHHs 1o 1800 °C miunicTs MaTepiasniB 3HMXKyeTbcs 1o 180 MIla y BUnagKy cusinuaHux
Io6aBKoOK (MoSi2, WSi2), y ToH 4ac sk Npu BBeJleHHi Kap6inHux nob6aBok (Mo2C, WC) MiHicTh cTaHOBUTS Bif, 240
1o 600 MIla. Taka pi3HUIIM HIOB'SI3aHa i3 CTPYKTYpoIo Ta (a30BUM CKIIAOM: Y MaTepianax i3 cuninugHuMu
IobaBKaMU Ha IPaHUISIX 3epeH MPUCYTHI JierkoriaBki ¢gasuy, a [ogaBaHHS KapoifiB 3MEHIIYE X KiJIbKIiCTb Ta CIIpUsie
YTBOPEHHIO OiJbII TYronaaBKux cronyk ZrC, MeB (MoB, WB) Ha rpaHuiisix 3epeH, 10 yCKIaAHIOE PyX TPIilMHY Iif
yac pyMHYBaHHS. BCTaHOBJIEHO 3a71€XKHICTb CTIMKOCTI 10 OKMCHEHHS! BiJl BMICTY JOOAaBKH [1J151 KOMIIO3ULiTHUX
Kepamik cuctem ZrB2-MeC ta ZrB2-MeB2 OnTumyM KOpO3idHOi CTIHKOCTI KepaMiKy AOCIraeThCst pu ~5 06.%
nob6aBku MeC a6o MeB2. MeH1mu# BMiCT 106aBKU He [103BOJISI€ [TIOBHICTIO VIIIJIBHUTYU MaTepiasl, 6i1bmuY BMiCT (Bif
5 06.%) Npu3BOAUTb O YTBOPEHHS KPAaTePiB Ta TPIIIMH B OKAJIMHi 32 paxyHOK HW)KYOi CTiIIKOCTi 0 OKUCHEHHS
nobaBku Cr3C2, CrB2, Mo2C,WC un W2B5. CuniuniHi 106aBKY HiIBULIYIOTh CTIHKiCTb 4O OKMCHEHHS KepaMiKu Ha
OCHOBI ZrB2 3a paxyHOK yTBOPEHHSI Ha II0BEPXHi CTabiJIbHOTO 60POCUIIIKATHOTO CKJIa, IO 3a0e3evye HOPMaJIbHY
poboTy komno3suty npu temnepatypi 1500 °C npotsirom 50 rog. IIpu BBenieHi 10 Au60puay LUMPKOHIi0 706aBOK
Kap6izis (Mo2C, WC) uu 6opuzis (CrB2, W2B5) Ha moBepxHi KOMIIO3UTIiB HE YTBOPIOETbCS 3aXKCHA IJIiBKa, TOMY
BOHU MO>YTb IIpaioBaTu npu temnepatypi 1500 °C o 5 roz. ¥V po6oTi anpo6oBaHo ifie1o po CTBOPEHHS KepaMiku
Ha OCHOBI AMO0PUAY LIUPKOHIIO 3 BUCOKUMU ITOKa3HUKAaMU >KapOCTiKOCTI Ta >KapOMIIJHOCTi 32 paxyHOK
OJIHOYACHOTO BBEJE€HHS J0OABOK CcUiuay Moaioneny (MoSi2), ik HaH6ibIl )KapOCTiHKOro KOMIIOHEHTA, Ta
Kap6iny Bombdpamy (WC), IK HaHO6i/IbII )KapOMIIIHOTO. BUsBI€HO, 10 B IPOLIECi OTPUMaHHS KOMIIO3UIiHUX
marepiainiB cucrtemu ZrB2-MoSi2-WC BinbyBaeTbcs xiMiuyHa B3a€MO[Lisl MDK KOMIIOHEHTaMH, IO IPU3BOAUTD 1O
yTBOpeHHs HoBUX ¢a3 (Mo, W)B, (Zr, Mo, W)B2 Ta npucyTtHicTs okcugiB ZrO2 ta SiO2). BcraHoBeHO, 110 BMICT 15
006.% MoSi2 y komnosuti ZrB2-MoSi2-WC 3a6e3sneuye CTilKicTb 10 OKMCHeHH: (10 Mr/cM2), ane Ipyu LbOMY
3MeHIye kapoMinHicTs (145 + 35 MIla). V pesynbrati 3MeHIeHHs BMicTy MoSi2 1o 7,5 06.% >kapoMilHiCTh
nipsuyetses (175 + 28 MIla), ogHak 1ie IpU3BOIUTE 10 TOTiplIeHHs )XapocTikKocTi (15 mr/cm2). Bmict 5 06.% WC
He IIPU3BOJUTH 10 TIOBHOTO OYMIeHHS MaTtepiany ZrB2-MoSi2-WC Bif okcugHux ¢$as, a TOMy He BIA€TbCsI

3a6e31eYnTy HeoOXigHMUI piBeHb BUCOKOTEMIIEPATYPHOI MiltHOCTI (>300 MITa).

2. The thesis is devoted to the research of the regularities of the influence of refractory compounds (Cr3C2, CrB2,
Mo2C, MoSi2, WC, WSi2, W2B5, SiC, HfC, TaC) and technologies of obtaining (hot pressing, pressureless sintering
and combined technology) on the formation of structural phase composition and properties of ceramics based on
zirconium diboride. Thermodynamic calculations for predicting the phase composition of composite ceramics

based on ZrB2 showed that the addition of carbides (VC, NbC, TiC, HfC, TaC, Mo2C, WC) or silicides (WSi2, MoSi2)



leads to interactions between components. In the case of the addition of silicides, the interaction occurs with the
formation of a stable mono boride (WB, MoB). The carbide additive interacts with oxides (ZrO2, B203) located on
the surface of zirconium diboride, which leads to the formation of ZrC and monoboride. The ability to reduce
oxides increases in the range VC> NbC> TiC> HfC> TaC> Mo2C> WC. The results of thermodynamic calculations
were confirmed by experimental studies. Composites based on zirconium diboride with the addition of Cr3C2,
CrB2, Mo2C, MoSi2, WC, WSi2, W2B5 in the amount of 3-20 vol% were prepared by hot pressing. As a result of
studying the structure of composite materials it is shown that the addition of 5 vol.% carbide (Cr3C2, Mo2C, WC)
activates the sintering process due to the interaction between the components with the formation of new
refractory compounds. The initial carbide additives (Cr3C2, WC, Mo2C), which were present in a charge, are
absent in the structure of as-sintered material. Due to the reaction of the interaction of carbide with zirconium
oxide, which acts as an impurity, solid solutions based on zirconium carbide are formed, which are the most
thermodynamically stable phases. The addition of silicide compounds (WSi2 or MoSi2), the formation of WB or
MoB, SiC and low-melting layers based on SiO2 is observed. The addition of CrB2 or W2B5 lead to formation, solid
solutions based on ZrB2 are formed. Independent of the type of additive there are formation of core-shell
structures, where core is ZrB2 and shell solid is solutions based on ZrB2, which is confirmed by energy dispersive
spectra (EDS) and X-ray diffraction (XRD). The flexural strength of “ZrB2 - refractory compounds” at room
temperature was 500-600 MPa. At 1800 °C flexural strength of materials decreases to 180 MPa in the case of
silicide additives (MoSi2, WSi2), while with the carbide additives (Mo2C, WC) the strength is from 240 to 600 MPa.
This difference is related to the structure and phase composition: in materials with silicide additives at the grain
boundaries there are low- melting phases, while addition of carbides reduces their number and promotes the
formation of more refractory compounds ZrC, MeB (MoB, WB) at grain boundaries. The dependence of oxidation
resistance on the additive amount for composite ceramics of ZrB2 - MeC and ZrB2 - MeB2 systems has been
established. The optimum amount of MeC or MeB2 addition for oxidation resistance is ~ 5 vol.%. The lower
content does not allow to fully densify ceramics, the higher content (from 5 vol.%) results in the formation of
craters and cracks in the oxide scale due to lower oxidation resistance of the additive Cr3C2, CrB2, Mo2C, WC or
W2BS. Silicide additives significantly increase the oxidation resistance of ZrB2-based ceramics due to the
formation of a stable borosilicate glass on the surface, which ensures the normal operation of the composite at a
temperature of 1500 °C for 50 hours. In the same time addition of carbides (Mo2C, WC) or borides (CrB2, W2B5) to
zirconium diboride does not form a protective film on the surface of the composites, which decrease operation
time to 5 hours at 1500 °C. The idea of developing ceramics based on zirconium diboride with high oxidation
resistance and high temperature flexural strength due to the simultaneous introduction of additives of
molybdenum silicide (MoSi2) as the most oxidation resistant component and tungsten carbide addition (WC) which
significantly increase high temperature flexural strength. It was found that in the process of obtaining composite
materials of the ZrB2 - MoSi2 - WC system there is a chemical interaction between the components, which leads
to the formation of new phases (Mo, W) B, (Zr, Mo, W) B2 and the presence of oxides ZrO2 and SiO2. There is the
content of 15 vol.% MoSi2 in the composite ZrB2 - MoSi2 - WC provides oxidation resistance (10 mg / cm2), but
high temperature flexural strength (145 + 35 MPa). As a result of reducing the MoSi2 content to 7.5 vol.%, the high
temperature flexural strength increases (175 + 28 MPa), but this leads to a decrease of oxidation resistance (15 mg /
cm?2). The content of 5 vol.% WC does not lead to complete purification of the material ZrB2 — MoSi2 - WC from
oxide phases, and therefore it is not possible to provide the required level of high temperature strength (> 300
MPa).
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