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ABSTRACT

Vedel ORidaWon registance and high temperaturestrength of ultrahigh
temperature composite ceramics based on ZeBand ZrB>71 Si C 0 .

Qualifying scientific work on the rights of the manuscript.

The Ph.D. thesis for achieving a scientific degree of Doctor in Philosophy in ti
Specialty 132 Materials Science (Technical Sciencebjstitute for Problems of Materials
Science. w. [. Frantsevich Natie2022] Acad

The thesis is devoted to the research of the regularities of the influence of refract
compounds (G, CrBz, MoC, MoSk, WC, WSp, W-Bs, SiC, HfC, TaC) and technologies
of obtaining (hot pressing, pressureless sintering and combined technology) on
formation of structural phasmposition and properties of ceramics based on zirconiun
diboride.

Thermodynamic calculations for predicting the phase composition of composi
ceramics based on ZgBhowed that the addition of carbides (VC, NbC, TiC, HfG@CT
Mo2C, WC) or silicides (WSj MoSk) leads to interactions between components. In the
case of the addition of silicides, the interaction occurs with the formation of a stable mc
boride (WB, MoB). The carbide additive interacts with oxides ¢ZBO3) located on the
surface of zirconium diboride, which leads to the formation of ZrC and monoboride. T
ability to reduce oxides increases in the range VC> NbC> TiC> HfC> TaC> M0o2C> WC

The results of thermodynamic calculations were confirmed by expeahstuatlies.
Composites based on zirconium diboride with the addition e€LCCrB;, Mo.C, MoSbk,
WC, WSk, W-Bs in the amount of 20 vol% were prepared by hot pressing. As a result o
studying the structure of composite materials it is shown that thigoadaf 5 vol.% carbide
(CrCy, M02C, WC) activates the sintering process due to the interaction between t
components with the formation of new refractory compounds. The initial carbide additiv
(CrCy, WC, MC), which were present in a charge, argeaib in the structure of &intered
material. Due to the reaction of the interaction of carbide with zirconium oxide, which ac

as an impurity, solid solutions based on zirconium carbide are formed, which are
most thermodynamically stable phases. Hudelition of silicide compounds (WSor

MoSi), the formation of WB or MoB, SiC and lemelting layers based on SiGs



observed. The addition of Cs®r W:Bs lead to formation, solid solutions based on ZrB
are formed. Independent of the type of additive there are formation e$ltellestructures,
where core is ZrBand shell solid is solutions based on ZnBhich is confirmed by energy
dispersive spectra (EDS) andrXy diffraction (XRD).

The flexural st e ngt h 2iorfe fiirZarcBt ory compoundso
500600 MPa. At 1800 Auw flexural strengtt
of silicide additives (MoSj WSk), while with the carbide additives (MG, WC) the
strength is from 2@ to 600 MPa. This difference is related to the structure and pha:
composition: in materials with silicide additives at the grain boundaries there are lo
melting phases, while addition of carbides reduces their number and promotes the forme
of more efractory compounds ZrC, MeB (MoB, WB) at grain boundaries.

The dependence of oxidation resistance on the additive amount for compo:s
ceramics of ZrBi MeC and ZrB 7 MeB; systems has been established. The optimun
amount of MeC or MeBaddition for oxichtion resistance is ~ 5 vol.%. The lower content
does not allow to fully densify ceramics, the higher content (from 5 vol.%) results in tl
formation of craters and cracks in the oxide scale due to lower oxidation resistance of
additive CgCp, CrB;, M0o.C, WC or WBs. Silicide additives significantly increase the
oxidation resistance of ZgEbased ceramics due to the formation of a stable borosilicat
glass on the surface, which ensures the normal operation of the composite at a temper
of 15 rB0hduss. Irftlee same time addition of carbidesBJdVC) or borides (CrB
W:2Bs) to zirconium diboride does not form a protective film on the surface of th
composites, which decrease operation ti

The idea of developing ceramibased on zirconium diboride with high oxidation
resistance and high temperature flexural strength due to the simultaneous introductio
additives of molybdenum silicide (Mofias the most oxidation resistant component anc
tungsten carbide addition (WQvhich significantly increase high temperature flexural
strength. It was found that in the process of obtaining composite materials of the ZrB
MoSi: T WC system there is a chemical interaction between the components, which le
to the formation of neywhases (Mo, W) B, (Zr, Mo, W) Band the presence of oxides 2rO
and SiQ. There is the content of 15 vol.% Me$ the composite ZrBi MoSi: T WC



provides oxidation resistance (10 mg/3m but hi gh temper at u
35 MPa). As aesult of reducing the MoScontent to 7.5 vol.%, the high temperature
fl exur al strength increases (175 N 28
resistance (15 mg / & The content of 5 vol.% WC does not lead to complete purificatior
of the material ZrB i MoSi; T WC from oxide phases, and therefore it is not possible tc
provide the required level of high temperature strength (> 300 MPa).

To obtain composite ceramics based on2Zvgh both high oxidation resistance and
high temperature strgth, the ZrBi 15 vol. SiC with carbide additives is more perspective.
Silicon carbide does not interact with the components of carbide additives and zirconi
diboride, so the structurphase composition of composite ceramicsZiB vol. % SiC
with carbde additives (GC2, Mo.C, WC, HfC, TaC) is similar to composites of 2rB
MeC systems. The main phases of thsiatered composite materials based on zirconium
diboride are: MeB, solid solutions based on zirconium carbide and solid solution basec
zirconium boride (Zr, Me) B The solubility of the metal in ZrBlecreases in the following
series: W> Mo> Ta> Hf, which is confirmed by EDS and XRD.

The flexural strength of composite ceramics ZE vol.% SiCi 5 vol.% MeC
(CrCs, WC, MoC, HfC, TaC) atoom temperature is 40600 MPa. The higltemperature
strength of composite ceramics at a tem
N 52 MPa)> HfC (336 N 25 ,MIPA193THC283MB
of the fracture surface shodi¢hat ZrBi 15 vol.% SiCi 5 vol.% MaC composites are
characterized by significant plastic deformation of grains during fracture. In the case of
addition of TaC or HfC to ZrB 15 vol.% SiC, the intercrystalline fracture of composites
with a reduced (30%) of transcrystalline fracture occurs. For the ZfB vol.% SiCi 5
vol.% WC system, the largest amount of transcrystallite fracture is observed, whi
indicates an increase in grain boundary strength.

The study of the structurphase composition arfichctographic studies of the fracture
surface allowed to make assumptions about the determining role of tungstaming
compounds in increasing higamperature strength of composites based on zirconiur
diboride. High hightemperature strength of ceras ZrB:i 15 vol.% SiCi 5 vol.% WC is

provided by purifying grain boundaries from oxides and formation (Zr, Wi to



interaction during hot pressing. Studies of high temperature strength of the model compc
ZrB;i 15 vol.% SiCi 5 vol.% WBs ( 4 89 MPa85at T = 1800 A
determining role of (Zr, W)Bwhich form at grain boundaries and provide high temperatur
strength. Composite ZeB15 vol.% SIiCi 5 vol.% WC has higher strength in comparison
to ZrBi 15 vol. % SiCi 5 vol.% W.Bs due to less oxygen in-asntered material (~ 0.5%),
which is explained by the ability of WC to reduce oxides @Za@d BOs). The additional
heat treat ment i n vacuum before hot pr
significantly reduce the gxgyen content in the composite Z2iB5 vol.% SiCi 5 vol.% WC
to 0. 1%, resulting in increased strengt

It was found that the addition of carbide additives {8loWC, TaC, HfC) to the
composite ZrBi 15 vol.% SiC results in a change of oxidatmechanism, which increases
the oxidation resistance to the level of the most oxidation resistant composité Z8|.%
MoSi.. During oxidation of ceramics, a thregide layer is formed: the upper layer is based
on BO31 SiO,, the middle layer is Is®d on ZrQand the lower layer is depleted of boron
and silicon. At the initial stage of oxidation, oxygen interacts with the (Zr, MshBll
around zirconium diboride grains.

In the case of the (Zr, Ta)Bhell, finegrained oxides based on tantalumdsxare
formed first, because oxidation of tantalum boride is a more ersfigient reaction
compared to oxidation of zirconium bori
Mo)B: or (Zr, W)B: shells, oxidation occurs simultaneously and is agomed by the
formation of MoB and W, since the activation energy is the same for zirconium additive a
di boride (scale thickness 134 N 15 and
oxygen with the shell (Zr, Hf)B a more oxidatiomesistat shell is formed from a solid
solutionof (Zr,HHQwi t h a zirconium oxide core (s
(ZrC, MeB and SiC) are oxidized to the corresponding oxides;(AM@&.0y, SiOy).

It was found that during lonterm oxidation (upd 50 h) of composite ceramics based
on ZrB; the structure of oxide scale unchanged. EDS and XRD methods have shown
the solubility of metal ions in 831 SiO; with a smaller atomic radius (Mo, W, Ta) leads
to the formation of a thinner oxide layer digethe formation of a denser glass structure

based on BOs T SiO; and, consequently, reduce diffusion of oxygen into the depth of th



material. Also, during longerm exposure, the amount of higgmperature modification of
ZrOz increases. The formatiori bigh-temperature oxide scale, which significantly reduces
the diffusion of oxygen into composite ceramics based on @nB allows it to be used at
an oxidation atmosphere temperature of

It is shown that the technology of obtainigo influence on the oxidation resistance.
In the case of pressureless sintering technology, the grain size is larger than in the ca:
hot pressing and combined hot pressing technologies. At the same time, the thickness c
scale based on zirconiuoxide is greater with the use of pressureless sintering technolog
which is associated with a smaller thickness of borosilicate glass, which in the initial sta
plays the role of protection against oxidation. However, the oxidation resistance remain
a level between the hgressed material and the material obtained by the combine
technology.

Since this class of ultra higlemperature materials must be reused, the purpose of tt
next study was to determine the effect of kighmperature oxidation dhe residual strength
of ceramics. It is shown that the residual strength of ceramics based on zirconium dibo
depends on the oxidation temperature and can be 50% of the initial value. It was shown
the residual strength is influenced by 3 main peaters: the homogeneity of the oxide scale,
its thickness and grain size in the formed oxide scale. The minimum value of resid
strength (~ 50%) is observed in ceramics A% vol. % SiC due to the formation of
inhomogeneous oxide scale and cracks.imireasing the residual strength to8@xo of
the basic ceramics ZsBL5 vol. % SiC is possible due to the introduction of28l0WC,
W-Bs, which will allow the reuse of ceramics after higimperature oxidation.

Modeling of the oxidation processvealed that the most important parameters tha
determine the oxidation resistance to kigmperature are: a) the second layer in scale
where a decrease in diffusion constant slows the diffusion of oxygen deep into the scal
case of formation of (ZKIf)Oo; b) the size of the grain, the reduction of which incredses
specific surface area, which leads to the fact that the material forms a more stz
borosilicate layer on the surface.

Thus, to create ultrhigh-temperature ceramics based on zirconidiboride with

high oxidation resistance and high temperature strength, it is necessary to form a struc



(coreshell) and reduce the oxygen content in the material controlled by the choice
activating additive and technological parameters of ceramics
Key words: zirconium diboride, ultrahiglbemperature ceramics, hot pressing,

pressureless sintering, oxidation, flexural strength, residual strength.
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