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Physical and Chemical Processes of Structure Formation
of (BeO+TiO,)-Ceramics with the Addition of TiO, Nanoparticles

This paper describes in detail the solid-phase sintering mechanism of BeO + TiO;lm + Ti032"° cerami€s in
the 1520-1550 °C temperature range. It is shown that the structural elements are formed due to the processes
of pore disappearance and grain growth in the process of ceramic shrinkage during sintering. Iflisgfoundythat
under the influence of TiO2 nanoparticles it is possible to increase the sintering temperaturéof suchyceramics
by 30 °C, which promotes the transformation of the crystal structure of TiO2 into a more conductiveyli3O3
with an orthorhombic structure. The mechanism of the slowing down of the grain boundar§movement by the
second phase impurity as the segregation of nano impurities on the grain boundary is describ@d.}The calcula-
tion of binding energy of spontaneous chemical reactions during sintering of ceramic§ is performed, chemical
elements and compounds related to conductive phase in ceramics of BeO + TiOE1 ™ FE03AM® composition at
sintering temperature 1550 °C are determined. It is shown that the specific gonduetivity of the synthesized
nanocomposite material increases in comparison with the ceramics consisting«f micropowders in the fre-
quency range of 100 Hz—100 MHz, at a sintering temperature of 1550 °C.

Keywords: (BeO+TiO2)-ceramics, nanoparticles, solid-phase sintering;¥microstructure, mechanical mixture,
specific conductivity, phase diagram.

Introduction

At present, due to the wide development of radio-ele¢tronic equipment, devices, and wireless commu-
nication equipment, much attention is paid to the creatienof small-sized receiving and transmitting devices,
containing in composition shielding and absofbing bulk materials that retain their properties in a wide range
of frequencies and temperatures [1]. One<f the\most perspective materials for the creation of absorbers of
microwave energy is ceramics based omBeO with the addition of TiO, to 30 wt.% [2]. Electrophysical and
other properties of such ceramics can be essentially improved by introducing into structure of micro-and
nano-powders TiO, [3]. Because:sintering,0t ceramics is a physical and chemical process of production of
dense workpieces under the influence,of heat treatment, the study of the processes occurring at this is the
most relevant task [4]. In particulargin the semiconductor industry, many products are produced by sintering:
capacitors, resistors, gubstiates, bulk microwave energy absorbers, ferroelectrics, etc. [5].

The possibility ofincreasing the sintering temperature of BeO-based ceramics with the addition of TiO,
micro-powders by addingia small amount of TiO, nanoparticles is one of the directions of research to im-
prove the electrodynamieg, properties of such ceramics [6]. Theoretically, it will allow for achieving an in-
crease inghe densitypoficeramic samples and, consequently, higher values of electrophysical and absorption
characteristics of the investigated material [7].

Informationdabout the change in the electrophysical characteristics of ceramics based on BeO with the
addition of miero-and nano-powder TiO, at a change in sintering temperature in the literature at the present
time is absent. In this scientific article, the studies of physical and chemical processes occurring during the
formation of the structure of ceramics based on (BeO+TiO,), with the addition of nanoparticles TiO,, under
the influence of temperature are presented.

Experimental

Microstructure, granulometric composition, and phase analysis of powders and sintered samples were
studied on a scanning electron microscope with energy dispersive microanalysis attachment JSM-6390LV,
2007, with resolution in high vacuum until 3nm and the ability to image in secondary and reflected electrons.
The microscope has a magnification from 5x to 300,000x at accelerating voltages from 0.5 kV to 30 kV.
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Evaluation of the primary data on the powder material and the sintered product crystal size, analysis,
and measurement of micropores, cracks, inclusions, and other defects were performed using an optical mi-
croscope MBS-10, at 16x magnification, with a measuring scale with a division value of 0.05 mm.

The AgilentE5061B Spectrum Analyzer technique is designed to measure the total complex resistance
(impedance) of composite samples in the frequency range 1 Hz—100 MHz. The “frequency variation” meth-
od allows measuring the frequency dependence of such electrophysical characteristics as complex conductiv-
ity, dielectric permittivity, and contact resistance.

The essence of the method is to determine the electro-physical characteristics of composite materials
depending on the frequency of the alternating voltage applied to the electrodes mounted on the sample, based
on Ohm’s law to determine the instantaneous values of alternating current and measure the phase shift be-
tween current and voltage. As a result, the total complex resistance (impedance modulus |Z|) is calculated as
the ratio of the effective alternating voltage to the effective alternating current.

Results and Discussion
Beryllium oxide in relation to TiO, is an inert compound, that is, there is no chemi ote of inter-
action between them. Figure 1 shows phase diagram of beryllium oxide interaction Witk dioxide.
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Figure 1. Phasgydiagram of TiO, — BeO interaction [8]
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Figure 2. Solid-phase sintering mechanism of ceramics. In the inset on the right microstructure
of ceramics of BeO + 29.0 wt% Ti0y ™"+ 1.0 wt% Ti03*"sintered at T = 1550 °C
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The free energy in this sintering mechanism changes because of changes in the total surface area of all
grains and changes in the specific surface energy when the solid-gas interface is replaced by a solid-solid
interface. These changes can be represented as summations:

dG = ydA + Ady

where A — area; y — surface energy. These two summands are also expressed accordingly in the change in
the microstructure of ceramics during sintering (Figure 3).
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Figure 3. Scheme of mechanisms of enlargment and densification of
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Figure 4. Schematic of the intergranular region in contact with the second phase

For an equilibrium boundary, there must be a relationship between the values of surface energy at the
crystal-vapor and crystal-crystal boundary:

_ ¢
Yb = 2Yqp COS >

The angle ¢ is called the dihedral angle. Its value does not depend on gas pressure, but only on the ratio
between y,g and yj. If the B phase is gaseous, the relationship y,g)yp is true and the dihedral angle takes on
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a value greater than 120°. The surface energy y,;, changes when the crystallographic orientation of the grains
relative to each other changes. In real structures, this is the reason for the presence of different values of the
dihedral angle that can be detected in ceramics at the initial moment when the porosity is high enough. The
variation of angles in real samples is also observed because of the system’s non-equilibrium. One of the op-
tions for bringing the system to an equilibrium state is to expose the system to a temperature at which liquid-
phase sintering will take place under the action of the flow of one of the phases.

Thus, to describe the sintering process it is necessary to understand to what state a polycrystalline mate-
rial consisting of grains and pores will tend to. As a result of the disappearance of pores during the sintering
process, a polycrystal is formed in which the surface energy of the grain boundaries takes on a minimum
value for a given number of grains and the grains form a dense, non-porous packing. Eventually, in the equi-
librium state, all grains will have the same shape and size.

Ceramic samples of BeO + 5 wt% Ti07%™° composition representing a two-phase system were subject-
ed to a sintering temperature of 1800 °C (above transition to liquid-phase sintering — 1670 °C
achieve a liquid-phase sintering mechanism. We will consider BeO beryllium oxide
TiO, nanoparticles, which should tend to occupy the grain contact area near the top® o
the second phase with lower temperature. In a structure close to equilibrium, the va
tend to be values given by the ratio of surface energies at the interfaces. In such afcase, theyshape of the ter-
nary intersection in the two-dimensional microstructure will be different, as we lues of the dihedral
angles (Figure 5).
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9=30°

Figure 5. The shape of the t
microstructure of ceramics of Be

Figure 5 points out that act area between grains decreases with decreasing dihedral angle value,
while the contact ar the second phase increases. For the investigated sample, the dihedral
angle is 0-30°. Based lysis of the macrostructure, grains during sintering of ceramics tend to take
the shape characteri minimum of free energy. To achieve the minimum interfacial surface energy of
the two-ph minimum value of the dihedral angle is necessary, which tends to decrease at a
tempera

Th ibility of increasing the sintering temperature of ceramics by adding nanoparticles TiO,

tained.

The observed discrepancies in the theoretical calculations of the grain growth rate and the experimental
data are due to the influence of impurities. In turn, if the impurity forms the second phase, its very presence
slows down the movement of the grain boundary, as shown in Figure 6.
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Figure 6. Illustration of the slowing down of the grain boundary movement by the second phase impurity

In ceramics of BeO + Ti0)™ + Ti0}"°, the impurity TiO}%" is soluble in the phase,Ti@3 ", whose
concentration in the volume and at the grain boundary differ from each other. If the efiergyjof impurity atoms
at the grain boundary is lower than in its volume, the segregation of impurity at the gtain“beundary is ob-
served. To assess the influence of impurity atoms on the segregation processes we gonsidetithe distribution P
atoms of impurity on N available positions in the crystal lattice of the main subgtane€and p atoms of impuri-
ty distributed on n available positions in the area of the grain boundary. Whén an atém of the main compo-
nent is replaced by an atom of the impurity in the volume of the grain, thegdfitesnalyenergy E increases, which
is accompanied by the change in energy e at the replacement of the atom af the grain boundary. Due to the
dissolution of impurity atoms, the change in free energy G can be expressedsin the form that is typical for
solutions:

G =pe + PE — kT[In!N! — In(ng=mp) !l (N — P)! P!]

Under the conditions of equilibrium Z—Z = (0 and z—g = Oy Given the large value of N, in the presence of

nanoscale impurities, the Stirling approximation iSyvalid:
InN!=~ NilndV'— N .

Considering these circumstances, the equilibrium distribution of atoms at different locations is de-
scribed by the equation:

n P e-E
nap  n-p P (_ F)

This equation takes a simpler, fotmyif instead of the number of atoms and distribution sites we use their
mole fractions. Thus, we obtaifi that the impurity atoms B, replace the atoms of the main substance
A. Accordingly, the molaf|fractions of the atoms in the volume of the grain and at the boundary: X,, X5, X2,
X2 In this case, the equatiomtakes the form:

X8 X op (- 25)
X " %, P\ ")
where AEy=4 — E\is the change in energy due to the segregation of impurities at the grain boundary.
To caleulatefthe AE values, the model of a regular solution of paired atom interactions is applied, ignor-

ing the interactions between impurity atoms. If we assume that the impurity atom is a solid nondeformable
sphere, the lattice distortion energy W is equal:

W = 4 (@)2
1+v To

where Y — Young’s modulus, v — Poisson’s ratio, 1, 7y — radius of atom of the main substance and impu-
rity, respectively. Because of the difference in the Young’s modulus in the volume of a grain and at its
boundary with another grain, the elastic strain energy at the introduction of an impurity atom into the lattice
may be different — AE # 0.

In the case of nanoscale particles as an impurity phase, impurity segregation and internal energy chang-
es can occur by completely different mechanisms. Beryllium oxide belongs to the group of “insulating ox-
ides” derived from metals of the left and right parts of the D.I. Mendeleev table. Titanium dioxide refers to
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semiconductors or metallic oxides located in the middle of the table. Sintered mechanical mixture (ceramics)
of such oxides with the addition of nanoparticles can show anomalous physical and chemical properties. In
the size range from 2 to 10 nm classical laws and laws of quantum chemistry are not acceptable. In nanopar-
ticles of spherical shape sized 3 nm, half of the atoms or ions are located on the surface. This position allows
the volumetric properties to change due to surface effects in the region of reaction chemistry near the stoi-
chiometric composition. The presence of a strong chemical bond can lead to changes in chemical and physi-
cal properties. When particles become smaller in size, different morphologies are formed, which affect
changes in surface chemistry and adsorption properties due to an increase in their specific surface area.

During the study of the interaction of BeO and TiO, in a wide range of temperatures, it was found
that titanium practically does not form solid replacement solutions with BeO. However, weak chemical
interaction between them, along the interface surfaces, is not excluded in the process of sintering ceramics
containing TiO}%"° where other impurities can be concentrated. In turn, titanium (Ti) with, oxygen (O)
forms a large number of oxides: TiO,, Ti,0s, Ti;0s, homologous series of oxides Ti,0,,; and possibly
others. Increasing the sintering temperature, due to the presence of TiO, nanoparticles,cofitsibutes to more
effective recovery of TiO. When sintering (BeO+TiO,)-ceramics in furnaces with@carbon heaters in a re-
ducing environment (in a carbon monoxide atmosphere) carbon penetrates the inneg region of ceramic
samples, which leads to a uniform chemical interaction and distribution of phag€s both“inside and on the
surface of the sample.

After analyzing the main chemical elements and compounds involved in‘the mafufacturing process of
conducting ceramics of the composition of BeO + TiO,, Table 1 was compilea:

Table 1

Conductivity of chemical elements and compaourds involved in the
technological process of making (BeO #iIiO,)*ceramics

Conductor Dielectric
Be
C
Ti BeO
BeH Be,C
BeCZ T|02
Ti,04 TiC
Ti4Os
TiH

The conductivity of eachg€lement depends on the sintering temperature, for example, when TiO; is
heated at 750-1000 °€, in|hydrégeén environment, the compound Ti,O; is formed. At hydrogen pressure of
13—15 MPa and temperatare 2000 °C — TiO, is reducing to TiO, the only compound that gives a maximum
of three free electronsWT1%) is TiH. During sintering of such ceramics in weakly reducing environment of
carbon monoxide the following chemical reactions can take place:

BeO +2C0O, — BeC, + 50.
2BeO +4C — 2BeC,; + O,.
TiO, + CO — CO, + TiO.
2TiO, + C — CO, +2TiO.
TiO,+ C — TiO + CO
2T102 +C— Ti203 + CO.
2T102 +CO — Ti203 + C02
6T102 +C— 2T13O5 + COQ,
6T102 +2C0O — 2T1305 + C02
BeO + CH — BeH + CO.
TiO, + CH — CO, + TiH.
3T102 + H2 = Ti305 + HzO

To determine the possibility of interaction between BeO and TiO, at an increased sintering temperature,
due to the presence of TiO, nanoparticles, we use the entropic method of calculating the equilibrium con-
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stants, — AGy = AHj9g — TAS50g, where T = 1550 °C [9]. The data of this calculation allow us to identify
four main chemical reactions that can occur at this temperature (Table 2).

Table 2
Calculation of the change of Gibbs energy, which determines the possibility
of spontaneous reaction at T = 1550 °C
No Chemical reactions AG, kJ/mol

TiO,+ C—>TiO + CO
2T|02 +C— Ti203 + CO
37Fi()2 + }{2 — 1-i3()5 + }{2()
TiO, + CH — CO, + TiH

4G5 <0

Al —

According to the results of calculation of possible electrically conductive phases responsible for the
conductivity of ceramic composition (BeO+TiOL™+Ti034"), sintered at T = 1550 °C,\the Main electrically
conductive phases are TiO, Ti,0Os, Ti305 and TiH.

To describe the electrical conductivity of composite materials, we commonly refer to,a cénductive clus-
ter of particles of any phase. After the percolation threshold, a conductive cluster cangbe called percolation,
considering its limited size and the possibility of binding conductive phase clusters by dielectric layers that
have local resistances comparable to those of particles in micro-and nano-clusters.

Figure 7 represents the results of the study of the frequency dependgnce of the real and imaginary com-
ponents of the specific conductivity of serial ceramics of BeO+30 wt%sT105.
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Figute 7..Erequency dependence of real ¢' (1) and imaginary ¢' (2) components
of specific conductivity of serial ceramics of BeO+ TiO4™ at T=1530 °C

Figure®shows, that the real component of conductivity at low frequencies up to 104 Hz remains at the
level of@.4-10=%Q "M . With further frequency increase conductivity stepwise increases up to the value of
0.15 Q'm%The imaginary component of specific conductivity increases linearly over the whole range of
frequencies uidérstudy, coinciding with the real component at frequencies higher than 3-10” Hz.

Figure 8 displays the dependence of the specific conductivity on the concentration of TiO, nanoparti-
cles of composition BeO + (28.0 — 29.9 wt% Ti0y™, Y. Ti05™ + Ti0F*"°=30 wt%) at the sintering tem-
perature of ceramics 1550 °C.
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Figure 8. Frequency dependence of the real ¢' component of specific
conductivity on the content of TiO, nanoparticles, at T = 1550 °C

The conductivity curves, depending on the content of TiO, nanoparticles sategparallel to each other in
the frequency range from 10 to 105 Hz. The minimum conductivity value inthis range{ is ¢'( o¢,= 5.5-10-
Q'm’, the maximum G'0.1 %~ 4.8 102 Q'm™. With the increasing frequeney, ofielectric field, specific con-
ductivity on all samples increases sharply, at a maximum frequency of 10¥ HZ cenductivity curves practically
coincide, maximum value 6'( s = 1.36 Q'm™.

The conductivity mechanism can be explained by the fachthatduring sintering of ceramics TiO, nano-
particles are pushed to the surface of micron crystals (i.e., to thetintercfystalline interlayers). Thus, conduc-
tion follows by a random grid of interlayers between the cryStals, Some interlayers of adjacent crystals may
not interact, therefore, there is a finite resistance and dthopping meehanism of conductivity from one layer to
another (between the interlayers). As the concentration ofjtitaniium dioxide nanoparticles increases up to 2.0
wt%, they begin to stick together with each other ‘o with titanium oxide microparticles inside the crystal and
do not go into the intercrystalline interlayers, so the material becomes a dielectric.

Conclusions

The solid-phase sintering mechanism, théassehemes of the mechanisms of enlargement and densification
of the ceramic structure of BeO + TiQ"" ST'i07%"™°, during sintering, confirmed by real photographs of the
microstructure in the temperature 1@nge,1 500—1550 °C, were described. According to the results of the study
of the dihedral angle during liquid-phase sintering of ceramics containing BeO + 5 wt% Ti0Z%*°, T = 1800
°C, the angle values are within 0—30 °, which characterizes the presence of a minimum interphase surface
energy of the two-phase system.

The slowing mechanism of the grain boundary movement by the second phase impurity was described
as the segregation ofimangsimpurities on the grain boundary, provided that the energy of the impurity atoms
on the grain boundary isjlower than in its volume.

Chentdicalielements and compounds related to the conducting phase in the ceramics of BeO + TiOZ” ™+
Ti0}*%eomposition were determined by calculating the binding energy of possible chemical reactions. The
reactions with thefformation of the conducting compound TiO, Ti,0s, Ti30s, and TiH were established.

It was established that the specific conductivity of the synthesized ceramics of composition BeO + (28.0
— 29.9 wt% Ti0y™, X Ti0y™ + Ti03*™° = 30 wt%) at sintering temperature of ceramics 1550 °C signifi-
cantly increases in comparison with the serial sample.
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TiO, nano6eamexTepi Kocbliiran (BeO + Ti0O,)- kepavkaHbIH KYPbLILIMBIH
KAJBINTACTHIPYABbIH (pU3UKA-XUMUSIIBIK HPOLE@cTepi

Maxkanana 15201550 °C Temmepatypa apamsirbiaaa BeO + TiOh: +URiQIA"® kypaMbiHAAFE KepaMUKaHEI
KaTThl (asanblK OipiKTipy MeXaHW3MiHIH cumarramachl OepiireH: BKypbUTBIMABIK 3JIeMEeHTTep OipikTipy
Ke3iHJe KepaMUKaHBIH ILIOTy IPOIECiHIe KeYSKTepAiH KOFalTybl DKOHENTYHIPIIIKTEpAiH ocyl HOTIDKEeCIHIe
naiiga OonarelHABIFEl Kepceriired. Ti0, HaHOOOMMMEKTEPIHIH OCEPIHEH MyHIall KepaMHUKAaHBIH OalKy
temneparypachiH 30 °C-ka KeTepy MyMKIHAIr 0ap ekeH@iri aHbiKTanabl, 0y TiO, KpucTanabl KYPbUIBIMBIH
opTopoMOaNBIK KypbUlbIMBI Oap TizOs OTKI3Fil KypbUIBIMBIHA aiHANABIPYFa bIKOAN eredi. TyHipimik
IIeKapachlHIarbl HAHOKOCHAJApABbIH Cerperanysiel peTiHae eKiHm (asanblK  KOCIaMeH —TYHipiiik
NICKAPACBIHBIH KO3FAJIbICHIH Oasynary MeXaHu3MI cumaTTanran. Kepamukanel OipikTipy mpoIleciHae
©3JIITIHEH JKYPEeTiH XMMHSIJIBIK peakuusuiapAblH OainaHbic sHeprusicel ecenrenni, 1550 °C Temmnepatypana
BeO + TiO;ml + Ti052"° KypambIHIaFbl KepaMHKaaa OTKI3TIIITIK (a3zara )KaTaTblH XUMHSJIBIK dJIEMEHTTED
MEH KOCBUIBICTap AaHBIKTaNAbl. CHHTE3NENECH, HAHOKOMITO3MTTIK MAaTepHaJIbIH MEHIIKTI OTKi3TiITiri
MHKPOYHTAKTapJaH TYPaTHIH KepaMikamMeH cansicTeipranga 1550 °C temmeparypama 100 T'm—100 MI'rg
KHLTIK TUaNa30HbIHIA 6CETiHI KOPEETIIrCH:

Kinm ce30ep: (BeO+TiO,)-kepamnKay’ HaHOOOIIIEKTep, CYHBIK (a3aiblK OipiKTipy, MHKPOKYPBUIBIM,
MEXaHHUKAJBIK KOCTa, MCHIKE] 6 TRI3PIINTIK, (ha3asiblK JHuarpaMMa, OaiTaHbIC SHEPTUACH.

A.B. ITaBnoey Kb, Carnonouna, A.b. KaceimoB, H.M. Marazos, A.b. Kenecoekos

Ou3AK0-XMMHYECKHe Tponecchbl GOPMHUPOBAHNS CTPYKTYPHI
(BeO+Ti0O,)-kepamuku ¢ 1o6aBkoii HaHowacTul TiO,

B'ezarbedipuBeneHo noapobHoe onucaHue TBepao(ha3HOro MexaHH3Ma CIIeKaHus KepaMukH coctaBa BeO +
TiO;Lm + Ti052"° B unTepBane temneparyp 1520—1550 °C. ITokasaHo, 4TO CTPYKTYpHBIE JIeMeHTHI pOpMH-
PYIOTCS 3a CUET MPOILECCOB NCUE3HOBEHHS IOP M POCTa 3€PEH B IPOIECCE YCAAKU KePaMUKH TIPH CHEKaHHHU.
VYcraHoBIEHO, YTO TOX AeiicTBHeM BiaMsHHMs HaHo4yacTHl] TiO, NMpeAcTaBiseTcsi BO3MOXHOCTH IMOBBICHTD
TEMIIEpaTypy CrekaHus Takoi kepamukud Ha 30°C, 4TO CmOCOOCTBYET TpaHCHOPMAIMH KPUCTATUTHUECKON
ctpyktypsl TiO, B 6osee npoBossiugyio Ti305 ¢ opropomOuueckoil cTpykTypoii. Omican MexaHu3M 3aMeji-
JICHHSI IBVOKCHUSI TPAHUILIBI 3epHA TIPUMECBIO BTOPO# (ha3bl Kak cerperanusi HaHOIpUMeceH Ha TpaHHIle 3epeH.
IIpowusBenen pacder SHEPrHM CBS3HM CaMOIPOU3BOIBHO MPOTEKAIOIMX XMMHUYECKHMX Peaknuil B Iporecce
CIIEKaHUS KEPAMUKH, OIpe/eTIeHb XUMHUIECKUE SIEMEHTH U COSAMHEHHS, OTHOCSIINECS K MIPOBOASIIEH (ase
B Kepamuke coctasa BeO + TiOy™ + Ti032 " npu temneparype criekanus 1550 C. ITokasao, uTo ynenbHas
IPOBOAMMOCTb CHUHTE3MPOBAHHOTO HAHOKOMIIO3UTHOTO MaTepuaja BO3pacTaeT B CPaBHEHHHU C KEPaMUKOM,
cocTosield U3 MUKPOIOPOLIKOB, B Auanazone yactoT 100 I'i—100 MI'n, npu temmneparype crnekanus 1550
°C.

Kniouesvie cnosa: (BeO+Ti0,)-kepamuka, HAaHOIACTHIIBL, )KUAKO(A3HOE CIIeKaHHe, MUKPOCTPYKTYpa, MeXa-
HHMYECKasi CMeCh, y/IelIbHAs POBOMMOCTb, (ha30Bas quarpaMma, SHEprus CBsI3H.

100 BecTHuk KaparaHauHckoro yHnBepcuTeTa



Physical and Chemical Processes...

References

1 Salakhov, A.M. (2016). Sovremennye keramicheskie materialy [Modern ceramic materials]. Kazan: Kazan Federal Universi-
ty [in Russian].

2 Kiiko, V.S., Makurin, Yu.N., & Ivanovskii, A.L. (2006). Keramika na osnove oksida berilliia: poluchenie, fiziko-
khimicheskie svoistva i primenenie [Ceramics based on beryllium oxide: obtaining, physical-chemical properties and applications].
Ekaterinburg: Ural Branch of the Russian Academy of Sciences [in Russian].

3 Lepeshev, A.A., Pavlov, A.V., & Drokin, N.A. (2019). Impedansnaia spektroskopiia (BeO+)-keramiki s dobavkoi
nanochastits TiO, [Impedance spectroscopy of (BeO+)-ceramics with the addition of TiO, nanoparticles]. Zhurnal Sibirskogo
Federalnogo Universiteta « Tekhnika i tekhnologii» — Journal of Siberian Federal University. Engineering and Technologies, 12(3),
366-380 [in Russian].

4 Nepochatov, Yu., Bandin, A., & Manina, 1. (2019). Razrabotka shirokopolosnogo radiopogloshchaiushchego materiala na
osnove karbida kremniia i nitrida aliuminiia [Development of broadband radio absorbing material based on silicon carbide and alu-
minum nitride]. Sovremennaia elektronika — Modern electronics, 2, 75-79 [in Russian].

5 Mikhailov, M.D. (2010). Sovremennye problemy materialovedeniia. Nanokompozitnye materialy [
terials science. Nanocomposite materials]. Saint Petersburg: Izdatelstvo Politekhnicheskogo universiteta, 6

6 Kiiko, V.S., Pavlov, A.V., & Bykov, V.A. (2018). Poluchenie i teplofizicheskie svoistva®e
nanokristallicheskogo dioksida titana [Preparation and thermo-physical properties of BeO-ceramics with it
titanium dioxide]. Novye ogneupory — New Refractories, 11, 57-63 [in Russian].

7 Drokin, N.A., Kiiko, V.S., Pavlov, A.V., & Malkin, A.L. (2020). BT-30 ceramic electrop, rties. Refractories and
Industrial Ceramics, 61, 3, 341-348.

8 Ropp. (2013). Encyclopedia of the alkaline earth compounds. British Library Cat;
bound in Spain, 654-656.

9 Krestovnikov, A.N., Vladimirov, L.P., Gulyanitskii, B.S., & Fisher, A.Ya.
metallurgicheskikh reaktsii [Handbook for calculating the equilibria of me&illur ical \reac

\)

=

nanocrystalline

Publication Data. Printed and

vochnik po raschetam ravnovesii
. Moscow: Metallurgizdat [in Rus-

Cepus «buonorusa. MeguumHa. eorpacmsa». Ne 2(102)/2021 101





