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Electrodynamic properties of composite (BeO + TiO,)-ceramics in the frequency range 8 — 12 GHz are stud-
ied. An increase in ceramic sintering temperature from 1823 to 1933 K after introducing TiO, micro- and
nanopowders into BeO mixtures makes it possible to influence the efficiency of (BeO + TiO,)-ceramics as an
absorbing component of microwave radiation by increasing the modulus of imaginary and real parts of the di-
electric constant. Additional reduction annealing in a hydrogen atmosphere at 1073 K further changes the ce-
ramic electrical conductivity and enhances the effect of its ability to absorb UHF-radiation.

Keywords: (BeO + TiO,)-ceramics, UHF-radiation, electrodynamic characteristics, dielectric constant, atten-
uation of microwave radiation, TiO, powders.

INTRODUCTION

Recently the problem has become acute of electromag-
netic security in view of the development of powerful
UHF-radiation devices, by means of which it is possible to
disarm electronic engineering components, rocket, aircraft
and drone guidance systems, etc. In this case a requirement
arises for developing powerful UHF-emission absorbents
based upon radio-adsorbent materials (RAM). An important
task in this is selection of functional materials exhibiting si-
multaneously good mechanical properties and a capacity for
UHF-radiation absorption, having considerable thermal con-
ductivity and density. Within RAM due to dielectric and
magnetic losses there are reflection dissipation, transmission,
and absorption of electromagnetic energy and its transforma-
tion into other forms, in particular thermal. In order to
achieve the required weakening parameters for electromag-
netic radiation (EMR) over a wide frequency range with
minimum density, and consequently weight, it is necessary to
optimize the composition, increase efficiency and to create
the required RAM structural components.
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Currently there is extensive use for creating radio-absor-
bent coatings of composite materials based upon thermoplas-
tic polymers, modified with certain admixtures [1 —3]. For
achievement of these UHF-absorbents it is possible to refer
to their high chemical stability, satisfactory mechanical prop-
erties, and ease of creating a certain concentration of modify-
ing additions. A disadvantage concerns the comparatively
weak thermal conductivity. This limits their extensive appli-
cation in creating powerful UHF EMR absorbers.

Existence of unique physicochemical properties for ce-
ramic materials finds application in electronic engineering
[4 — 13]. Ceramics based upon oxides of aluminum (KT-30)
and beryllium (BT-30) with addition of an optimum amount
of titanium dioxide (30 wt.%) find extensive application.
There is special interest in composite (BeO + TiO,) ceramic
capable of absorbing electromagnetic UHF energy
[3,5,6,14—16] exhibiting comparatively good thermal
conductivity.

It is well known that thermal conductivity of pure (with-
out additive) BeO-ceramic at 300 K may be 320 W/(m'K)
[1—3,5—10]. The low thermal conductivity of TiO, (about
5 W/(m'K)) significantly reduces the overall composite ce-
ramic BT thermal conductivity. As measurement has shown,
the overall thermal conductivity of BeO-ceramic with addi-
tion of 30wt.% TiO, at 300K is 130— 140 W/(m'K)
[5, 6,9, 10]. Presence of developed interfaces and intergra-
nular reactions, and also a number of other factors connected
with volumetric and surface properties of BeO and TiO,,
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may have a marked effect on physicochemical and operating
properties of composite BeO-ceramic.

During a study of ceramic properties by impedance spec-
troscopy methods in the frequency range 100 Hz — 100 MHz
[1] it has been established that addition of TiO, micropowder
to BeO-ceramic is accompanied by a change in electrical
conductivity and capacity to absorb electromagnetic radia-
tion [3,5—-7, 8, 10, 14]. In this case the sintering tempera-
ture affecting ceramic microstructure and its electrical prop-
erties is limited to 1803 K, so that with an increase in this
value there is a reduction in strength of the ceramic obtained
due to coarsening of a specimen crystal structure [1]. For the
possibility of sintering at higher temperatures to the compo-
sition of this ceramic there was addition of nanosize TiO,
power from 0.1 to 20 wt.%, which significantly slows down
ceramic specimen microcrystal recrystallization.

This work is devoted to evaluation of the effect of adding
nanosize TiO, powder on the electrodynamic properties of
composite (BeO + TiO,) ceramic and also the possibility of
increasing specimen sintering temperature with addition of
nanosize TiO, with the aim of achieving higher EMR ab-
sorption indices. Frequency dependence as studied in this
work for electrodynamic parameters of composite
(BeO + TiO,) ceramic in the range 8 — 12 GHz, which is
used actively in radio location where EMR of considerable
power is often encountered.

RESEARCH METHODS AND SPECIMENS

The amount of additive and degree of TiO, reduction af-
fects electrical conductivity of (BeO + TiO,) ceramic
[3, 6, 14] and consequently its absorption properties. The ef-
fect of a different amount of TiO, powder additive, its size
and shape (micron or nanopowder) on thermal conductivity
of composite (BeO + TiO,) ceramic has been studied in [9].
Separately electrodynamic properties of the original TiO, mi-
cro- and nanopowders have been studied in [17].

In order to measure spectral characteristics of complex
dielectric permittivity a transition line method was used with
modernization of the measurement unit providing fixation of
a powder specimens directly in the wave insert used [18].

In order study to the electrodynamic properties of beryl-
lium ceramic three series of specimens were synthesized in
the form of plates with dimensions of 2 x 23 x 10 mm with
addition micro- and nano-particles of TiO, [1] of the compo-
sitions:

1 — BeO +29.9 wt.% TiO, (um) + 0.1 wt.% TiO, (nm);

2 —BeO +29.5 wt.% TiO, (um) + 0.5 wt.% TiO, (nm);

3 —BeO +29.0 wt.% TiO, (um) + 1.0 wt.% TiO, (nm);

4 — BeO +28.5 wt.% TiO, (um) + 1.5 wt.% TiO, (nm);

5 —BeO + 28.0 wt.% TiO, (um) + 2.0 wt.% TiO, (nm).

The first series of specimens was sintered at a maximum
temperature of 1823 K, and the second at 1933 K. After
sintering at 1933 K some of the ceramic specimens were ad-
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TABLE 1. Density of specimens of composition 2.

Density, g/cm?, of specimens sintered at

Fragment number

1823 K 1933 K
1 3.10 3.26
2 3.11 3.25
3 3.10 3.25
Average 3.11 3.26

ditionally heat treated in a hydrogen atmosphere at 1073 K.
In [1] a study has been made of the electrodynamic proper-
ties of specimens obtained in the frequency range from
100 Hz to 100 MHz.

Ceramic density was determined by a hydrostatic method
using three fragments obtained by cleaving a single ceramic
specimen. Results of measuring the density of composition 2
sintered at different temperatures are provided in Table 1.

Ceramic specimen microstructure sintered at 1823 and
1933 K was studied (Fig. 1). Microphotographs of shears of
the test ceramic specimens of composition 2 sintered at dif-
ferent temperatures in a reflection regime (BSE) and second-
ary electrons (SE) were obtained.

The TiO, grain size in ceramic specimens sintered at
1823 K did not exceed 10 pm, whereas the size of grains of
specimens prepared at 1933 K was on average not more than
40 pm.

In order to study specimen electrodynamic properties in
the UHF range a contactless measurement method was used
whose application implies location of a specimens directly
using a transfer line and measurement of the impedance fre-
quency dependence of this filled line.

Electrodynamic properties of materials are first deter-
mined for complex dielectric permittivity, which also be
given the main attention in this work.

In order to study frequency properties of complex electri-
cal permittivity of ceramic specimens a transmission line
method was used making it possible to study electrodynamic
properties of a specimen with an arbitrary step with respect
to frequency, which makes it possible to observe not just cer-
tain frequency points as would be the case in using a reso-
nance measurement technique. Use of a transmission line
method assumes direct measurement of the scattering matrix
coefficient for a test specimen, located using a transmission
line and filling it entirely, with subsequent transformation of
measurement parameters into values of complex dielectric
permittivity by means of an appropriate mathematic model.

In order to measure matrix scattering coefficients (S-pa-
rameters) there was use of a vector analyzer circuit (VAC).
An important advantage of using a VAC is the possibility of
taking account of frequency properties of the whole equip-
ment due to conducting a calibration procedure correspond-
ing to the type used for a transmission lime. This makes it
possible to reduce significantly the S-parameter measure-
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Fig. 1. Shear microstructure of ceramic specimens of composition 2 sintered at 1823 an 1933 K, obtained in secondary (a) and reflected elec-

trons (b).

ment error, and consequently calculated values of the relative
complex dielectric permittivity. We consider propagation of
an electromagnetic wave through a test specimen (Fig. 2).
Measurement of the dissipation matrix coefficient, re-
flection coefficient S;;, and transmission coefficient S,; may

be written in terms of I" and Z as:
r(1-z2
Si= % '
1-T'“z

By expressing parameters z and I" in terms of measured
values of §;; and S5, it is possible to calculate the value of
the complex dielectric permittivity using an NRW mathemat-
ical device:

_A=D? R %

r 2 2 2
(1+T) 2

C

>

where A is wavelength in the transmission line used; A, is
the critical wavelength in the transmission line used.

b
—-— < =
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Fig. 2. Propagation of an electromagnetic wave through test mate-
rial: a,) electromagnetic wave descending in material; b,) electro-
magnetic wave reflected from a specimen surface; b,) electromag-
netic wave passing through material; I'; and I',) reflection coeffi-
cients from specimen surface; z,, z,) electromagnetic wave damping
coefficients within the volume of test material in direct and reverse
directions.
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CERAMIC SPECIMEN ELECTRODYNAMIC
PROPERTIES

Complex dielectric permittivity of a composite ceramic
RAM depends upon the amount of relative content of ab-
sorbing components, particle shape, their sizes, etc. Complex
dielectric permittivity was studied within ceramic specimen
1.9 mm thick, represented by a plate, corresponding with re-
spect to shape of the cross section used in transmission line.
In order to find the frequency characteristics of relatively
complex dielectric permittivity a transmission line method
was used with use of special software [19] making it possible
to conduct conversion of matrix dissipation parameters in
complex values of dielectric permittivity. Conversion was
performed by means of an NRW mathematical model
[20, 21]. In order to perform measurements there was use of
a right angle wave guide standard WR90 with a frequency
range of 8 — 12 GHz and cross section of 23 mm by 10 mm.
measurement of matrix dissipation coefficients was con-
ducted using an R&S ZVAS50 vector circuit analyzer. Taking
account of frequency properties of the measuring equipment
there is calibration of the measuring system using TRL tech-
nology [22]. The error in determining the absolute value of
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Fig. 3. Actual ¢’ and imaginary &” parts of dielectric permittivity for
specimens based upon reinforced fluoroplastic in relation to fre-
quency.
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Fig. 4. Dependence BeO-ceramic specimen €' and &” on frequency.
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dielectric permittivity for the measuring equipment used was
a value of the order of 5% [23].

In order to verify the correctness of the calibration per-
formed there was measurement of a standard specimen with
known properties. For this a specimen of material was used
based upon reinforced fluoroplastic entirely isotropic in all
directions with measured values of dieletric permittivity of
3.01 and dielectric loss tangent angle 0.003275 at a fre-
quency of 10.02347 GHz. The error in values of the active
part of dielectric permittivity did not exceed 3%. Measured
values of complex relative dielectric permittivity at a fre-
quency of 10 GHz comprise 3.008-i0.0008 (Fig. 3).

Frequency dependences for the complex relative dielec-
tric permittivity of pure BeO ceramic (without additive) are
shown in Fig. 4. Frequency dependences of both active &',
and also imaginary &” parts of the relative dielectric
permittivity depend weakly upon frequency and are con-
stants within the frequency range in question, which corre-
sponds to data I [24, 25].

Values of complex relative dielectric permittivity of BeO
ceramic at a frequency of 10 GHz are 6.98 — 10.11. In order
to study the effect of on electrodynamic properties of anneal-
ing temperature and addition to the composition of TiO,
nanopowder based upon the BeO ceramic, as a basis ceramic
was taken based upon BeO with addition of 30 wt.%
TiO, micropowder

(VT-30). Results of measuring the complex relative di-
electric permittivity of ceramic VT-30 with a sintering tem-
perature of 1803 K, represented by average data for a series
of five specimens, are shown in Fig. 5. Deviation between in-
dividual specimens within the series did not exceed 5%.

Then a series of specimens was studied with a different
TiO, nanopowder concentration (Fig. 6). Measurements
were performed in the range from 8 to 12 GHz, but for con-
venience of comparing the data obtained results are only pro-
vided for frequencies 8, 10, and 12 GHz.

An increase in TiO, nanopowder concentration to 1.5%
within the volume of mixture of micro and nanopowders, and
correspondingly a reduction in the concentration of
micropowder, leads to a weak change in electrodynamic
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Fig. 5. Dependence VT-30 ceramic specimens ¢’ and " sintered at
1803 K on frequency.
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Fig. 6. Dependence of ¢ (a) and ¢” (b) for specimens of
(BeO + TiO,) ceramic sintered at 1823 K on TiO, nanopowder con-
tent at frequencies 8 (/), 10 (2), and 12 GHz (3).

properties €' and €", and increase in TiO, nanopowder con-
centration above 1.5% leads to a sharp reduction.

Electrical conductivity of the dielectric and the imagi-
nary part of dielectric permittivity is connected by an expres-
sion:

g = °
2nfe

where €” is the imaginary part of dielectric permittivity; o is

dielectric electrical conductivity €, is vacuum dielectric
permittivity; f'is electromagnetic oscillation frequency.

A significant reduction in €’ point to a commensurate re-
duction in the electrical conductivity of these specimens.
With a reduction in the amount of free charge there is also a
reduction in the amount of dipoles, which make a contribu-
tion to the value of the actual part of dielectric permittivity,
which appears as a reduction in this property.

A sharp reduction in &” values with addition of TiO,
nanopowder may point to the fact that this additive prevents
formation of conducting parts within the ceramic volume,
thereby reducing the value of test specimen conductivity.
This is directly confirmed by microphotographs of ceramic
shears of composition 2, obtained in reflected electrons (see
Fig. 1).

In order to evaluate the effect of sintering temperature
for BeO ceramic specimens with addition of TiO, micro- and
nanopowders electrodynamic properties were measured for
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Fig. 7. Dependence of & (a) and ¢” (b) for specimens of
(BeO + TiO,) ceramic at a frequency of 8 GHz sintered at 1823 K
(1) and 1933 K (2) on TiO, nanopowder content.

ceramic specimens with nanopowder concentrations of
0.2 —2.0% sintered at 1933 and 1823 K.

An increase in sintering temperature led to a marked in-
crease in both €' and &” (Fig. 7) and consequently to an in-
crease in electrical conductivity and a reduction in dipole
size within the structure of the ceramic obtained.

Microphotographs of (BeO + TiO,)-ceramic composi-
tion 2 shears sintered at 1933°C obtained in reflected elec-
trons (see Fig. 1) indicate that ceramic grains are coarsened
considerably, and this as assumed led to an increase in speci-
men conductivity. Scatter of € values for test specimens in
relation to TiO, nanopowder concentration (see Fig. 7a) is
very considerable and comprises about 20%.

A series of specimens after sintering at 1933 K was addi-
tionally reduced in a hydrogen atmosphere at 1073 K. In or-
der to evaluate the effect of this reduction there was compari-
son of the electrodynamic properties of specimens sintered at
1933 K before and after reduction (Fig. 8).

Data obtained by experiment indicate that reduction in a
hydrogen medium for test specimens made it possible to in-
crease values of ¢’ and ¢". The dependence of &' on TiO,
nanopowder concentration for reduced specimens sintered at
1933 K (see Fig. 9a) became similar to the same property for
a specimen sintered at 1823 K (see Fig. 7a). In contrast to
ceramic specimens sintered at 1823 K, the maximum of the
€" modulus for ceramic reduction is found at a concentration
of 0.5 wt.% of TiO, nanopowder. With an increase in con-
centration there is a significant reduction in dielectric losses.
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Fig. 8. Dependence of €& (a) and ¢” (b) for specimens of
(BeO + TiO,) ceramic at a frequency of 8 GHz sintered at 1933 K
(1) and reduced in hydrogen (2) on TiO, nanopowder content.

An increase in the value of €” after firing in a hydrogen at-
mosphere agrees with results of studying data for specimens
in the frequency range from 100 Hz to 100 MHz [1], where a
marked reduction is observed in the resistance of ceramic
specimens at room temperature. As has been shown [1], an-
nealing in a hydrogen atmosphere may lead to hydroxide for-
mation, lower titanium oxide (predominantly Ti;Os) and hy-
dride TiH,, and also a significant change in dependences of
€' and ¢" for BeO-ceramic on the concentration of TiO, mi-
cro- and nanopowders.

CONCLUSIONS

Addition of a mixture of TiO, micro- and nanopowders
to the composition of BeO ceramic makes it possible to
change €' and €" significantly over a wide range of values,
which provides the possibility of obtaining material with pre-
scribed electrodynamic properties within a certain property
range. An increase in ceramic sintering temperature from
1823 to 1933 K, which became possible after introducing
TiO, nanopowder into the composition, makes it possible to
increase significantly TiO, ceramic efficiency as an absorb-
ing component due to a marked increase in the modulus of &”
by more than a factor of four (from 8 to 32). The value of &’
in this case also increases, but to a significantly less extent
(from 20 to 35). It has been demonstrated that reduction of
ceramic sintered at 1923 K in a hydrogen atmosphere leads
to a change in the dependence of actual and imaginary parts
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of ceramic dielectric permittivity, which may be connected
with a change in phase composition and stoichiometry of a
TiO, powder surface as a result of action of reduction anneal-
ing. This may lead to modification of a TiO, surface by for-
mation of additional impurity phases such as hydroxide low-
ering titanium oxide (Ti,O,,.;, predominantly Ti;Os), TiH,
hydride and titanium to a metallic condition. In order to es-
tablish the UHF radiation absorption mechanism for this ce-
ramic with a change in properties it is necessary to study ce-
ramic sintering and reduction regimes under carefully con-
trolled thermodynamic conditions.

Research was carried out with financial support of the
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