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Specimens of composite (BeO + TiO,) ceramics with TiO, added in an amount of 5, 10, 20, 30, and 40 mass%
are obtained. The temperature dependence of the conductivity of the (BeO + 30 mass % TiO,) ceramics is
studied. Conduction is ensured by the titania additive present in the ceramics in a strongly reduced state.
The maximum temperature (950 K) at which the (BeO + 30 mass % TiO,) ceramics preserves its conductive
properties in air for a long time and, possibly, the capacity to efficiently absorb microwave radiation is deter-
mined. Heating in air at a temperature exceeding 960 K is accompanied by the processes of oxidation of re-
duced TiO,, which causes disordering of the structure and lowering of the conductivity. An electron micro-
scope study is used to show that the distribution of TiO, in the BeO of the [BeO + (5, 10, and 30 mass %)
TiO,] system is nonuniform; inclusions of large regions of grouped TiO, microcrystals are encountered. This
affects the physicochemical properties of the ceramics, the thermal and electrical conductivities in particular.
In order to ensure a uniform distribution of TiO, in the volume of the ceramics it is recommended to introduce

the dioxide into the composition of the BeO powder from solutions (hydrochemical method).

INTRODUCTION

In addition to a high thermal conductivity (200 —
300 W/(m-K)) pure BeO ceramics possess a high electric
resistivity that amounts to 1.0 x 10’5 — 1.1 x 10'3 Q-cm at
300 K. The high thermal conductivity and electric resistivity
of BeO ceramics makes them applicable in electronic engi-
neering for dissipation of heat during operation of functional
electronic devices [1, 2] and for making effective microwave
insulators for vacuum electronic radiating tubes (traveling-
wave tubes (TWT) and klystrons).

It is hard to modify the functional properties of BeO ce-
ramics by directed alloying of the latter. The low isomorphic
holding capacity of BeO with respect to impurities makes it
virtually impossible to create such a concentration of impu-
rity centers that would affect noticeably the physicochemical
properties of BeO ceramics. For example, the content of ty-
pical impurities (Li, B, Al, Zn, Mg) that enter the crystal
lattice of BeO in an isomorphic manner does not exceed
background values (10~4 — 103 mass %). Attempts to intro-
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duce higher amounts of other admixtures into BeO have
shown that most of them do not enter the crystal lattice of
BeO in an isomorphic manner but have the form of a second
phase on the surface of BeO microcrystals or are located
over the surface of micropores forming surface microstruc-
tures [2].

Among the heterogeneous systems mentioned the BeO
ceramics with an additive of 5 —40% TiO, possesses a number
of unique properties, which explains its wide use in electronic
engineering [2 — 5]. The introduction of various amounts of
TiO, and its subsequent reduction make it possible to change
the conductivity of ceramics composed of BeO + TiO,
within a wide range (from 1 x 10! to 1 x 1014 Q-cm). The
values of transmission and absorption of microwave radia-
tion in such ceramics can be varied gradually in a wide fre-
quency range, which makes it possible to use them in
high-current microwave devices with a wide range of func-
tional properties [2,3,5]. We have established that
(BeO + Ti0O,) ceramics can be used as touchstones for assay-
ing precious metals and subsequent electrochemical extrac-
tion of the metals from solutions after performing the opera-
tion of assay control [6].

In addition, the (BeO + TiO,) ceramics, which possess
high conductivity and low work function of exoelectrons
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leaving the surface of BeO, present interest as a working sub-
stance (detector) on heat-stimulated exoemission and lumi-
nescent dosimeters [2, 4]. This makes it possible to remove
the surface charges formed upon temperature changes (due to
the pyroelectric effect) from BeO microcrystals and from the
surface of the detector in the case of electron emission.

The introduction of various amounts of reduced TiO,
into the composition of BeO ceramics permits smooth lower-
ing of the intensity of x-ray and cathode luminescence of
BeO (the peak in the region of 4.9 eV) [4]; the conductivity
of (BeO + TiO,) ceramics and its capacity to absorb micro-
wave electromagnetic radiation can also be increased consid-
erably [2, 3].

Articles from an absorbing material with high thermal
conductivity are required for powerful TWT amplifiers as
interstage loads and for absorption of microwave electro-
magnetic radiation in order to eliminate the emergence of a
back wave and the transition of the TWT from the amplifica-
tion to the generation mode. At present TWT are primarily
fabricated with the use of absorbing ceramics based on
KT-30 aluminum oxide, which possesses low thermal con-
ductivity (10 — 15 W/(m'K). Therefore, at high thermal loads
the material is heated strongly and its main functional cha-
racteristics (the damping factor and the standing-wave factor)
worsen.

It is known that the thermal conductivity of TiO, is low
compared to that of BeO and amounts to about 4.25 W /(m'K).
In order to raise the thermal conductivity of composite
(BeO + TiO,) ceramics the amount of BeO in it should be in-
creased as much as possible without lowering the high ca-
pacity of the material to absorb microwave radiation. In this
connection the studies aimed at developing a process for fab-
ricating (BeO + TiO,) ceramics absorbing microwave radia-
tion and articles from this ceramics are quite important.

The present work was performed with an aim of deter-
mining the structural and physicochemical properties of ce-
ramics based of BeO and doped with reduced TiO,, to study
the effect of the method of fabrication of the ceramics on its
microstructure, electric conductivity, and phase composition,
to work out recommendations for fabrication of (BeO + TiO,)
ceramics with stable absorption of microwave electromag-
netic radiation, and to advance the process of their production.

Due to the high thermal conductivity of the BeO phase
the composite (BeO + TiO,) ceramics should remove heat at
high heat loads more efficiently and should not be over-
heated and thus preserve the damping factor and the
standing-wave factor and exhibit stably high absorption of
microwave radiation. When used as ceramic current conduc-
tors or powerful microwave-absorbing components, the
(BeO + TiO,) ceramics should be characterized by uniform
distribution of TiO, in the volume of the BeO ceramics. Non-
uniform distribution of TiO, causes local temperature
inhomogeneity inside the ceramics and additional overheat-
ing of the microwave-absorbing components.
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SYNTHESIS OF SPECIMENS

In order to fabricate specimens of (BeO + TiO,) cera-
mics with different compositions we used beryllium oxide of
grade kh. ch. and titania of grade os. ch. as the initial re-
agents. We prepared charges from BeO with additives of 5,
10, 20, 30, and 40 mass % TiO,. The BeO powder was baked
at 1470 K in order to ensure stable physicochemical proper-
ties. The TiO, powder was preliminarily heat treated at 1070 K.
The articles were shaped using the method of slip casting
with the use of an organic binder. The charge was prepared
by wet mixing of the initial oxides taken in the required pro-
portions in a ball mill for 4 —5 h. Slip on a high-paraffin
binder was prepared in a heated mixer at 348 — 358 K. The
amount of the organic binder in the slip was 10 — 13 mass %.
The organic binder was burnt from the articles at 1470 K
for 4 h.

The articles were sintered by two methods, i.¢.,

— in a vacuum-hydrogen electric furnace at 10 — 5 mm
Hg" and maximum temperature of 1830 K for 1 h; after the
sintering the specimens were subjected to heat treatment at
1810 K in hydrogen;

—in a forevacuum furnace with graphite heaters in an at-
mosphere of carbon monoxide (in a graphite crucible or
graphite filler, where the CO pressure was varied within
1 x102 — 5x 102 mm Hg) at maximum temperature of
about 1810 K.

We obtained dense ceramics of a dark color with grayish
tint; the specimens for the study were shaped as tubes and
disks of various sizes.

After the sintering the specimens were subjected to x-ray
diffraction analysis. We also determined the electric conduc-
tivity of the ceramics. For this purpose we deposited plati-
num electrodes on the end faces of preliminarily baked spe-
cimens with a brush and sintered the former.

PHYSICOCHEMICAL PROPERTIES,
ELECTRIC CONDUCTIVITY,
AND STRUCTURE OF SPECIMENS

We used pycnometers for measuring the apparent density
of the sintered specimens (Table 1). It turned out that the
method of fabrication of the specimens had no substantial ef-
fect on their apparent density, which was affected by the
amount of titania introduced into the specimen.

The x-ray diffraction study was performed at room tem-
perature. We studied the phase composition of the specimens
using a DRON-3M diffractometer and Cu K -radiation with
wavelength A = 1.54178 nm. In order to determine the phase
composition of the (BeO + TiO,) ceramics we studied speci-
mens of (BeO + TiO,) with 5, 10, 20, and 30 mass % TiO,.
Comparison of the diffractograms showed that independently
of the content of TiO, there was no chemical interaction be-

" 1 mm Hg = 133.322 Pa.
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tween the components. In addition to the reflections typical
for BeO we observed reflections from TiO, of a rutile modi-
fication. All the specimens exhibited diffraction peaks at a
level of 1 — 2 rel.% (with respect to the 100% peak) that cor-
responded to a crystalline phase of titanium carbide.

Thus, it has been confirmed that (BeO + TiO,) ceramics
are primarily represented by a mechanical mixture of BeO
and TiO, oxides that weakly interact with each other chemi-
cally [2 —4].

The main physicochemical properties of the BeO, TiO,,
and (BeO + 30 mass% TiO,) ceramics are presented in
Table 2. The stoichiometric TiO, (rutile) has a white color
and possesses high dielectric properties [7]. The resistivity
(specific resistance) R of rutile has been measured in [8] as a
function of the temperature and of the degree of reduction.
It has been shown that for colorless crystals of TiO, the
value of R varies from 1 x 10°to 1 x 107 Q-cm.

The resistivity R of nonstoichiometric crystals having
gray, dark-gray, and dark colors is equal to 4 x 103 — 1 x 10%,
5% 102—1x 103, and 1 x 101 — 1 x 102 Q-cm respectively.

Heat treatment of a mixture of BeO + TiO, in a reducing
medium causes reduction of titania; the details of the mecha-
nism of the process are still unknown. For example, in accor-
dance with [9] rutile has defects in the form of vacancies in
the oxygen sublattice on which electrons (F* and F centers)
can be localized upon irradiation; otherwise the electrons can
be localized near Ti3" ions. It is assumed in [10] that defects
in rutile are titanium ions present in interstices of the crystal
lattice. The disordering of the lattice is described by the for-
mula TiO, 2 Ti"" + e+ O,. In accordance with the data
of [11] the growth in the conductivity of TiO, is a result of
the presence of a lower Ti,O; oxide in its composition. In ad-
dition, it is known that titanium forms wide regions of a- and
B-solid solutions with oxygen and many oxides, i.e., TiO,
Ti,05, Ti505, TiO,, and a Ti,0,,_; homologous series (Ti,O,
Ti50q, TigOy;, Ti;O43, TigOys, TigO;7, Ti;(O9, and possibly
other oxides) known as Magnelli phases [12 — 14].

We presume that when a mixture of BeO + TiO, is heat
treated in a reducing medium, reduction of TiO, occurs when

TABLE 1. Dependence of the Apparent Density of Specimens of
(BeO + TiO,) Ceramics on the Amount of Introduced Titania

Number of specimen Amoqnt of introduced Appa'rent density
TiO,, mass % of specimens, g/cm?
1 5 2.80
2 10 2.88
3 20 2.97
4 30 3.20
5 40 3.32

the valence of the cation ranges within Ti*" — Ti3" — Ti2*
upon growth in the number of its d-electrons. This explains
the partial occupation of the zone including the 2p-atomic
orbitals of oxygen and the atomic orbitals of titanium, which
is vacant in stoichiometric TiO,. This results in an increase in
the conductivity of TiO, and its darker coloring. Partially re-
duced TiO, is a semiconductor with electron type of conduc-
tion [2, 3]. It is mentioned in [7] that reduced TiO, has two
conduction bands, i.e., an intrinsic one and an impurity one.
In strongly reduced specimens the resistivity is a result of
impurities, a carbon admixture in the first turn.

The conductivity ¢ of the (BeO + TiO,) specimens was
determined at room temperature. It should be noted that the
value of ¢ was affected considerably not only by the amount
of TiO, but also by the method of sintering of the specimens.
Sintering of ceramics in vacuum at 105 — 104 Pa in a BeO
crucible without carbon filling did not result in considerable
growth in . The conductivity of the BeO ceramics without intro-
duced admixtures, which had been fabricated by a similar pro-
cess at 300 K, amounted to 1.0 x 10~ —1.0 x 10-13 Q- l-cm ™.
Further studies showed that the growth in & of the specimens
of (BeO + TiO,) ceramics compared to the specimens of pure
BeO depended on the amount of the introduced TiO, and on
the degree of its reduction.

It turned out that the (BeO + TiO,) ceramics (especially
those sintered in carbon filler) contained (according to the
data of x-ray diffractometry) a certain fraction of titanium

TABLE 2. Physicochemical Properties of BeO, TiO,, and (BeO + 30 mass % TiO,) Ceramics

Physicochemical properties BeO TiO, (rutile) (BeO + 30 mass % TiO,)
ceramics

Temperature, K, of:

melting 2823 18302100 -

boiling 4393 3200 -
Thermal conductivity at 300 K, W/(m'K) 220 - 260 425 60
Apparent density, g/cm? 2.85-2.98 4.1 3.2
Bulk resistivity at 300 K, Q-cm 1x101 1x102-1x 107 5% 102
Tangent of the dielectric loss angle tan & at 300 K (at a frequency 5x10* 6.0 x 10°-0.5%x 102* 0.2

£=1x 101 Hz)

Dielectric constant . at 300 K (at a frequency /=1 x 10'° Hz) 7.2 80 — 100 20
Water absorption, %, at most 0.2 - 0.3

* Depending on the degree of reduction of the rutile modification of TiO,.



432

lgo
°
o, 1
—1.4*r. ..°ca
%
°
—1.5 ®scee,
0'...2 ¢ e,
*1~67f '."Ooo %o, ® . °
LI
—1.71 S e
e
-1.8 T T T T T T

T T
0.69 0.80 091 1.02 1.13 124 135 1.46 1000/7, K"

Fig. 1. Logarithm of electrical conductivity ¢ of specimens of
(BeO + 30 mass % TiO,) ceramics as a function of reciprocal tem-
perature: /, specimen heat treated in hydrogen; 2, specimen sintered
in carbon monoxide.

carbide. The admixtures of other elements, i.e., Si, Al, Ca,
and Fe, present in the composition of the initial BeO powder
in a total amount of 1.0 x 102 — 5.0 x 102 mass % could
form titanates with titania and a low amount of liquid phase
located on boundaries of BeO single crystals and pores.
The liquid phase concentrated over boundaries of BeO
grains delayed the recrystallization of beryllium oxide and
promoted sintering of the ceramics.

Figure 1 presents the conductivity of specimens bearing
30 mass % TiO, as a function of the reciprocal temperature.
It can be seen that the dependences for the compounds stu-
died have a rather complex nature. For specimens obtained
by different methods the dependences of the conductivity on
the temperature are similar at 680 — 960 K. At a temperature
exceeding 960 K and up to 1230 K the dependences have
special features due to the change in the nature of conduc-
tion, because in this range the semiconductor type is trans-
formed into a metallic type of conduction. Then the conduc-
tivity falls or decreases, which is explainable by the start of
the processes of oxidation of reduced titania. This is typical
for the temperature range of 1300 — 1450 K. The specimens
of (BeO + 30 mass % TiO,) ceramics heat treated in hydro-
gen possess a higher conductivity than the specimens
sintered in CO (see Fig. 1), which is a sign of higher degree
of reduction of titania in them.

We determined the activation energy F, for ceramic
specimens fabricated by different methods. The values of E,
at 680 — 960 K amounted to about 0.05 eV for both kinds.
In the range of 960 — 1225 K the values of E, differed; for
the specimen treated in hydrogen E, =0.13 eV whereas for
the specimen sintered in CO it was 0.05 eV.

At 1225 - 1450 K the conductivity fell due to the rapid
process of oxidation of reduced TiO in the specimens. In ac-
cordance with the temperature dependence of o, the maxi-
mum temperature at which the (BeO + TiO,) ceramics pre-
serve their conductive properties in air for a long time as well
as, probably, the capacity to efficiently absorb microwave ra-
diation, is 950 — 960 K. Heating in air at a temperature above
960 K is gives rise to the processes of oxidation of reduced
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titania, which causes disordering of its structure. This is re-
flected on the conductivity curves. This feature is the most
typical for specimens of (BeO + 30 mass % TiO,) ceramics
obtained with heat treatment in hydrogen and is the least
manifested in specimens sintered in CO.

We used an electron probe of type JEOL JSM-5900 LV
to study the microstructure of specimens of (BeO + TiO,) ce-
ramics with 5, 10, and 30 mass % TiO,.

The results obtained (Fig. 2) show that the distribution of
TiO, in BeO in the (BeO + 5 mass % TiO,) system is nonuni-
form; inclusions of regions of grouped TiO, crystals 150 —
200 um in size are encountered. This affects primarily the
physicochemical properties of the specimens, their conduc-
tivity, and the capacity to absorb microwave electromagnetic
radiation.

In the specimens of (BeO + 10 mass % TiO,) ceramics
(see Fig. 2) and in the specimens with 5 mass % TiO, the
distribution of TiO, over the volume is nonuniform. Often,
regions of grouped TiO, microcrystals with a mean length of
50 -70 um and a mean width of 30 —50 um can be ob-
served. The microcrystals of TiO, are chiefly located indi-
vidually and do not form closed nets, which is responsible
for the low conductivity of the ceramics.

In contrast to the specimens bearing 5 and 10 mass %
TiO, the specimens with 30% TiO, are characterized both by
a nonuniform distribution of TiO, over the volume and by
the presence of large groups of TiO, microcrystals adhered to
each other (Fig. 3). These formations are 200 — 250 um long
and 100 — 150 um wide.

The structure of the (BeO + 30 mass % TiO,) ceramics is
characterized by formation of bridges between microcrystals
of reduced TiO,, which should result in changes in the con-
ductivity. Measurements of the conductivity at 300 K gave
3x102Qem.

The mean sizes of microcrystals and pores evaluated
from micrographs of regions with uniform distribution of
BeO and TiO, microcrystals are presented in Table 3. Analy-
sis of the microstructure shows that when the content of TiO,
increases, the mean size of the BeO grains in the ceramics
decreases. The mean size of the TiO, crystals (uniformly
distributed over the volume) changes insignificantly.
It should be noted that the number and the mean size of the
pores decrease upon increase in the content of TiO, in the
composition, i.e., the (BeO + 30 mass % TiO,) ceramics be-
comes denser.

In addition, analysis showed that in all the specimens of
BeO + TiO, the TiO, additive was distributed nonuniformly
over the volume, which indicated imperfection of the process
of production of the ceramics, i.e., mixing of BeO and TiO,
powders in a ball mill for 4.5 h did not ensure homogeneity
of the mixture. In order to obtain a uniform distribution of
the TiO, additive for ensuring high conductivity and absorp-
tion of microwave radiation the amount of the introduced
TiO, should have been decreased (from 30 mass % to, possibly,
20 — 25 mass %) for formation of closed conducting chains.
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Fig. 2. Microstructure of ceramic specimens: / — 3, BeO + 5 mass % TiO, (I, x 55; 2, x 200; 3, x 1000); 4 — 6, BeO + 10 mass % TiO,

(4, x200; 5, x 400; 6, x 1000).

Fig. 3. Microstructure of a specimen of (BeO + 30 mass % TiO,) ceramics under 50-fold (1), 200-fold (2'), and 1000-fold (3 ) magnification.

TABLE 3. Mean Sizes of Microcrystals of BeO, TiO,, and Pores in
Specimens of (BeO + TiO,) Ceramics

Content of TiO, Width, um Length, pm
in (BeO *+ TIO) of microcrystals of microcrystals
ceramlocs, ——  of pores ——— of pores
mass % TiO,  BeO TiO,  BeO
5 33 15.8 2.4 5.7 19.3 2.8
10 3.5 11.5 24 6.0 17.1 35
30 3.6 9.5 1.1 7.1 16.6 1.2

This would have increased somewhat the thermal conductiv-
ity of the composite ceramics, which is a very important
characteristic for materials used in high-current devices of

the microwave range. For this reason it is expedient to intro-
duce the TiO, additive into the composition of the charge
from a solution (hydrochemical method), which would ensure
its homogeneous distribution over the volume of the ceramics.

CONCLUSIONS

We have obtained specimens of composite (BeO +
+ (5—40) mass % TiO,) ceramics and studied their phase
composition. In accordance with the data of x-ray diffraction
analysis the specimens of BeO + (5, 10, and 30) mass %
TiO, are represented by a mechanical mixture of oxides
weakly interacting with each other.
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The (BeO + Ti0O,) ceramics (especially those sintered in
graphite filler) exhibit diffraction lines of a small amount of
titanium carbide. The admixtures of other impurities (Si, Al,
Ca, and Fe present in a total amount of 1.0 x 102 —
5.0 x 10-2 mass %) contained in the initial BeO powder can
form titanates with TiO, and a low amount of liquid phase
located on the boundaries of BeO microcrystals and pores.
The liquid phase concentrated on the boundaries of BeO
microcrystals delays the recrystallization of BeO and pro-
motes sintering of the ceramics.

The specimens of the ceramics heat treated in hydrogen
possess a higher electrical conductivity than the specimens
sintered in CO. Marked growth in the electric conductivity of
(BeO + Ti0O,) ceramics can be ensured by introducing such
amount of reduced TiO, (up to 30 mass %) that causes for-
mation of a closed net of titania microcrystals.

In accordance with the temperature dependence of the
conductivity, the maximum temperature at which the
(BeO + 30 mass % TiO,) ceramics preserves its conducting
properties in air and, probably, the capacity to efficiently
absorb microwave radiation is 950 K. Heating in air at a tem-
perature exceeding 960 K stimulates processes of oxidation
of reduced titania.

As a result of electron microscope studies we established
that the distribution of TiO, in BeO in the system of
BeO + (5, 10, and 30) mass % TiO, is nonuniform; the struc-
ture contains inclusions of large regions of grouped TiO,
microcrystals. This affects the physicochemical properties of
the ceramics and especially their thermal and electric con-
ductivities and the capacity to absorb microwave radiation.
For a uniform distribution of titania it is expedient to intro-
duce it into the composition of the BeO powder from a solu-
tion (by the hydrochemical method), which should ensure its
uniform distribution in the volume of the ceramics.

It follows from the analysis of the microstructure that as
the content of TiO, in the (BeO + TiO,) composition in-
creases, the mean size of the BeO grains becomes smaller.
In our opinion this is connected with the higher amount of
liquid phase formed in the composition of the ceramics upon
growth in the content of TiO,. The mean grain size of TiO,
(which is uniformly distributed over the volume) changes in-
significantly. It should be noted that the mean size of the
pores also decreases with growth in the content of TiO,, i.e.,
the (BeO + TiO,) ceramics become denser.

Introduction of different amounts of reduced TiO, into
BeO ceramics has made it possible to change the electric
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conductivity, which makes the ceramics applicable in various
devices and processes where it is necessary to have chemi-
cally stable materials with a wide range of electric conduc-
tivity.

This work has been performed with support of the Rus-
sian Foundation for Basic Research, Project 05-08-01279.
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