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The paper deals with the processes of obtaining the celsian ceramics with a complex of
high physical and technical properties. In this case, the directional regulation of the
ceramic microstructure and phase composition was carried out by introducing glass of the
spodumene composition of the Li,O-Al,05;-B,05-SiO, (LABS) system. It is concluded that
the content of LABS glass and the firing temperature of ceramic materials directly
determine their microstructure and physical and technical properties. The optimal compo-
sition and temperature of firing are established for the developed celsian ceramics. It is
shown that the introduction of LABS glass contributes to significant intensification of the
formation of crystalline phase of monoclinic celsian, as well as sintering of the obtained
materials. Ceramic materials with zero values of water absorption and opened porosity deter-
mining their high apparent density (2.47-2.61 g/cm®) were synthesized at relatively low
temperatures of 1250-1350°C. To achieve the highest indices of mechanical compressive
strength (188-242 MPa) and heat resistance (not lower than 1100°C), the most rational
content of LABS glass is 20-30 wt.%. Introduction of glass also helps to reduce the CLTE
values of celsian ceramic by 7-30 % due to crystallization of a B-spodumene phase. The
celsian phase is formed as flat-prismatic crystals. Their shape, size and quantities are deter-
mined by the content of LABS glass and heat treatment temperatures. The studies of electro-
physical properties have shown that in terms of the values of the dielectric constant (¢ = 5.3)
and dielectric losses (tgd = 0.0007), the developed ceramics meet the requirements to the
modern dielectric materials operating at high thermo-mechanical loads.

Keywords: celsian ceramics, crystalline phase, spodumene, celsian, glass phase, ce-
ramic slip, firing, crystallization, physical and technical properties.

CuHTe3 i xapakTepucTNKa IeJb3iaHOBOI KepaMiKM 3 BUKOPHCTAHHAM CKJa y CHCTeMi
Li,0-Al,0;—-B,0,-Si0,. O.B.3aiiuyx, O.A.Amenina, 10.C.I'opdees, I0.P.Kaniwenio, H.M.Cpi6nax

Hocaigxeno mpolecu ofepsKaHHSA 1eIb3iaHoBOI KepaMiKM 3 KOMIIJIeKCOM BUCOKUX (hisu-
KO-TEeXHIUYHUX TOKa3HUKIB. 3AificHeHO0 cIpaMOBaHe PeTyJIIOBAHHS MiKPOCTPYKTypu Ta ¢raso-
BOrO CKJIaJy KepaMiKu IIAXOM BBeleHHA cKiaa y cucremy Li,0-Al,0,—-B,0,-Si0O, (LABS)
CIIOIYMEHOBOTO CKJaNy. 3pobJeHo BUCHOBOK, 1o BMicT LABS ckia i TemmepaTypa BUAIy
KepaMiuHMX MaTepiajiB GesmocepeHLO BUBHAYAIOTH iX MIKPOCTPYKTYPY i (dismko-texmiuni
BJIACTUBOCTi. BCTaHOBIEHO ONITUMANBLHUY CKJIA[ 1 TEMIIepaTypy BUIAIY PO3poOJeHoi 1mennsia-
HoBOoi Kepamiku. Ilokasano, mio BBemenHa LABS ckaa cmpusie cyTreBiit inTencmdirarii
nporecy yTBOPeHHA KpUcTAJiuHol (pasy MOHOKJIHHOTO Iesib3iaHy 1 CIiKaHHIO OTPUMAaHUX
marepianie. Ak Hacaizor npu mopiBHAHO HuM3bKUX TemiepaTtypax 1250-1350°C cunTesoBano
KepaMmiuni marepiasyn 8 HyJIbLOBUMU 3HAUEHHAMU BOJIOIOIVIMHAHHSA i BigKpuToi mopmcrocTi,
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[0 0GYMOBIIOE iX BHCOKY VABHY miinbmicTs (2,47—-2,61 r/cm3). IIpy mboMY s JOCATHEHHS
HafOIMBIT BMCOKUX MOKa3HUKIB MexaHiunoi mimuocti Ha ctuck (188-242 MIla) i Tepmo-
crifikocti (me mHmwxdue 1100°C) pamiomanpumit Bmict LABS ckiaa cramosurs 20-30 mac.%.
Beemenus ckJa TakoxK chopusde sHuMXeHHIO sHadenb THRJIP menbsianosoi kepamikum Ha 7—
30 % sBHacaigox Kpucramisanii dasu P-cmogymeny. Ilenbsianosa dasza GOPMyeThCs y BUT-
AfAi NIOCKONPUSMATHUYHUX KPHCTATiB. Ix (opma, posmip i KigekicTs Bu3HauaroTbea
BmicTtoM LABS ckia i TemmeparypaMu TepMoobpobku. HocaimxeHHAMU eneKTpodismuHmx
BJIACTHUBOCTEH BCTAHOBJIEHO, IO 3a PiBHeM mieqeKTpuuHoi mpoHUKHOCTI (€ = 5,3) i miemexkTpuu-
unx Brpat (tgd = 0,0007) pospobieHa Kepamika BifiTIOBijae BUMOTaM [0 CYYaCHUX Ji€JIE€KT-
puuYHNX MaTepianiB, SKi IpaioloTL B YMOBAX BHCOKHX TePMOMEXAHIUHMX HABAHTAMKEHbD.

WccnemoBaHbl HPOIECCHl IIOJYUYEHUS IEJLSHUAHOBON KePaAaMUKH C KOMILJIEKCOM BBICOKUX
bUBMKO-TeXHUUECKUX IoKasareneil. IIpu sTOM OCYII[eCTBIEHO HAIPABJICHHOE PEryJInpPOBaHUE
MUKPOCTPYKTYPHI U (PasoBOr0 COCTABA KePaMUKH! IIyTEeM BBEIEHHS CTEKJA CIOLYMEHOBOIO
cocrapa B cucrems! Li,O-Al,0,—B,0,-Si0, (LABS). Cnenan BBIBOJ O TOM, YTO COJepKaHNe
LABS cTeksia M TeMIepaTypa O0MKHra KepaMUUYeCKHX MAaTepHuaJiOB HANPAMYIO OIpPeTessiOT
WX MUKPOCTPYKTYPY U (PUBUKO-TEXHUUECKMNE CBOMCTBA. Y CTAHOBJEHLI ONTUMAJLHLIA COCTAB
U TeMIepaTypa o0knura paspaboTaHHON IeJL3MAHOBON KepaMuKu. IIoKazaHo, 4TO BBeIeHHe
LABS cTexaa cmocoGCTBYeT CYIECTBEHHOM MHTEHCU(MDUKAIMY IIpollecca 00pasoBAHMsS KPUC-
TAJLINYECKON (Pashl MOHOKJIUHHOTO IeAL3MaHA UM CHEeKAHWIO IIOJYUYEeHHLIX MaTepuaoB. Kak
cJeICTBHE IIPYM CPaBHUTEJAbHO HuU3KUX Temieparypax 1250-1350°C cunTesnpoBaHbI KePaMU-
YeCKMe MATePHajbl ¢ HYJEBLIMM 3HAUYEHUSIME BOJOIOIJIOMIEHUS W OTKPBITOU IIOPUCTOCTH,
4TO OGYCIABIUBAECT UX BHICOKYIO Kayllyiocs IioTHocTb (2,47—2,61 r/cm®). Ilpu sTom mis
IOCTHeHusA Hambojee BBICOKMX IIOKA3aTellell MeXaHMUYeCKOM NMpouyHocTH Ha cxxarme (188—
242 MIla) u tepmocTtoiikoctu (He HuKe 1100°C) pammonanbuoe comepsxanua LABS creria
cocraBisier 20—30 mac.% . Beegenne creksa TakiKe criocodcTByer cHuikenuio sHavenuin THJIP
1ebL3NAHOBOM KepaMuKu Ha 7—30 % BemencTBue Kpucramnusanun dassl P-cnogymena. Ilennsn-
anoBas (pasa (popMUpyeTCs B BHUe ILJIOCKOIIPH3MATUYECKUX KpucTtajaoB. FIx dopma, pasmep u
KOJHMUECTBO OIpegensorcs comep:xanumeM LABS crexksa m TemmeparypaMu TepMooOpabOTKH.
HccnenoBanusamu 31eKTPOPUSUUECKNX CBOMCTE YCTAHOBJIEHO, YTO II0 YPOBHIO [MJIEKTPUYECKON
npouunaemoctu (€ = 5,3) u aussnekrTpuuyeckux moreps (tgd = 0,0007) paspaGorannas KepaMuKa
COOTBETCTBYeT TpPeOOBaHMAM K COBPEMEHHBIM IMJIEKTPUUECKUM MaTepuajiaM, paboTalIuM B
YCJIOBUAX BBICOKUX TEPMOMEXAHUYECKHUX HATPY30K.

1. Introduction

Developments in the modern science and
engineering constantly require the creation
and introduction of the materials with higher
physical-chemical, mechanical, thermal, and
electrical characteristics. Resistance to ther-
mal shock is one of the most important crite-
ria for the selection of structural dielectric
materials operating at high thermo-mechani-
cal loads. Currently, quartz ceramic [1, 2]
and glass-crystalline materials obtained pre-
dominantly on the basis of aluminosilicate
systems [3] are the most promising materials
satisfying the set of the above requirements.

Despite significant progress in the devel-
opment of technologies for obtaining lithium
[4, 5] and magnesium-aluminosilicate [6, 7]
ceramics with high functional characteristics,
today the operating temperatures of the de-
veloped materials do not exceed 1100°C. In
recent years, the attention of researchers has
been attracted by glass-crystalline materials
which are characterized by a low content of
alkali oxides, as well as alkali-free glass-crys-
talline materials, in particular, based on the
System BaO—A|203—S|02 (BAS).
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The prospect of this class of glass-crys-
talline materials is that the crystalline
phase of celsian has a high melting point
(1650°C), low dielectric characteristics, high
strength indices, and rather low values of
the linear thermal expansion coefficient
(CLTE) [8, 9].Therefore, celsian glass-crys-
talline materials can be successfully used as
high-temperature radio-transparent materi-
als, as well as structural materials for me-
chanical engineering, power sector, and oil
and gas industry. It is known [10] that fir-
ing of the mixture consisting of aluminum
oxide, silicon dioxide and barium carbonate
even at 1450°C during 10 h does not allow
achieving high physical and technical prop-
erties of the celsian ceramics because of its
unsatisfactory sintering.

In modern technology of glass-crystalline
materials, two trends can be distinguished
[3]. The first one lies in the directional
crystallization of glass by heat treatment
(classical glass method). This is an expen-
sive and energy-intensive process. This is
primarily due to high temperatures of melt-
ing of the parent glass. For the glass of a
BAS system, depending on the composition,
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the melting temperature can reach 1700°C.
In addition, the traditional glass-making
technology imposes the restrictions on the
possibility of varying the phase composition
of materials and complexity of the shapes of
products themselves.

The powder method of ceramic technol-
ogy is becoming increasingly important. The
powder technology of glass-crystalline mate-
rials allows the use of parent glass with
different crystallization capacity, thereby
significantly expanding the range of their
compositions. On the basis of glass ceram-
ics, it is possible to manufacture products
of complex shapes of various sizes, the po-
rosity of which is close to zero. At the same
time, despite the indisputable advantages,
the technology of glass-ceramic products
has a number of shortcomings that do not
allow realizing all its capabilities in full
[11]. Among them are high melting tem-
peratures of the parent glass (up to
1650°C), difficulties of the regulation of
rheological properties of aqueous slips, low
strength of molded billets and complexity of
their removal from the mold because of low
shrinkage. In addition, differences in grain
size and density of billets (especially large-
sized ones) make it difficult to ensure stabil-
ity and reproducibility of the physical and
technical characteristics of the materials.

In the process of synthesis of BAS glass-
crystalline materials, it is also difficult to
achieve the specified mineralogical composi-
tion. The preferred option is the formation
of monoclinic form of the celsian, which is
characterized by higher electrical insulating,
thermal and mechanical properties compared
to the hexagonal form. Transformation of the
hexagonal form into monoclinic one occurs
slowly. The reaction rate increases with the
rise in sintering temperature [12].

Technologies of monoclinic celsian are
described in the modern scientific and tech-
nical literature. There is an effective
method for producing celsian glass-ceramics
in the monoclinic form. The powder of BAS
glass of the eutectic composition is sintered
with powders of BaAl,O, and SrAl,O,.
Monoclinic celsian is completely formed at
the temperature of 1350°C, when the con-
tent of SrAl,O, exceeds 0.2 mol. At the
same time, the CLTE values of such glass-
ceramics exceed 49-10°7 deg.”! [18].

In [14] considered the effect of boron
nitride on the phase composition, micro-
structure and mechanical properties of cel-
sian ceramics. It is shown that the introduc-
tion of BN significantly accelerates the
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transition from the hexagonal to monoclinic
form. Complete transition is recorded for
BN content of 10 wt. % . However, a high
degree of sintering of BAS-BN composite
ceramics is achieved with the introduction
of boron nitride in an amount of up to
30 wt.% at a temperature of 1500°C.

Kinetics of the conversion of hexa-celsian
into celsian in the BAS system modified with
mineralizers, the cations of which had differ-
ent ionic radii and oxidation degree, was also
studied. X-ray diffraction analysis showed
that compounds with the oxidation degree of
3+ were less effective compared to mono- and
bivalent cations characterized by ionic radius
of 0.68 to 1.12 A [15].

In [16, 17], the important role of Li* ions
in the formation of the monoclinic celsian
form is indicated. It is shown that the addi-
tion of LiF to lithium-barium-aluminosili-
cate (LBAS) glass promotes the crystal-
lization of PB-spodumene and monoclinic cel-
sian [16]. Li* ions effectively affect the
hexacelsian-to-celsian transition in the case
of BAS glass ceramics obtained by the sol-
gel method [17]. The transition of the hex-
agonal form to the monoclinic one begins at
1300°C and is almost completed at 1400°C.

In view of the above, the purpose of this
study is to create a more advanced techno-
logical method, which allows one to obtain
the celsian ceramics, control its microstruc-
ture and mineralogical composition, reduce
energy consumption, and achieve a set of
high physical and technical characteristics.

2. Experimental

To obtain celsian ceramics, enriched kao-
lin of zref-1 grade and barium carbonate
were used. The composition of the base glass
was chosen in the Li,0-Al,0;-B,05-SiO,
oxide system. The glass was melted in the
silite electric furnace in chamotte crucibles at
the temperature of 1350°C during 1 h. The
obtained glass was characterized by the tem-
perature coefficient of linear expansion equal
to 60.7-1077 deg! [18].

Chamotte obtained by sintering of kaolin
of zref-1 grade at 1200°C was used as a
non-plastic material in the compositions
under study.

Ceramic slips were prepared from the in-
itial components by joint wet grinding in a
porcelain ball mill until they completely
passed through sieve No. 0063, followed by
aging for 2 h. From the prepared slips (of
28-30 % moisture content), the samples
were cast into plaster molds in the form of
cylinders, rods and round dises. After re-
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moval of castings from the molds they were
dried to residual moisture content of 1 %.
The dried specimens were firing in the silite
furnace in the air according to specified
temperature-time conditions. The maximum
sintering temperature was equal to 1250-
1350°C with isothermal holding for 1 h.

During the experimental studies, stand-
ard techniques for determination of proper-
ties of obtained ceramic materials were
used. Water absorption (W), opened poros-
ity (P) and apparent density (p) of samples
were determined by the saturation method
with the further weighing in air and water.
The compressive strength () of specimens
in the form of cylinders (d = 2 =10 mm)
was measured using a hydraulic press. To
measure the relative elongation of ceramic
samples (AL) as a function of temperature
and calculate the average CLTE in the range
of 20—400°C at a heating rate of 10°C/min,
ceramic samples of 5 mmx5 mmx50 mm in
size were made with an accuracy of
+0.02 mm. The softening and crystallization
temperatures for parent LABS glass were
measured on the derivatograph "Q-1500D" in
the temperature interval of 20-1200°C at the
rate of temperature elevation of 10°C/min.

The mineralogical composition of the
studied ceramic was determined by X-ray
diffraction (XRD) a Philips APD-15 diffrac-
tometer in Co-K, radiation. Electron micro-
scopic investigations of celsian ceramics
were carried out on a scanning electron mi-
croscope REM-1061I. Thermal resistance was
determined by the maximum temperature
difference (K), which the samples withstand
until their damage occurs. Dielectric constant
() and dielectric loss tangent (tgd) were
measured on a setup consisting of a G4-83
generator, an S4-11 spectral analyzer, and a
biconical resonator. The resonator was con-
nected in the transmission mode. The meas-
urements were made at a frequency of
1010 Hz and temperature of 20°C [19].

3. Results and discussion

Directional control of the microstructure
and phase composition of the ceramics was
carried out by introducing relatively low
melting glass into the main matrix of ce-
ramic materials of BAS system of the cel-
sian composition. The role of glass in the
process of ceramics firing is to intensify the
reactions in the solid phase towards the for-
mation of a dense microstructure and a
specified mineralogical composition. It
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should also provide fine crystallization of
the phase with low thermal expansion.

As a base glass, we chose the glass in the
oxide system Li;O-Al,05;-SiO, (LAS), compo-
sition of which corresponded to the
stoichiometric spodumene. The crystalline
phase of B-spodumene is characterized by
low CLTE (9-1077 deg.™l) [20], which will
contribute to the decrease in this indicator
for materials based on celsian ceramics. The
low melting point of the basic LAS glass was
ensured by introducing B,O; (10 weight
parts over 100 wt.%). This composition is
located near the eutectic with a temperature
of 1260°C [21].

In the process of ceramics firing, obvi-
ously, the change in the composition of the
residual glass phase may occur due to its
saturation with refractory components of
the basic BAS system. It is known [22] that
barium oxide is characterized by the ability
to suppress the mobility of alkaline cations.
It sharply increases the resistance of glass
and helps to improve the dielectric proper-
ties of the experimental ceramics. The in-
troduction of B,O3; into the glass composi-
tion also increases the dielectric strength
[22]. Thus, the introduction of LABS glass
will not worsen the dielectric properties of
celsian ceramics. The contents of LABS in
the experimental compositions C-1, C-2 and
C-3 were 10, 20 and 30 wt.%, respectively.

We have successfully tested this ap-
proach in the process of producing dense-
sintered cordierite ceramies [23]. It is
shown that the introduction of lithium-alu-
minum-borosilicate glass into the composi-
tion promotes a significant intensification
of the formation of the crystalline phase of
o-cordierite, as well as the sintering of the
obtained ceramic materials in general. In
this case, the obtained densely sintered ce-
ramics showed water absorption of 0.28-
0.34 %, high mechanical compressive
strength (165.8—202.6 MPa) and heat resis-
tance (not lower than 1050°C).

In order to obtain the celsian phase in
the structure of the ceramic material, bar-
ium carbonate and enriched kaolin were
used in a stoichiometric ratio. The resulting
process of the formation of celsian can be
represented by the equation below:

The presence of kaolin makes it easy to
control the rheological properties of aque-
ous slips and to obtain (after disassembling

Functional materials, 27, 4, 2020
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Fig. 1. Dependences of physical and technical parameters of Celsian ceramics on the LABS glass

content and firing temperature.

the molds) billets with strength sufficient

for the subsequent stages of the process.
To reduce the tendency to deformation

and cracking, kaolin was partially replaced
with chamotte. Chamotte was added to the
experimental mixtures in an amount of up
to 25 wt.%
amount of kaolin in terms of Al,O; and

instead of the corresponding

SiO,. The content of chamotte in the compo-
sition was determined by the initial amount

Functional materials, 27, 4, 2020

of kaolin required for complete binding of
barium carbonate to the celsian phase.

A very important technological stage in
the production of glass-crystalline materials
is the process of their heat treatment. It is
designed to provide directional -crystal-
lization and subsequent sintering with the
formation of a given microstructure of the
material. Moreover, the processes of crys-
tallization and compaction are competing
ones; they can proceed both sequentially and
simultaneously. Therefore, it is necessary to
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Fig. 2. X-ray diffraction patterns of compositions

1250°C and 1350°C.

establish the most rational parameters of
heat treatment to ensure the formation of a
specified mineralogical composition and mi-
crostructure of the ceramic material.
Taking into account the data of differen-
tial thermal studies of the parent LABS glass
[18], the stepwise firing of experimental ma-
terials was carried out first at the tempera-
tures of nucleation (600°C) and crystallization
(760°C) of the parent glass with an isother-
mal time of 2 h, and then in the temperature
range of 1250-1350°C with holding for 1 h.
The results of measurements of physical
and technical properties of the obtained ce-
ramics in are shown in Fig. 1 the form of
dependence diagrams. The experiments have
shown that an increase in the content of
LABS glass (from 10 to 30 wt.%) and the
firing temperature of the experimental com-
positions (from 1250°C to 1350°C) caused a
significant intensification of the formation of
the celsian phase and sintering of ceramics.
It should be noted that the content of
experimental glass in the composition of
celsian ceramics in the amount of 10 wt.%
(composition C-1) is insufficient, since it
does not provide the required degree of sin-
tering, even at 1350°C. This material is
characterized by high water absorption of
17.7 % and opened porosity of 84.5 % . The
apparent density does not exceed
2.00 g/cm3, and compressive strength is

832

1001
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s--spodumene
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C-1 (a) and C-2 (b), fired at temperatures of

90.8 MPa. CLTE is characterized by the
maximum value in the series of considered
compositions (C-1-C-3), i.e. 35.7-1077 deg.”L.

With the introduction of glass in amount
of 20 wt.% (composition C-2) the firing
temperature of 1350°C is the most rational
one for achieving a set of high physical and
technical characteristics. The resulting ce-
ramics is characterized by zero values of
water absorption and opened porosity, as
well as maximum values of p (2.61 g/cm3)
and Ccomp (242 MPa). CLTE in the range of
20-400°C is equal to 33.3-1077 deg.”L.

The mineralogical composition of the
synthesized materials is mainly represented
by celsian, which crystallizes in a mono-
clinic system (Fig. 2). With a rise in the
firing temperature of experimental composi-
tions C-1 and C-2 from 1250 to 1350°C, and
an increase in the amount of LABS glass
from 10 to 20 wt.%, the intensity of the
main diffraction maxima (d, A = 6.39; 4.50;
3.42; 38.30; 2.98; 2.55) is growing. The
higher intensity of the diffraction pattern
for the composition C-2 is due to the forma-
tion of crystals of the celsian phase with a
more developed structure. It is evidenced by
the results of REM (Fig. 3).

The microstructure of ceramic samples C-1
(1850°C) containing 10 wt.% of glass (Fig. 3a),
is represented by a combination of grains of

Functional materials, 27, 4, 2020
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‘WD=20.9mm

20.00kV  x3.00k

WD=20.9mm 20.00kV  x3.00k

Fig. 3. Microstructure (x3000) of celsian ceramics of compositions C-1 (a) and C-2 (b), fired at a

temperature of 1350°C.
clusters; 3 — glass phase.

fragmentary morphology, whereas the mi-
crostructure of ceramics with the composi-
tion C-2 (1350°C) is denser and mainly con-
sists of the uniformly distributed flat-prismatic
round-shaped celsian crystals. Their average
size is 2—4 pm (Fig. 8b), and the content is
about 65 vol. %. Celsian crystals are bound by
a glassy phase. Its amount grows markedly
with an increase in the glass content. In the
fracture of samples, separate fine-grained [-
spodumene crystals of 0.5 um and less, as well
as their aggregates, are also clearly visible.
These are crystallization products of LABS
glass.

Li* ions contained in the glass result in a
rapid conversion of hexagonal celsian to mono-
clinic. According to the authors of [15], the
mineralizing effect of the introduction of Li*
ions into the BAS system is reduced to the
rupture of Ba—-O and (Al,Si)-O bonds, which
promotes the process of polymorphic transfor-
mation. As a result, a more structurally com-
plex monoclinic form of celsian is created. At
the same time, an increase in the firing tem-
perature to 1350°C results in a certain reduc-
tion of the content of B-spodumene phase (d, A
= 4.59; 3.87; 3.49; 2.17; 1.87), being a prod-
uct of crystallization of LABS glass. As a
consequence, a moderate growth of CLTE is
recorded for the ceramic of composition C-2
(Fig. 1). The introduction of experimental
glass in the amount of 30 wt.% (composition
C-3) allows achieving high properties in the
temperature range of 1250-1300°C. Obtained
celsian ceramics is characterized by zero
water absorption (W) and opened porosity
(P) values. The indicators of the apparent
density vary in the range of 2.47-
2.54 g/em3, and the ultimate compressive
strength is 188-202 MPa. The CLTE values
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1 — celsian crystals; 2 — individual crystals of B-spodumene and their

in the series of compositions under study
are minimal (29.0-30.2)-10"7 deg." 1.

According to the data of X-ray phase
analysis (Fig. 4), the mineralogical composi-
tion of the ceramics obtained with the addi-
tion of 30 wt.% of LABS glass is also repre-
sented mainly by monoclinic celsian. The in-
tensity of the diffraction maxima of the
celsian phase depends on the firing tempera-
ture and becomes higher with its increase to
1850°C. Besides, B-spodumene (d, A = 4.56; 3.88;
3.49; 2.17) is found in the composition C-3.

An increase in the firing temperature of
the C-8 celsian ceramics to 1350°C is not ad-
visable because of deterioration of its physical
and technical indices. In particular, a notice-
able decrease in the apparent density to
2.41 g/em® and ultimate compressive
strength to 142 MPa (Fig. 1) is recorded.
With an increase in the firing temperature of
the composition C-8 to 1350°C, the viscosity
of the residual glass phase obviously de-
creases. In this case, the gas phase can be
captured as well, which is the reason for the
deterioration of properties.

The results of measurements of physical
and technical properties of celsian ceramics C-
3 (Fig. 1) and the X-ray phase analysis data
(Fig. 4) agree well with the data of electron
microscopy (Fig. 5).

The microstructure of the celsian ceramics
C-3 containing 30 wt.% of experimental glass
is less dense compared to the composition C-2.
Crystals of the celsian phase mainly have the
quadrangular flat-prismatic shape. When the
temperature rises to 1350°C, their average
size increases from 3—4 um to 5—7 um, and
the content is about 55 vol.% (Fig. 5).

For the composition C-2 with the highest
indices, the dielectric constant € and dielectric
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Fig. 4. X-ray diffraction patterns of composi-
tion C-3, fired at temperatures of 1300°C and
1350°C.

loss tangent tgd were determined as 5.3 and
0.000,
1019 Hz and a temperature of 20°C. The low

respectively, at a frequency of
€ and tgd values indicate that the celsian ce-
ramics created at relatively low temperatures
meets the requirements to modern dielectric ma-
terials for the protection of radio equipment.
The maximum temperature difference that the
withstands before

experimental ceramics

cracking (heat resistance) is 1100°C.

‘WD=20.8mm

20.00kV  x3.00k

4. Conclusions

The experimental studies have estab-
lished that the introduction of LABS glass
of spodumene composition in BAS ceramics
contributed to significant intensification of
the process of formation of the crystalline
phase of monoclinic celsian and sintering of
the obtained materials. It is concluded that
the content of LABS glass and the firing
temperature of ceramics directly determine
their microstructure and physical and tech-
nical properties. As a consequence, the ma-
terials synthesized at relatively low tem-
peratures of 1250-1350°C show a set of
high property indicators, in particular, zero
values of water absorption and opened po-
rosity, which determine their high apparent
density (2.47-2.61 g/cm3). In order to
achieve the highest indices of mechanical
compressive strength (188-242 MPa) and
heat resistance (not lower than 1100°C) the
most rational content of LABS glass is 20—
30 wt.%. The introduction of glass also
helps to reduce the CLTE values of the cel-
sian ceramics by 7-30 % due to crystal-
lization of the B-spodumene phase. The cel-
sian phase is formed as flat-prismatic crys-
tals. Their shape, size and quantities are
determined by the content of LABS glass
and heat treatment temperature. The stud-
ies of electro-physical properties have
shown that in terms of the level of dielec-
tric constant (¢ = 5.3) and dielectric losses
(tgd = 0.0007) the developed ceramics com-
plied with the requirements to the modern
dielectric materials.

20.00kV__ x3.00k

Fig. 5. Microstructure (x3000) of celsian ceramics of composition C-3, fired at temperatures of
1300°C (a) and 1850°C (b). 1 — celsian crystals; 2 — individual crystals of B-spodumene and their

clusters; 3 — glass phase.
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