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Heat-resistant ceramics of -eucryptite composition was synthesized in the current work.
To this end, the method of ceramics production was combined with the principle of
reactive formation of the material structure. Taking into account the calculated data about
the compositions of eutectics and temperature of their melting in the specific binary
systems Li,0-2Si0,—Li,0-Al,05-2Si0, and Li,0-2Si0,—Li,0-Al,0,-4Si0,, a comparatively
low-melting glass was developed in the system Li,O—Al,0,—SiO, (with a melting temperature
of 1250°C). Its function in the composition consists in the intensification of the processes
associated with the formation of the crystalline phase of B-eucryptite and sintering of the
ceramic material as a whole. Based on the results of experimental study, we concluded
that the duration and temperature of sintering of ceramics directly determine its
microstructure and physicotechnical properties. In order to achieve the complex of the
highest indices, the firing of eucryptite ceramics should be performed at the temperature
of 1350°C with the isothermal time of 3 h. B-eucryptite phase is formed as the distinct
prismatic crystals of hexagonal shape with a size of 4—7 um. The developed composition
of eucryptite ceramics allows obtaining the products or individual elements with varying
complexity of shapes, which significantly reduces the amount of rejects.
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Introduction

Heat-resistant glass-ceramic materials are
widely used in various technical fields. Products made
of them are characterized by long service life and
possibility of operation under the conditions of sharp
fluctuations of temperatures. These are heat
exchangers, heat-resistant pipes, fairings of radio
antennas, components of rocket engines and other
engines, substrates for electric heating elements,
laboratory and household utensils, catalyst carriers
and so on [1].

At present, quartz ceramics is commonly used
as an effective heat-resistant material [2—4], along
with the wide range of high-temperature glass-
ceramic materials obtained primarily on the basis of
aluminosilicate systems [5—9]. Expansion of the
applications of products made of glass-ceramic
materials requires continuous development of new
materials with increased thermal resistance indices.
Resistance to thermal shock is the most important
factor for the choice of structural materials at the
given thermomechanical modes. Materials with the

crystalline phase represented by lithium alumino-
silicates are traditionally treated as high-heat-resistant
ones. Compositions of this type can provide low
positive values as well as negative values of the thermal
coefficient of linear expansion (CLTE).

Glass-ceramic materials in the modern
technology follow two main trends [1]. The classical
glass method of producing these materials remains
to be a common one; at the same time, the powder
method based on the principles of ceramic technique
becomes increasingly more important.

Production of glass-ceramic materials following
the conventional glass technique is an expensive and
energy intensive process. First of all, it implies high
melting temperatures of glass. For the glasses in the
Li,0—Al1,0,—Si0O, (LAS) system, melting
temperature may reach 1650°C, depending on the
composition. Xiao et al. [10] showed that the addition
of P,O; provides the reduction of the melting
temperature of experimental LAS glasses to 1570°C,
resulted from a decrease in the eutectic temperature.
Furthermore, P,0; leads to the intensification of
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crystallization process and growth of B-spodumene
crystals in the glass-ceramic material itself. At the
same time, an increase in the content of
phosphorus(V) oxide to 8 wt.% results in the growth
of CLTE value to 12-1077 deg™!.

A significant drawback of the glass technology
is a limited possibility to vary the phase composition
of materials. It is caused by the necessity of using
glass-forming compositions only and strict observance
of process parameters. The molding of glass billets
for the production of glass-ceramic materials is also
very difficult in practical terms. Many of glasses have
a narrow temperature range of glass transition, which
is shifted, towards higher temperatures. Another
difficulty is an increased tendency of glasses to
crystallization in the temperature range of billets
forming [9]. For example, melting of glasses to obtain
glass-ceramic materials of B-eucryptite composition
is carried out at the relatively low temperature of
1450°C. However, such glasses exhibit an increased
tendency to crystallize which significantly
complicates their production [11].

In recent years, ceramic (powder) technology
of glass ceramic materials is developed more actively.
Here, glass of the given composition is crushed and
molded with the use of methods of ceramic
technology, and further heat-treated with the purpose
of its sintering and crystallization.

The powder technique of glass-ceramic
materials allows using as a parent glass an extremely
wide range of compositions with low and high
crystallization ability. The ceramic method can be
used for producing the materials with densely sintered
and adjustable porous structure. This technology,
compared to the classical glass one, ensures increased
stability and reproducibility of the physic-chemical
properties of materials. Great advances have been
made in the development of radio-transparent glass
ceramic material of the grade OTM-357, which is
an analog of spodumene glass ceramics AC-418.
Spodumene glass ceramics contains in its structure
up to 1% of closed pores that are an obstacle to
propagation of micro-cracks. These peculiar features
of microstructure ensure the increased resistance of
the material to the thermal shock [12].

However, despite the obvious advantages, the
technology of producing the articles made of glass-
ceramics has a number of shortcomings [12]. These
shortcomings include high temperatures of parent
glass melting (up to 1650°C), difficulties in regulation
of the rheological properties of aqueous slips, low
strength of molded billets, and complexity of their
removal from the mold because of low shrinkage.
One of the main process drawbacks of the ceramic

technique is a difference in grain composition and
density of billets (in particular, large-sized ones) made
according to the method of slip casting, by height
and thickness. It renders substantially difficult to
produce the products with the specified level of
physical and technical characteristics.

Significant reduction of energy costs and
achievement of high and stable physic-technical
parameters of glass-ceramic materials is possible by
utilizing the ceramic technology combined with the
principle of reactive formation of the structure. The
phase composition of glass ceramic materials is
formed in the process of their sintering due to the
interaction between the components of low-melting
glass with the crystalline filler. Full-scale application
of the principle of reactive formation of the structure
for obtaining the eucryptite ceramics is limited by
the lack of known compositions of LAS system
suitable for slip casting (to provide complex shapes
of products).

For example, Goleus et al. [13] reported the
synthesis of the eucryptite glass-ceramics from a
mixture of glass of the composition Li,0-2SiO, and
crystalline filler (a-Al,O,) by the method of semidry
pressing. Parent glass melting temperature was equal
to 1300°C. The composite material synthesized at
1200°C was characterized by a low degree of sintering
(water absorption (W) 24.7% and opened porosity
(P) 35.6%) and positive value of CLTE 5.1-1077 deg™".

Therefore, the objective of the current research
consisted in a further development of the physical-
chemical principles of the directed formation of
microstructure and phase composition of heat-
resistant ceramics featuring B-spodumene
composition in order to achieve the complex of high
performance indices.

Materials and methods

To produce the eucryptite ceramics, LAS matrix
glass E-1 developed by us, enriched kaolin of zref-1
grade and technical alumina of G0 grade were used.

The matrix glass was melted in an electric
furnace in fireclay crucibles at the temperature of
1250°C during 1 h. The glass melt was subjected to
dry granulation. CLTE of the glass E-1 was equal to
123.6:1077 deg™".

Using the initial components, ceramic slurry
was prepared by joint wet grinding in the porcelain
ball mill untill complete passing through the sieve
No. 0063 with the subsequent ageing within 1 day.
Using the prepared slurries, samples were cast into
plaster molds in the form of cylinders and rods. After
removal of castings from the molds, they were dried
to residual moisture content of 1%. Dried specimens
were firing in a furnace with silicon carbide heating
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elements in the air according to specified
temperature-time conditions. Maximum temperature
of sintering was equal to 800—1375°C with the
isothermal holding for 1—5 h.

Liquidus curves in the binary systems were
calculated using the Epstein-Howland equation.

During experimental studies, standard
techniques for determination of properties of obtained
ceramic materials were used.

Water absorption (W), opened porosity (P) and
apparent density (p) of the samples were determined
by the saturation method with further weighing in
the air and in water.

Ultimate compressive strength (o) of specimens
in the form of cylinders (d=h=10 mm) was found
by using a hydraulic press.

The matrix glass and glass-ceramic samples were
prepared with the dimensions of 5 mmx5 mmx50 mm
(with an of accuracy of £0.02 mm) to measure their
length change AL with temperature and calculate
the mean CLTE for the temperature range from 20°C
to 400°C at the heating rate of 10°C/min.

The temperatures of softening and
crystallization of the LAS matrix glass were measured
by a differential scanning calorimeter (DSC, Netzsch
404PC) in the temperature interval of 20—1200°C at
the heating rate of 10°C/min.

The crystal phase composition of the studied
ceramics was estimated by X-ray diffraction method
(XRD) by using a diffractometer Philips APD-15 in
Cu-K, radiation.

The electron microscopic investigations of the
eucryptite ceramics were carried out using a scanning
electron microscope REM-1061.

The thermal resistance was determined by the
maximum temperature difference, which the samples
withstand until their damage appears.

Dielectric constant (¢) and dielectric loss
tangent (tgd) were measured with the use of the unit
comprising G4-83 generator, S4-11 spectral analyzer
and bi-conical resonator. The resonator was
connected in the transmission mode. Measurements
were made at the frequency of 10'° Hz and
temperature of 20°C.

Results and discussion

Production of glasses with the eucryptite
composition in the system Li,O—Al,O,—Si0, involves
high temperatures of their melting (1450°C and
above). In this regard, we considered an opportunity
to develop the composition of low-melting glass in
the mentioned ternary system with the use of the
method of calculation of the liquidus temperatures.
The phase composition of the ceramic materials
containing the basic glass as an initial component

was supposed to be adjusted towards the formation
of B-eucryptite by introducing a clay component
(kaolin). Kaolin also provides the necessary
technological effectiveness of the ceramic production
process.

Experimental data on the liquidus temperatures
in the considered part of the Li,O—Al,0,—SiO,
diagram are represented in the literature only partially
[13,14].

Toropov et al. [14] made calculations of the
liquidus curves in specific binary systems Li,0-25i0,—
Li,0-Al,0,-2Si0, and Li,0-2Si0,—Li,0-Al,0,-4Si0,.
At the same time, usage of such glasses containing
lithium disilicate poses certain limitations on the
complexity of shapes of the ceramic products being
made. Here, semidry pressing method is effectively
applicable only. Consequently, we calculated the
liquidus curves in the binary systems Li,O-SiO,—
Li,0-Al,0,-2Si0, and 2Li,0-Si0,—Li,0-Al,0,-2Si0,
using the Epstein-Howland equation. The initial data
for calculations are given in Table.

Initial data for calculation of liquidus lines

C Number of Melting
ompounds

atoms. n temperature, K
Li,0-Si0, 6 1474
2Li,0-Si0, 9 1528
Li,0-A1,05-2810, 14 1653

The results of the calculation in the form of
fusiblity curves are presented in Fig. 1.

In «pseudobinary» system Li,O-SiO,—
Li,0-Al,0,5-25i0,, the eutectic mixture has the
following composition (mol.%): 87 Li,0-SiO, and
13 Li,0-Al,0425i0,. The melting temperature is
1168°C.

In «pseudobinary» system 2Li,O0-SiO,—
Li,0-Al,05-25i0, the eutectic mixture has the
following composition (mol.%): 79 2Li,0-SiO, and
21 Li,0-Al,0428i0,. The melting temperature is
1212°C.

Taking into account the composition of eutectic
mixtutes in the considered «pseudobinary» systems
and their melting temperatures, we chose the system
Li,0-Si0,—Li,0-A1,0,-2Si0,. At the melting
temperature of this eutectic mixture (1168°C), the
appearance of the liquid phase in the mixture of
initial components can be expected in the course of
firing of ceramics.

Using the differential thermal analysis (DTA)
of the developed LAS matrix glass E-1, we found
that endothermic effects at the temperatures of 420
and 490°C correspond to its softening (Fig. 2).
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Fig. 1. Calculated liquidus lines in «pseudobinary» systems Li,O-SiO,—Li,0-Al,0+-2Si0, (a) and 2Li,0-Si0,—Li,0-Al,05-2Si0, (b)

Crystallization process is accompanied by intensive
exo-effects on the DTA curve at the temperatures of
550 and 600°C.

|
|

T T T T e T x 11 J T T
300 400 500 600 700 800 900
Temperature, °C

Fig. 2. Curve of differential thermal analysis of LAS matrix
glass E-1

Taking into account the DTA data, the
temperature and time regime of firing of eucryptite
ceramics was subsequently chosen. To obtain it,
lithium metasilicate (Li,O-SiO,) was bound with the
eucryptite phase according to the following equation:

2(Li,0-8i0,)+AL0,-2Si0,-2H,0+AL0,=
=2(Li,0-AL0;-2Si0,)+2H,0.

Therefore, LAS matrix glass E-1, enriched
kaolin and technical alumina (y-Al,O,) were used to
produce the eucryptite ceramics.

The role of matrix glass in the experimental
composition consists in the efficient mineralizing
effect, as a result of which the processes connected
with the formation of the crystalline phase of
B-eucryptite and sintering of the ceramic material
as a whole are intensified.

The presence of kaolin in the ceramic mass
makes it possible to quite easily control the
rheological properties of aqueous slips and obtain,
after disassembling the molds, the billets of the
strength sufficient for subsequent process stages.

Besides, air shrinkage accompanying the process of
billets drying ensures their easy extraction from the
porous molds.

A maximum temperature of ceramics firing was
limited by the melting point of eucryptite (1380°C)
and was stated to be in the range of 1100—1375°C.
Time of holding at a given temperature was equal to
1 h.

The results of measurements of properties of
obtained ceramics are shown as characteristic curves
in Fig. 3.

The experiments proved that an increase in the
temperature of firing of experimental ceramics to
1375°C causes a decrease in the water absorption
from 10.5 to 0.4% and opened porosity from 18.7 to
0.7%. Consequently, the apparent density grows. Its
maximum value is reached at the temperature of
1350°C and being equal to 1.91 g/cm?3. The
dependence of index s on the firing temperature has
an extremal character too. A maximum compressive
strength was recorded for the samples fired at the
temperature of 1350°C (170 MPa). The results of
dilatometric measurements showed that the value of
CLTE is gradually reduced and reaches a minimum
(2-1077 deg™") with an increase in temperature up to
1350°C. A further increase in firing temperature to
1375°C causes both a significant drop in the index o
(to 122 MPa) and a CLTE growth (to 11.8:-1077 deg™").
These changes in properties are accompanied by
deformation of samples.

The crystalline phase composition of the
obtained ceramic materials is represented only by
B-eucryptite as follows from the data of X-ray phase
analysis (Fig. 4). The mentioned crystalline phase is
formed even at 800°C, which indicates the substantial
mineralizing effect of the matrix glass in the process
of ceramics firing. The size of crystalline formations
gradually increases with the growth of firing
temperature to 1350—1375°C. It is evidenced by
growing intensity of the main diffraction maximums
corresponding to B-eucryptite at d-10'=4.43; 3.46;
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Fig. 4. X-ray diffraction patterns of eucryptite ceramics fired at
different temperatures

1.89; and 1.63 m.

Thus, the firing temperature of 1350°C seems
to be the most optimal one to achieve a complex of
improved physical and technical parameters of the
eucryptite ceramics. In connection with this, further
experimental studies were aimed at identifying the
effect of holding time at the given temperature on
the microstructure and properties of the eucryptite
ceramics. The holding time was varied in the range
of 1to 5 h.

Examination of the physicotechnical parameters
of ceramic samples fired at 1350°C showed (Fig. 5)
that the water absorption and opened porosity
decreased with increasing holding time from 1 h to
3 h and equaled to 3.4% and 5.6%, respectively.
The subsequent increase in holding time (to 5 h) is

clusters (aggregates) having a size of about 10 um.
Microstructure of ceramic samples for which
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Fig. 5. Dependence of physicotechnical parameters of the
eucryptite ceramics on the time of holding at the temperature
of 1350°C
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Fig. 8. X-ray diffraction patterns of eucryptite ceramics fired at the temperature of 1350°C at different holding time

holding time at 1350°C is equal to 1 h (Fig. 7,b) is
represented by the combination of grains with
fragmentary morphology of about 2—4 um in size.
There are also fine-grained aggregates of B-eucryptite
on the surface of the sample grains, which are
obviously the crystallization products of the parent
glass E-1. Samples obtained after 3-hour isothermal
time (Fig. 7,c) are characterized by the presence of
clearly formed and uniformly distributed prismatic
crystals of B-eucryptite of predominantly hexagonal
shape. In this case, the crystals increase in size to
4—7 um, but are not densely placed relative to each
other. This feature of the microstructure of
experimental ceramics leads to a decrease in its
density to 1.77 g/cm? (Fig. 5).

The data of electron microscope investigations
also agrees with X-ray diffraction analysis results
(Fig. 8). With an increase in isothermal time at the
temperature of 1350°C from 1 h to 3—5 h, a
significant growth of the intensity of main diffraction
maximums was observed, these being responsible for
B-eucryptite (d-10'°=4.49; 3.49; 1.90; and 1.63 m).

The micrograph of the ceramic sample obtained
after 5 h holding show (Fig. 7,d) that the shape of
crystals of the eucryptite phase is approaches to a
spherical one. However, this fact does not provide
the formation of dense microstructure of the material.
Formation of rather large channels of tunnel type
with the lateral size of 15—30 pum is detected, as

Heat-resistant ceramics of [-eucryptite composition: peculiarities of production, microstructure and properties



58 ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 2, pp. 52-59

shown in Fig. 9.

Therefore, to achieve the complex of enhanced
physicotechnical parameters, it is appropriate to
increase the isothermal time of the eucryptite
ceramics fired at 1350°C up to 3 h. For these
ceramics, the dielectric constant ¢ and the dielectric
loss tangent tgd were determined, which at the
frequency of 10'° Hz and temperature of 20°C were
equal to 7.8 and 0.01, respectively. Low values of ¢
and tgdé indicate that the developed ceramic can be
used as a dielectric material. It is also characterized
by a high thermal resistance (1050°C).

Fig. 9. Microstructure of the eucryptite ceramic fired at the
temperature of 1350°C during 5 h

Conclusions

Heat-resistant ceramics of B-eucryptite
composition was synthesized as a result of theoretical
and experimental studies. Taking into account the
calculated data about eutectics composition
and temperature of their melting, comparatively
low-melting glass was developed in the system
Li,0—AlL,0,—Si0O, (with the melting temperature of
1250°C). Its role consists in the intensification of
processes connected with formation of the crystalline
phase of B-eucryptite and sintering of the ceramic
material as a whole. Based on the results of
experimental studies, we concluded that the time
and temperature of sintering of ceramics directly
determine its microstructure and physicotechnical
properties. As a consequence, at the temperature of
1350°C for 3 h isothermal time, the eucryptite
ceramics with the complex of high physicotechnical
parameters (c=167 MPa, CLTE,; 40c=
=—13.1-10"7 deg™', heat resistance of 1050°C, ¢=7.8
and tgé=0.01) were obtained. Furthermore,
B-eucryptite phase is formed as distinct prismatic
crystals of hexagonal shape of 4—7 um in size.
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TEPMOCTINKA KEPAMIKA B-EBKPUTITUTOBOI'O
CKIIAZLY: OCOBJIINBOCTI ONEP2KAHHS,
MIKPOCTPYKTYPA TA BJACTUBOCTI

0.B. 3aiiuyk, 0.A. Ameaina, O.B. Xomenxo, O.C. backeeuu,
FO.P. Kaaimenxo

B daniti pobomi 6ynra cunmesogana mepmocmitika Kepamixa
B-eekpunmumosoeo ckaady. Ilpu yvomy xombinyeasu memod ke-
PAMIMHOT MexXHOA02IT 3 NPUHUUNOM PeaKuiliH020 (OPMYBAHHS CIPYK-
mypu mamepiany. 3 ypaxy8aHHsam po3paxyHKOGUX OaHUX npo CKAao0
esmeKkmuku i memnepamypy ii n1aeieHHs 8 NOOBILIHUX cucmemMax
Li,0-25i0,—Li,0-Al,05-2Si0,i Li,0-25i0,—Li,0-Al,0;-4Si0, po3-
pobaeHo idHoCHO aeekonaaske ckao 6 cucmemi Li,0—Al,0;—SiO,
(memnepamypa eapinna 1250°C). Hoeo pons 6 ckaadi komnosuuyii
noasieae 6 inmeHcugbixayii npoyecie, ki noe ’s3ati 3 YopmyeaHHIM
Kpucmaniynoi gasu [-eekpunmumy i 3i CNIKAHHAM KepamitHoeo
mamepiany 6 yinomy. Ha niocmasi pezyabmamie excnepumenmans-
HUX 00CAIi04ceHb 3p00AEHO BUCHOBOK NPO me, Wio Mpueanicms i mem-
nepamypa cnikanHs Kepamixu 6e3nocepeonso eU3Ha4aomy ii Mikpo-
cmpykmypy i @izuxo-mexuiuni eracmueocmi. /i 0ocsieHeH s Kom-
naeKcy Halbinb 8UCOKUX NOKA3HUKIG BUNAA eBKPUNIMUMOB0] Ke-
pamixku Heobxiono nposodumu npu memnepamypi 1350°C 3 izomep-
MIYHUM gumpumysanuam npomseom 3 2o0. Ilpu yvomy f-eexpun-
mumosa ghaza gopmyemocs y 6uensidi YimKux nPUIMamu4HUX Kpu-
cmanie eekcazoHanvHoi gopmu posmipom 4—7 mxm. Po3pobaenuil
CKAaQ0 eBKPUNMUMOB0i Kepamiku 0036045€ 00epicyeamu supoou abo
oKpeMmi enemeHmu pizHoi ckaadHocmi popm, 3HAUHO ZHUICYIOUU NPU
YbOMY Kinvkicmb Opaky.

Kuniouosi ciioBa: B-eBKpPUITUT, TEPMOCTiiiKa Kepamika,
azoBuit ckian, MiKpOCTPYKTYypa, BIACTUBOCTI.
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COMPOSITION: PECULIARITIES OF PRODUCTION,
MICROSTRUCTURE AND PROPERTIES

A.V. Zaichuk *, A.A. Amelina, Y.S. Khomenko, A.S. Baskevich,
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Heat-resistant ceramics of B-eucryptite composition was
synthesized in the current work. To this end, the method of ceramics
production was combined with the principle of reactive formation of
the material structure. Taking into account the calculated data about
the compositions of eutectics and temperature of their melting in the
specific binary systems Li,0-28i0,—Li,0-A1,0;-25i0, and
Li,0-25i0,—Li,0-Al,0;-4S8i0,, a comparatively low-melting glass
was developed in the system Li,0—Al,0;—SiO, (with a melting
temperature of 1250°C). Its function in the composition consists in
the intensification of the processes associated with the formation of
the crystalline phase of p-eucryptite and sintering of the ceramic
material as a whole. Based on the results of experimental study, we
concluded that the duration and temperature of sintering of ceramics
directly determine its microstructure and physicotechnical properties.
In order to achieve the complex of the highest indices, the firing of
eucryptite ceramics should be performed at the temperature of 1350°C
with the isothermal time of 3 h. S-eucryptite phase is formed as the
distinct prismatic crystals of hexagonal shape with a size of 4—7 um.
The developed composition of eucryptite ceramics allows obtaining
the products or individual elements with varying complexity of shapes,
which significantly reduces the amount of rejects.

Keywords: B-eucryptite; heat-resistant ceramics; phase
composition; microstructure; properties.
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